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(57) ABSTRACT

Tissue Pulsatility Imaging (TPI) is an ultrasonic technique
developed to measure tissue displacement or strain in the
brain due to blood flow over the cardiac and respiratory
cycles. Such measurements can be used to facilitate the map-
ping of brain function as well as to monitor cerebral vasore-
activity. Significantly, because tissue scatters ultrasound to a
greater extend than does blood, using ultrasound to measure
tissue displacement or strain in the brain is easier to imple-
ment than using ultrasound to measure blood flow in the
brain. Significantly, transcranial Doppler sonography (TCD)
has been used to measure blood flow in the brain to map brain
function and monitor cerebral vasoreactivity; however, TCD
can only acquire data through the three acoustic windows in
the skull, limiting the usefulness of TCD. TPI is not so lim-
ited.
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ULTRASONIC TISSUE
DISPLACEMENT/STRAIN IMAGING OF
BRAIN FUNCTION

RELATED APPLICATIONS

[0001] This application is based on a prior copending pro-
visional application, Ser. No. 60/915,897, filed on May 3,
2007, the benefit of the filing date of which is hereby claimed
under 35 U.S.C. § 119(e).

GOVERNMENT RIGHTS

[0002] This invention was made with U.S. Government
support under grant No. 1-R01-EB002198-01 awarded by the
National Institute of Biomedical Imaging and Bioengineer-
ing. The U.S. Government has certain rights in the invention.

BACKGROUND

[0003] As early as the 1870s, it was observed that mental
activity influences regional brain physiology. Several
researchers demonstrated that the surface pulsations and the
temperature of the brain increase with mental activity. The
technology necessary to pursue this research was limited, and
it was not until the 1950s that the first instrument for quanti-
fying whole brain blood flow and metabolism in humans was
developed. Though the mechanisms coupling neuronal acti-
vation and vascular response are not fully understood, it is
generally accepted that neural activation triggers vasodilation
of the supplying vessels, thereby increasing blood flow to
activated areas in the brain.

[0004] Various modalities have been developed for func-
tional brain imaging. Techniques such as electroencephalog-
raphy (EEG) and magenetoencephalography (MEG) mea-
sure the electromagnetic fields produced during neuronal
activation to map brain function. Other techniques such as
functional near-infrared spectroscopy (fNIRS), functional
magnetic resonance imaging (fMRI), positron emission
tomography (PET), single photon emission computed tomog-
raphy (SPECT), and functional transcranial Doppler sonog-
raphy (fTCD) measure changes in blood flow or blood gas
concentration as surrogates for detecting changes in neuronal
activation.

[0005] The introduction of transcranial Doppler sonogra-
phy (TCD) provided a non-invasive means to monitor blood
flow through the major cerebral vessels in real-time using
ultrasound. Functional TCD (fTCD) is the application of
TCD for monitoring task-specific changes in cerebral blood
flow. Early studies in fTCD focused on arterial velocity
changes evoked through a simple light stimulation of the eye.
Significant velocity changes were observed, particularly in
the posterior cerebral artery (PCA), the principal vessel sup-
plying the primary visual cortex. The range of studies has
since expanded to include colored light, field-of-vision, half-
field stimulation, intermittent stimulation, and stimulation
with complex images. Changes in blood flow through the
middle cerebral artery (MCA) associated with a specific
stimulation have also been demonstrated. These studies
focused on auditory stimulation, cognitive tasks, language,
memory tests, and motor tasks. These studies were validated
through direct comparison against the Wada test, which uses
an anesthetic for lateral suspension of brain activity, and
against fMRI, and established {TCD as a viable complemen-
tary tool for functional brain imaging. Functional TCD has
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since been applied to the study of migraines, stroke recovery,
Alzheimer’s disease, Parkinson’s disease, Huntington’s dis-
ease, and schizophrenia.

[0006] Compared to other brain imaging systems such as
PET, SPECT, and MRI, TCD is arapid, portable, inexpensive,
continuous monitoring technique that can be applied to sub-
jects and in settings unsuitable for study by other neuroim-
aging techniques. Functional TCD is limited, however, in its
ability to localize regions of activity; TCD can only be used to
measure flow through larger segments of the cerebral vascu-
lature that supply blood to large regions of the brain spanning
multiple functional areas because the signal backscattered by
blood is significantly less than that backscattered by tissue. In
addition, the skull significantly attenuates ultrasound,
researchers have reported the attenuation of the skull to be 13
dB/cm/MHz. Therefore, to measure blood flow, TCD is gen-
erally limited to application through the three “acoustic win-
dows,” including the temporal bone window, the orbital win-
dow, and the foramen magnum window. Use of only these
three windows for this purpose limits the regional access
available with fTCD. Furthermore, 5-8% of the population do
not have any adequate acoustic window for applying TCD.
[0007] Thus, it would be desirable to provide more robust
and less limited techniques for imaging brain functions.

SUMMARY

[0008] Disclosed herein is an ultrasound based method for
rapid, portable, functional brain imaging. The technique,
referred to as Tissue Pulsatility Imaging (TPI), infers function
from ultrasonically measured displacement and/or strain of
brain tissue due to the natural, local, pulsatile change in blood
volume over the cardiac and respiratory cycles. This tech-
nique differs from previous functional ultrasonic imaging
methods by: (1) measuring tissue motion as a surrogate for
blood, flow rather than measuring blood flow itself, and, (2)
enabling ultrasound images to be obtained directly through
the skull from almost any location, rather than just through an
anatomical window (such as the temporal bone window),
which is possible because tissue backscatters significantly
more ultrasound than blood. One advantage of TPI is that it
combines/offers the imaging capability of larger and more
expensive systems, such as Magnetic Resonance Imaging
(MRI) and PET systems, while maintaining the ease of use
and portability that are characteristics of fEEG and near infta-
red spectroscopy (NIRS).

[0009] Significantly, by measuring tissue motion and/or
tissue strain (the derivative of motion with depth) rather than
blood velocity, TPI is able to overcome the limitation of low
backscatter from blood that limits ultrasound access to the
brain via the skull’s acoustic windows. This technique has
been empirically validated by measuring the hemodynamic
response associated with visual stimulation of the occipital
cortex using a contrast-reversing checkerboard paradigm.
[0010] TPIis based on characterizing blood flow and per-
fusion by measuring the natural tissue expansion and relax-
ation over the cardiac and respiratory cycles. During systole,
blood enters tissue through the arterial vasculature faster than
it leaves through the venous vasculature, causing blood to
accumulate and the tissue to expand or swell by a fraction of
a percent. During diastole, venous drainage dominates,
allowing the tissue to return to its pre-systolic volume. The
rate of venous drainage is modulated by the respiratory cycle,
if the tissue is not elevated above the chest, which results in a
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periodic expansion of nearly one percent synchronized with
respiration, in addition to the cardiac pulsatile expansion.

[0011] TPIis somewhat related to amuch older, established
technique referred to as plethysmography, which has been a
popular noninvasive diagnostic method for the assessment of
arterial and venous disease since the 1960’s. Plethysmogra-
phy works by measuring whole limb expansion due to vas-
cular perfusion in association with the cardiac cycle (arterial)
orthe respiratory cycle (venous). With TP, ultrasound is used
to measure tissue displacement or strain to provide the
plethysmographic like signal from hundreds or thousands of
small volumes of tissue within an ultrasound image plane in
only a portion of a limb or body part, rather than the gross
plethysmographic signal from an entire limb or body part, as
is done with traditional plethysmography. Significantly, TPI
enables displacement/strain levels from many different parts
of the brain to be compared with each other, in order to
determine which portions of the brain exhibit increased dis-
placement/strain in response to visual or other stimuli.

[0012] To summarize, functional TPI maps brain function
by measuring changes in tissue pulsatility due to changes in
blood flow with neuronal activation. TPI uses tissue Doppler
signal processing methods to measure a pulsatile “plethys-
mographic” signal from hundreds or thousands of sample
volumes in an ultrasound image plane. A feasibility study
conducted to determine if TPI could be used to detect regional
brain activation during a visual contrast-reversing checker-
board block paradigm stimulus showed that in 7 out of 14
tests, consistent regions of activation were detected from
tissue around the major vessels perfusing the visual cortex.
During each test, ultrasound data were collected transcrani-
ally from the occipital lobe as a subject viewed alternating
blocks of areversing checkerboard (stimulus condition) and a
static, gray screen (control condition). Multivariate Analysis
of Variance (MANOVA) was used to identify sample volumes
with significantly different pulsatility waveforms during the
control and stimulus blocks.

[0013] In the empirical study, displacement was measured
voxel-by-voxel throughout the image sector using a standard
two-dimensional (2-D) Doppler autocorrelation estimator.
After high pass filtering to substantially reduce the effect of
respiratory motion, the peak to peak displacement for each
voxel over each cardiac cycle was measured as a metric of
pulsatility. A paired t-test was used to identify voxels with
significantly different (p<0.01) pulsatilities during the con-
trol and stimulation blocks. The results from the empirical
study indicate that there is a potential role for ultrasound in
regional functional brain imaging, and that a functional ultra-
sonic imaging system could provide value in emergency
medicine and in the management of brain injury.

[0014] Yet another aspect of the concepts disclosed herein
is the use of TPI to monitor cerebral vasoreactivity (reduced
cerebral vasoreactivity is associated with many medical con-
ditions, and a procedure for monitoring cerebral vasoreactiv-
ity is thus a useful diagnostic tool).

[0015] This Summary has been provided to introduce a few
concepts in a simplified form that are further described in
detail below in the Description. However, this Summary is not
intended to identify key or essential features of the claimed
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subject matter, nor is it intended to be used as an aid in
determining the scope of the claimed subject matter.

DRAWINGS

[0016] Various aspects and attendant advantages of one or
more exemplary embodiments and modifications thereto will
become more readily appreciated as the same becomes better
understood by reference to the following detailed description,
when taken in conjunction with the accompanying drawings,
wherein:

[0017] FIG. 1A graphically illustrates a conventional (Prior
Art) gross plethysmographic signal;

[0018] FIG. 1B is a flowchart illustrating the basic steps
employed in TP,

[0019] FIGS.2A and 2B illustrate exemplary positioning of
the ultrasound probe during brain function mapping studies
using TPI;

[0020] FIG. 2C is an exemplary B-mode image acquired
using probe positioning as indicated in FIGS. 2A and 2B;
[0021] FIG. 3A is a functional diagram of an empirical data
acquisition system for brain function mapping studies using
TPI,

[0022] FIG. 3B is a functional diagram of a simplified
exemplary data acquisition system for brain function map-
ping studies using TPI;

[0023] FIG. 4 schematically illustrates an exemplary syn-
chronization technique implemented by the system of FIG. 3,
to synchronize the application of visual stimulation and data
acquisition;

[0024] FIG. 5 is an exemplary flowchart illustrating the
basic steps employed in using TPI to map brain function;
[0025] FIG. 6A represent an exemplary 8 second displace-
ment waveform during a control block for a sample volume
near the brain stem after filtering to substantially reduce the
effect of respiratory motion;

[0026] FIG. 6B graphically represents
31-sample Hann window;

[0027] FIG. 6C graphically represent one cardiac cycle (as
indicated by the solid line) from FIG. 6A and the waveform
after tapering (as indicated by the dotted line);

[0028] FIG. 7A graphically illustrates displacement wave-
forms for two control blocks and two checkerboard blocks for
one sample volume;

[0029] FIG. 7B graphically illustrates mean waveforms
from all the cardiac cycles for the control blocks and all of the
checkerboard blocks for the sample volume;

[0030] FIG. 8 is a composite image including B-mode
images (left column) and functional TPI data (right column)
collected from a male test subject, showing consistency
among the results from four different TPI studies of the male
subject;

[0031] FIG. 9 schematically illustrates exemplary p-values
for one of the sessions superimposed on an MRI image slice
approximately corresponding to the ultrasound image plane
employed to collect the TPI data;

[0032] FIG. 10A is a functional diagram of an empirical
data acquisition system for monitoring cerebral vasoreactiv-
ity using TPI;

[0033] FIG. 10B is a functional diagram of a simplified
exemplary data acquisition system for monitoring cerebral
vasoreactivity using TPI;

[0034] FIG. 11 is an exemplary flowchart illustrating the
basic steps employed in using TPI to monitor cerebral vasore-
activity;

a modified
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[0035] FIG. 12A graphically illustrates a displacement
waveform from one dataset from a single sample volume
from subject 4, before band-pass filtering;

[0036] FIG. 12B graphically illustrates the displacement
waveform of FIG. 12A after the band-pass filtering;

[0037] FIG. 12C graphically illustrates a mean displace-
ment waveform calculated by averaging cardiac cycles from
the waveform of F1G. 12B;

[0038] FIG. 13 A graphically illustrates end-tidal CO, from
subject 3, along with pulse amplitude measurements from a
single sample volume;

[0039] FIG. 13B graphically illustrates pulse amplitude
versus end-tidal CO, from the same sample volume along
with the best-fit line with first-order linear regression;
[0040] FIG. 14A is a transverse B-mode image of the brain
and skull of subject 2;

[0041] FIG. 14B is a pulse amplitude image of the brain of
subject 2 at rest (i.e., before hyperventilation) with an end-
tidal CO, of 41.7 mm of Hg;

[0042] FIG. 14C is a pulse amplitude image of the brain of
subject 2 during hyperventilation with an end-tidal CO, of
20.7 mm of Hg;

[0043] FIG. 15 includes B-mode images from all of the
subjects along with the predicted percent change in pulse
amplitude for a change in end-tidal CO, from 40 mm Hg to 20
mm Hg, for samples volumes with linear regression p-values
less than 0.01;

[0044] FIG. 16A graphically illustrates histograms of per-
cent changes from the four subjects for sample volumes with
linear regression p-values less that 0.01; and

[0045] FIG. 16B graphically illustrates the median, 25%
and 757 percentiles for percent changes for p-values less than
0.01 arranged by subject age.

DESCRIPTION

Figures and Disclosed Embodiments Are Not Limiting

[0046] Exemplary embodiments are illustrated in refer-
enced Figures of the drawings. It is intended that the embodi-
ments and Figures disclosed herein are to be considered illus-
trative rather than restrictive. No limitation on the scope of the
technology and of the claims that follow is to be imputed to
the examples shown in the drawings and discussed herein.
[0047] As used herein, Tissue Pulsatility Imaging (TPI) is
an extension of tissue Doppler imaging methods for measut-
ing and characterizing the natural, pulsatile expansion and
relaxation of tissue over the cardiac cycle as an indirect mea-
surement of perfusion. Functional Tissue Pulsatility Imaging
(fTPI) is an application of TPI for mapping brain function
based on the change in tissue pulsatility with regional activa-
tion.

[0048] TPIisa novel extension of plethysmography, which
has been used for nearly 100 years to measure the gross
change in tissue volume in the arms, legs, fingers, toes and
other isolatable whole body parts. Tissue volume changes
cyclically with the cardiac cycle as blood accumulates in and
drains from the arterial vasculature. FIG. 1A graphically
illustrates a conventional (Prior Art) gross plethysmographic
signal. Whereas conventional plethysmography is a single
gross plethysmographic measurement of tissue volume
change, TPI uses pulsed Doppler ultrasound to measure local
“plethysmographic” signals from 100s or 1000s of sample
volumes throughout the ultrasound image plane.
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[0049] With respect to the motion of brain tissue, note that
the brain volume constrained by skull. Expansion of brain
tissue compresses ventricles. With each cardiac cycle, the
brain initially moves medially, posteriorly, and caudally. As
described in detail below, empirical studies have indicated
that TPI can measure the motion of brain tissue with a reso-
lution of approximately one micron. By measuring tissue
motion rather than blood flow, ultrasound can be used to
indirectly measure changes in blood flow in the brain from
locations other than through the traditional acoustic windows
in the skull. In addition to using TPI for mapping brain func-
tion, empirical data indicate that TPI can be used to monitor
cerebral vasoreactivity, which is a commonly employed diag-
nostic indicator.

[0050] When a portion of the brain responds to stimulus,
changes in blood flow occur at that portion of the brain. The
change in blood flow in turn induces a change in the motion of
the braintissue. Brain tissue naturally moves (or pulsates) due
to the respiratory cycle and the cardiac cycle. TPI is based on
distinguishing motion of brain tissue that is different from the
motion due to the cardiac cycle and the respiratory cycle.
[0051] FIG. 1B is a flowchart 120 illustrating the basic
steps employed in TPI, to overcome the limitation of low
backscatter from blood that limits ultrasound access to the
brain via the skull’s acoustic windows. As described in
greater detail below, TPI measures tissue displacement (or
tissue strain) in the brain, and this displacement data (or strain
data) can be used to map brain function and to monitor cere-
bral vasoreactivity.

[0052] In a block 122 cardiac cycles are identified. An
exemplary technique for tracking cardiac cycles is to use
electrocardiogram (ECG) data. With each cardiac cycle,
blood flows into the brain and causes the brain to expand. TPI
measures this expansion (or the displacement of the tissue) as
a surrogate for measuring blood flow. Note there may be
additional components in the TPI signal beyond motion due
to cardiac cycles, such as motion due to respiration (which
can be separated from cardiac motion and used for monitor-
ing CVR), and motion due to blood flow associated with
neural stimulation (which can be separated from cardiac
motion and used for mapping brain function). Collecting an
ECG signal from the subject undergoing TPI enables the
beginning of each cardiac cycle to be identified, so that tissue
motion from multiple cardiac cycles can be averaged. Thus,
the ECG data are used to isolate and process the displace-
ment/strain signals over multiple cardiac cycles. Strictly
speaking, the ECG data are not essential, in the present novel
approach, because the beginning of each cardiac cycle can be
identified using other techniques, such as from a blood pres-
sure waveform measured elsewhere in the body (e.g., an arm)
or derived from some other source, but ECG data are rela-
tively easy to acquire, as described above, and this approach
is quite accurate.

[0053] Inablock 124 ultrasound data are collected to mea-
sure tissue displacement in the brain when the subject is
quiescent (i.e., the subject has not been exposed to physical or
mental stimulation). The specific portion of the brain being
imaged will be a function of the desired goal (i.e., brain
function mapping or monitoring cerebral vasoreactivity). Ina
block 126, ultrasound data are collected to measure tissue
displacement in the brain when the subject has been stimu-
lated (mental stimulation for brain function mapping, and
hyperventilation for monitoring cerebral vasoreactivity). It
should be recognized that many different types of transducers
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can be used to provide the ultrasound data. While 2-D ultra-
sound represents an exemplary type of ultrasound, it should
be recognized that the concepts disclosed herein are not lim-
ited to the use of 2D ultrasound data.

[0054] Inablock 128 the raw ultrasound data for both data
sets (i.e., while the patient is stimulated and at rest or quies-
cent) are processed to correlate signal elements. Those of
ordinary skill in the arts will recognize that the correlation
process is a function of the type of transducer used to collect
the ultrasound data. Common correlation techniques include
cross correlation and autocorrelation. In at least some exem-
plary embodiments, the initial signal processing (i.e., pro-
cessing of the data in block 128) includes a transform opera-
tion (as discussed in greater detail below).

[0055] In an optional block 130, the correlated ultrasound
data are filtered. The specific type of filtering will be a func-
tion of the type of TPI analysis (i.e., brain function mapping,
or monitoring cerebral vasoreactivity) that is being per-
formed. Beneficial filtering techniques include, but are not
limited to, filtering to remove (or at least substantially reduce)
displacement data corresponding to respiratory motion, and
possibly filtering to remove (or at least substantially reduce)
displacement data corresponding to cardiac motion. The
empirical studies discussed below employed a high pass filter
to separate cardiac signal elements from respiratory signal
elements, to focus the analysis on the cardiac signal portion.
A low pass filter could be employed to focus the analysis on
the respiratory signal portion.

[0056] It should be noted that other motion sources may be
identified and removed via filtering. For example, in one
embodiment, the ECG data (or other tvpes of data) can be
used to detect abnormal heart beats, so that they can be
excluded from the analysis. Thus, the filtering techniques
noted above are intended to be exemplary, rather than limit-
ing, and other types of filtering to remove motion arising from
various specific undesired sources can be implemented.
[0057] In block 132 data enhancements are performed. A
particularly significant data enhancement is re-sampling, in
which the ultrasound displacement data are re-ordered such
that the first ultrasound pulse in a data sample coincides with
the beginning of the cardiac cycle, as determined in block
122. This step eliminates the need for the ultrasound data
acquisition to be synchronized with the cardiac cycle. If
desired, the cardiac cycle data collected in block 122 can be
used to control ultrasound acquisition, such that re-sampling
is not required. As discussed in greater detail below, addi-
tional enhancements include waveform segmentation and
waveform tapering.

[0058] In at least one embodiment (i.e., using TPI to map
brain function), the processed ultrasound data for brain tissue
displacements when the patient is at rest and when stimulated
are compared toidentify tissue displacements associated with
stimulation. Exemplary (but not limiting) processing steps
are described in greater detail below with respect to empirical
studies conducted to study the use of TPI for brain function
mapping and monitoring cerebral vasoreactivity. In a block
134, the ultrasound data are used to either map brain function,
or to monitor cerebral vasoreactivity.

[0059] Conceptually, it should be noted that the initial data
acquisition steps can be considered to correspond to measur-
ing small changes in displacement, while the latter analysis
steps can be considered to correspond to measuring small
differences in displacement. Furthermore, it should be recog-
nized that at least with respect to using TPI for mapping brain
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function, empirical studies indicate that tissue strain (the
derivative of motion with depth) can be employed as well as
tissue displacement.

[0060] The following sections describe details of empirical
studies using TPI to map brain function and to monitor cere-
bral vasoreactivity.

[0061] The Use of TPI to Map Brain Function: Subjects:
Two subjects participated in the empirical study, a 34 year-
old, right-handed male and a 39 year-old, left-handed female.
Both subjects had normal, uncorrected vision. A total of seven
sessions were conducted on each subject over a four week
period. For each session, the two subjects were studied on the
same day, approximately 30 minutes apart. No effort was
made to control the day of the week, the time of day, or
caffeine intake at which the sessions occurred. Written
informed consent was obtained from both subjects. The
research protocol was approved by the Human Subjects Com-
mittee of the University of Washington. Full three-dimen-
sional (3-D) anatomical and angiographic MRI data were
collected for the male subject as part of another approved
study and were used to identify the location of the occipital
lobe and other structures in the brain of this subject.

[0062] Protocol: During a session, the subject lay prone on
a massage table with his/her head securely and comfortably
positioned within the table’s face donut. ECG leads were
attached to the subject’s arms, and ultrasound gel was applied
to the back of the subject’s head. A Terason 4V2™ phased-
array transducer (Teratech Corp., Burlington, Mass.) held by
an articulated clamp (Manfrotto, Bassano del Grappa, Italy)
securely mounted to a laboratory bench was positioned at the
back of the head of the subject, over the visual cortex and
approximately 2 cm superior to the occipital protuberance
and 0 to 2 cm lateral from the midline. Before locking the
clamp in position, the transducer was oriented by an experi-
enced sonographer to image a nearly transverse plane passing
through the pineal body, which is hyperechoic in most indi-
viduals due to calcification. The visual stimuli were displayed
on a computer monitor (a Dell Corporation, model Latitude
D610™) approximately 75 cm directly below the subject’s
face. Prior to the start of the study, the lights were dimmed and
a visual shield was placed around the front of the table to
minimize visual distractions.

[0063] FIGS.2A and 2B illustrate exemplary positioning of
an ultrasound probe 140 during brain function mapping stud-
ies, while FIG. 2C is an exemplary B-mode image 152
acquired using such positioning. Note that FIGS. 2A and 2B
are based on actual MRI images. The following structures are
identified in one or more of FIGS. 2A and 2B: a pineal body
142, a posterior commissure 144, a quadrigeminal cistern
148, and a 3’ ventricle 146. A black sector 150 in FIG. 2B
generally corresponds to the location and extent of exemplary
B-mode image 152 (FIG. 2C). It must be recognized that the
empirical study was limited to tracking visual brain stimula-
tion. Thus, the ultrasound probes are positioned to image the
visual cortex. If other types of mental stimulation (such as
motion, sound, taste, smell, or touch) were being provided,
then the probe would be positioned accordingly. Further-
more, a commercial system will likely include a plurality of
ultrasound probes distributed at different locations around the
skull, to enable displacement/strain data to be collected from
many different parts of the brain at the same time. The limit-
ing factor in the number of ultrasound probes used is likely to
be cost (i.e., from a data collection standpoint, it is likely
better to have more probes than fewer probes). In at least one
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exemplary embodiment, the plurality of probes are incorpo-
rated into a helmet or skull cap worn by the subject.

[0064] A contrast-reversing checkerboard block paradigm
was used to stimulate the visual cortex of the subject. This
type of visual stimulus is a robust test that reliably produces a
response independent of cognitive or learning processes.
Each study consisted of 31 alternating control and checker-
board blocks beginning and ending with a control block.
During a checkerboard block, an 8 squarex8 square black-
and-white checkerboard was displayed for 30 seconds, with
the squares alternating from black-to-white or white-to-black
every 500 milliseconds. Each square measured 2 cmx2 cm
creating a 16 cmx16 cm checkerboard. During a control
block, a static gray screen was displayed for 30 seconds.
[0065] Data Acquisition: An empirically implemented data
acquisition system 154 is schematically illustrated in FIG.
3A, and included a Terason 2000™ ultrasound scanner (avail-
able from Teratech Corp., Burlington, Mass., including a
processing module/laptop computer 156 and an ultrasound
probe 158), a personal computer 160 for displaying the visual
stimuli, a personal computer 168 for digitizing the subject’s
ECG signal, an ECG monitor 162 (a model VSM2™, avail-
able from Physio-Control, Redmond, Wash.), and an arbitrary
waveform generator 170 (a model 33120A™, available from
Agilent Technologies, Palo Alto, Calif.) controlled by the
visual stimulation computer (i.e., computer 160) for trigger-
ing the ultrasound scanner and ECG digitizer. Leads 164
coupled ECG sensors (not specifically shown) attached to a
subject to EGC monitor 162. A data conductor 166 (such as a
parallel, serial, or universal serial bus cable, although such
data conductors are exemplary, rather than limiting) coupled
the output of the ECG monitor (a transistor-transistor logic
(TTL) signal coincident with the subject’s ECG R-wave) to
personal computer 168. A data conductor 172 (such as a
parallel, serial, or universal serial bus cable, although such
data conductors are exemplary, rather than limiting) coupled
personal computer 160 to arbitrary waveform generator 170.
[0066] The Terason 2000™, a laptop-based, general-pur-
pose ultrasound scanner, with a 4V2 phased array scanhead
(90° sector angle, 64 element, 2.5 MHz center frequency, 10
MHz RF sampling frequency, 128 scanlines per frame, and an
approximately 55% fractional bandwidth B-mode pulse) was
used for ultrasound acquisition. With software provided by
the manufacturer, a series of post-beamformed ultrasound
radio frequency (RF) frames were collected during B-mode
imaging for offline analysis in MATLAB™ (available from
The Mathworks, Inc., Natick, Mass.). A total of 240 frames of
RF ultrasound were recorded at 30 frames per second from 10
seconds to 18 seconds within each block. While the Terason
ultrasound scanner is able to record up to 300 frames of RF
ultrasound, in these studies only 240 frames were recorded, to
allow sufficient time to write the data to the ultrasound scan-
ner’s hard drive. Data collection was started 10 seconds into
each block to allow sufficient time for the blood flow to
change in response to the neuronal stimulation, based on
earlier studies indicating that an 8-10 second lag time was
desirable. To automate the data collection on the Terason, an
automation application (AutoHotkey™) was used to trigger
the ultrasound scanner and save data at appropriate times,
without requiring user intervention once the session was
started.

[0067] A MATLAB™ script running on the Dell Corp.
Latitude D610™ laptop computer (i.e., computer 160) was
used to display the visual stimuli and synchronize data acqui-
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sition by the other two computers (i.e., laptop computer 156
and computer 168), as is schematically illustrated in FIG. 4.
Ten seconds into each stimulus block, the MATLAB™ script
instructed the arbitrary waveform generator to output a 100
millisecond TTL pulse that triggered the Terason (using the
Terason’s ECG triggering feature), and the ECG digitizer
computer. The subject’s ECG R-wave signal was digitized
using a Measurement Computing (Middleboro, Mass.) PCI-
DAS 1000™ 12-bit digitizer sampling at 1 kHz. Eight sec-
onds after each trigger, the two computers recorded their data
to hard drives and rearmed before the next trigger.

[0068] It should be recognized that a purpose built system
could employ fewer controllers than the empirical system,
which was developed using readily available parts. Using a
signal controller would eliminate the need for arbitrary wave-
form generator 170, which is utilized to synchronize ultra-
sound laptop computer 156 and personal computer 168, to
make sure the two computers were acquiring data at the same
time. It should also be recognized that controllers other than
personal computers can be employed (such as custom pro-
cessing circuits); personal computers simply represent a
readily available type of controller, and are thus exemplary,
rather than limiting.

[0069] It should also be noted that the cardiac cycle could
be identified using a technique other than collecting ECG data
(for example, blood pressure data might be used instead).
Furthermore, it should be noted that in this empirical study
the ultrasound acquisition was not synchronized to the car-
diac cycle. Resampling, which is described below, was per-
formed offline after the ultrasound data were collected to
correlate the vltrasound data with the cardiac cycle. The resa-
mpling function could be eliminated if ultrasound acquisition
was synchronized to the cardiac cycle. This approach would
also require synchronizing the stimulus with the cardiac
cycle. While such an embodiment is certainly encompassed
by the disclosure herein, resampling represents a simpler
solution, when compared to synchronization. Thus, the ECG
monitor (and corresponding computer) are not strictly
required, as other techniques do exist for obtaining the
desired cardiac signal.

[0070] FIG. 3B schematically illustrates a more stream-
lined system 174, which includes an ultrasound data collec-
tion component 176 configured to collect the required ultra-
sound data, a stimulus component 178 configured to provide
the stimulus, a cardiac cycle collection component 180 con-
figured to obtain cardiac cycle data (using ECG or some other
technique, as noted above), and at least one controller 182
implementing the steps described herein for using TPI to map
brain function. While ultrasound data collection component
176 and cardiac cycle collection component 180 are shown as
different components, it should be recognized that in some
embodiments ultrasound could be used to estimate the car-
diac cycles, such that ultrasound data collection component
176 and cardiac cycle collection component 180 are the same
component (or that two different ultrasound components are
employed, one to collect TPI data and the other to collect
cardiac data).

[0071] The data collection and analysis steps are shown in
FIG. 5 (which corresponds to the method steps of the flow-
chart of FIG. 1B optimized for using TPI to map brain func-
tion). It should be recognized that the specific method steps of
FIG. 5 are exemplary, rather than limiting. Thus, different
processing steps (such as different transforms, different types
of correlation, different types of filtering, and different steps
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to identify motion associated with mental stimulation) can
alternatively be employed within the scope of this novel
approach.

[0072] Before discussing the steps in greater detail, the
following provides a brief summary of flowchart 184 of FIG.
5. Inablock 186 ECG data is collected to identify the cardiac
cycle of the subject (although it should be noted that cardiac
cycle data can be collected using techniques other than ECG,
as discussed herein). In a block 188 post beam formed ultra-
sound data from brain tissue is collected. In a block 190 a
Hilbert transform is performed on the ultrasound data. It
should be noted that the step of block 190 is intended to
represent converting RF data from real signals to analytic
signals. The use of the Hilbert transform in particular is
intended to be exemplary, rather than limiting. In a block 192
the ultrasound data undergoes a 2D autocorrelation process. It
should be recognized that correlation techniques are a func-
tion of the type of transducer employed to collect the ultra-
sound data. Thus, the specific correlation technique identified
in FIG. 5 was selected based on the transducer employed in
the empirical studies and is thus intended to be exemplary,
rather than limiting. In the empirical study, the correlation
step defined the sample volume dimensions as 10 samples of
0.8 mm with a 50% overlap, and 2 scan lines (1.4 degrees)
with 0% overlap. Again, such parameters are exemplary,
rather than limiting.

[0073] In a block 194 the correlated ultrasound data is
filtered to separate out a cardiac portion of the signal from a
respiratory portion of the signal. As noted above, the respira-
tory portion is likely to include desired data, but is inherently
noisier than the cardiac portion of the signal, thus less signal
processing was required to extract useful data from the car-
diac portion. The respiratory portion of the signal primarily
corresponds to venous pulsations, while the cardiac portion
primarily corresponds to arterial pulsations. However, the
concepts disclosed herein extend to the use of the respiratory
signal portion as well as the cardiac portion of the signal.
Given sufficient signal processing techniques to extract noise
from the respiratory signal, the respiratory signal alone may
be useful.

[0074] In a block 196 various signal enhancements are
implemented, including waveform segmentation, waveform
resampling, and waveform tapering. The purpose of such
techniques is to obtain a consistent signal (i.e., to minimize
variations between individual signals). Such steps are par-
ticularly useful in dealing with variations induced by irregu-
larities in the cardiac cycles (i.e., cardiac cycles are similar
but not always identical). Exemplary, but not limiting imple-
mentation include segmenting the data into cardiac cycles,
re-sampling such that the beginning of each cardiac cycle
coincides with its ECG QRS component, and tapering each
cardiac cycle to 1 second using a modified, asymmetric Hann
window. It should be recognized that other signal processing
techniques can be implemented to similarly enhance the data.
Furthermore, resampling is not required if the ultrasound data
acquisition is synchronized to the cardiac cycle.

[0075] Inablock 198 the enhanced data undergoes a Prin-
cipal Components Analysis (PCA); the purpose of which is to
analyze the data to identify features that can be used to dif-
ferentiate the waveforms for the relaxed data from the wave-
forms for the stimulated data. PCA thus represents an exem-
plary, but not limiting technique that can be used to
parameterize the waveforms (such a step is generally referred
to as “parameter extraction”). PCA involves looking at a
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plurality of signal components, and it should be recognized
that parameter extraction may be limited to only one signal
component, as opposed to a plurality of signal components.
Referring to PCA specifically, after segmentation, re-sam-
pling, and tapering, the waveform for each cardiac cycle can
be treated as variable with 31 dimensions, one for each time
point in the waveform. Because waveforms are highly corre-
lated, PCA can be used to reduce the dimensionality of the
data to significantly fewer dimensions (in empirical studies
PCA has been used to reduce dimensionality to as few as 3-5
dimensions, but that may not be true for all cases). This
provides greater statistical power with fewer degrees of free-
dom.

[0076] In ablock 200, a one-way Multivariate Analysis of
Variance (MANOVA) is performed, the purpose of which is
to measure statistical differences between rest waveforms and
stimulated waveforms for each sample volume. MANOVA
thus represents an exemplary, but not limiting technique that
can be used to measure such differences.

[0077] Displacement Estimation: Referring to FIG. 5, the
analytic versions of the post-beamformed RF ultrasound sig-
nals were first calculated using the Hilbert transform. From
the analytic signals, tissue displacement was measured using
a 2-D autocorrelation estimator. The standard one-dimen-
sional (1-D) autocorrelator estimates the mean change in
phase of the quadrature demodulated or analytic signal in
slow-time, i.e. pulse-to-pulse, and scales the result by the
wavelength of ultrasound at a reference frequency, typically
the transmitted ultrasound center frequency, to derive veloc-
ity or displacement. A limitation of this technique is that the
result is biased by the stochastic variation of the ultrasound
center frequency and frequency-dependent attenuation. The
2-D autocorrelator additionally estimates the mean change in
phase of the signal in fast-time, i.e. depth-to-depth, to calcu-
late the local ultrasound center frequency, and uses the wave-
length at that frequency to derive velocity or displacement.
For the 2-D autocorrelator, displacement is estimated as:
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where ¢ is the speed of ultrasound in soft tissue, T is the
pulse-to-pulse sampling period, t, is the depth-to-depth sam-
pling period, R, (r, T) is the estimate of the complex 2-D
autocorrelation function at depth lag r and temporal lag T, and
“arg” is the argument, i.. phase angle, of R, (r, 7).

[0078] Ifthe complex autocorrelation is expanded, Eq. (1)
for a particular sample volume with a depth lag of one sample
and with a temporal lag of one sample can be written as:
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where 7 is the analytic signal indexed by depth i, scan line |,
and frame k, and where I, J, and K indicate the number of
depths, scan lines, and frames, respectively, over which the
measurement is made. For the empirical studies discussed
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herein, the values employed are as follows: 1=10 (0.77 mm),
J=2 (0.025 rad), and K=2 (frames). Displacement for the first
frame was set to 0, and displacement for subsequent frames
was calculated from the cumulative displacement from pre-
vious frames.

[0079] Data Conditioning: The displacement waveforms
for all of the sample volumes were first forward and reverse
filtered to remove respiratory motion using a 3’ order, high-
pass Butterworth IIR filter with a cutoff at three-quarters of
the mean cardiac frequency during the 8 second data block.
Mean cardiac frequency was calculated from the subject’s
ECG R-wave intervals recorded concurrently with the ultra-
sound data. In some exemplary embodiments, both a cardiac
filter and respiratory filter are employed. In other exemplary
embodiments, either a cardiac filter or a respiratory filter is
employed. The use of a respiratory filter is likely to be ben-
eficial for studying tissue oxygenation in the brain.

[0080] Using the ECG R-waves, the displacement wave-
forms were segmented into their individual cardiac cycles and
re-sampled, as schematically illustrated in FIGS. 6A-6C.
FIG. 6A represents an exemplary 8 second displacement
waveform 202 during a control block for a sample volume
near the brain stem after filtering to substantially reduce the
effect of respiratory motion. Vertical dotted lines 204 indicate
the beginning of the cardiac cycles based on the ECG
R-waves. FIG. 6B graphically represents a modified 31
sample Hann window. FIG. 6C graphically represents one
cardiac cycle (as indicated by a solid line 206) from FIG. 6A
and the waveform after tapering (as indicated by a dotted line
208).

[0081] Each cardiac cycle was segmented using the last
sample preceding its R-wave and the first sample following
the next cardiac cycle’s R-wave. Cardiac cycles that began 0.5
seconds into the data block or that ended 0.5 seconds from the
end of the data block were not used because of start-up and
ending transient effects introduced by the respiratory filter,
typically leaving five or six complete cardiac cycles during
each block. The segments were then re-sampled by linear
interpolation at 30 Hz such that the first time point in each
re-sampled displacement waveform coincided in time with
the cycle’s R-wave. Each re-sampled segment was shifted
such that the displacement at the beginning of the cardiac
cycle was 0.

[0082] Each displacement waveform segment for each car-
diac cycle was tapered to 1 second to compensate for the
variable durations of the cardiac cycles, to enable all of the
cardiac cycles to be compared as described in subsequent
sections. A modified 31 sample Hann window was used to
taper the displacement waveforms (see FIG. 6B). The first 11
samples within each segment were tapered using the first 11
points of a 21-point Hann window, and the remaining 20
samples were tapered using the last 20 points of a 40 point
Hann window. This window was created such that the peak of
the windowing function approximately coincided with the
systolic peak in the displacement waveform segments. The
displacement waveform segments for cardiac cycles less than
1 second long were zero-padded before tapering. Both sub-
jects have resting heart rates less than 60 beats-per-minute, so
relatively few cycles needed to be zero-padded. The displace-
ment waveforms were then spatially filtered using a Gaussian
filter with a full-width-at-half-maximum (FWHM) of 4 mm.
[0083] Feature Extraction and Statistical Analysis: Multi-
variate Analysis of Variance (MANOVA) applied indepen-
dently to each sample volume was used to test the null hypoth-
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esis that the means of the groups of displacement waveforms
collected during the control blocks and stimulus blocks were
the same. Before applying MANOVA, Principal Components
Analysis (PCA) was used to reduce the dimensionality of the
data.

[0084] PCA is standard statistical technique commonly
used for feature extraction and data reduction. PCA is a linear
transform that projects multivariate data onto new coordinate
axes, i.e. new variables, which are ordered by the amount of
variance in the original data that they explain. If the original
variables are highly correlated, the number of variables can be
reduced by eliminating the new variables that do not account
for a significant fraction of the variance.

[0085] The displacement waveforms for each sample vol-
ume were first organized into an M row by N column matrix,
X, where M corresponds to the number of samples in each
cardiac cycle and N corresponds to the number of cardiac
cycles from all blocks for the entire study. A typical study
consisted of 150 to 170 cardiac cycles. For this analysis, the
displacement waveform for each cardiac cycle was treated in
effect as a variable with 31 dimensions (M=31). Each row’s
mean was subtracted to yield the mean-corrected matrix, B,
from which the covariance matrix, C, was calculated:

[0086] The eigenvector matrix, V, and the eigenvalue
matrix, D, of C were then calculated:

C¥=rD )

where D is the MxM diagonal matrix of eigenvalues sorted in
descending order where each eigenvalue indicates the vari-
ance of the original data when projected onto the correspond-
ing eigenvector arranged in columns in the MxM matrix V.
The cumulative fractional energy in the first L eigenvectors is
defined as:
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[0087] The cumulative fractional energy can be used for

dimensionality reduction by retaining the first L eigenvectors
needed to exceed a variance threshold for g. For this work, a
threshold of 95% was used. A new MxL matrix, W, was
constructed containing the first L eigenvectors. Lastly, the
original data were projected onto W:

Y=1"B (6)

where Y is the LxN matrix of principal components, i.e.,
Y[1,n] corresponds to the projection of the n™ displacement
waveform onto the 1” eigenvector.

[0088] The principal components were then divided into
two groups, the control group and the checkerboard group,
and one-way MANOVA was used to test the null hypothesis
that the groups have the same means. Reducing the number of
variables by PCA before MANOVA has two benefits. Uncor-
related noise is expected to have a larger spread across the
eigenvalue spectrum, so eliminating lower variance eigenvec-
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tors improves the signal-to-noise ratio (SNR) of the data.
Additionally, reducing the number of variables reduces the
degrees of freedom thereby enhancing the statistical power of
MANOVA.

[0089] RESULTS: Displacement waveforms for two con-
trol blocks (control waveforms 212) and two checkerboard
blocks (stimulus waveforms 210) for one sample volume are
shown in FIG. 7A. The displacement waveforms in FIG. 7A
are for four successive blocks. The waveforms have been
resampled, tapered to 1 second, and placed end-to-end. The
entire data set included 31 blocks and 157 cardiac cycles.
Within blocks and across blocks, the overall amplitude varies
considerably due primarily to the influence of respiration on
cardiac filling and resulting ejection fraction.

[0090] FIG. 7B graphically illustrates mean waveforms
from all the cardiac cycles for the control blocks (mean con-
trol waveform 212A) and all the checkerboard blocks (mean
stimulus waveform 210A) for the sample volume. In this
sample volume, the p-value used for testing the hypothesis
that the control blocks and checkerboard blocks have the
same means was 1.0e™'°. The shapes are remarkably similar,
but the amplitude of the mean checkerboard waveform is
larger than the amplitude of the mean control waveform, as
would be expected if the blood flow, and thereby, the tissue
pulsatility, increases during visual stimulation.

[0091] Large regions of statistically significant activation
during visual stimulation were detected in 4 of 7 studies for
the male subject and in 3 of 7 studies for the female subject.
For both subjects, the active regions consistently spanned the
region around the pineal body (posterior P2 segment of the
Posterior Cerebral Artery) and the tissue extending posteri-
orly along the mid-line (P3 and P4 segments of the Posterior
Cerebral Artery). FIG. 8 shows the consistency in the results
from the four successful studies for the male subject. The
p-values calculated by MANOVA are shown super-imposed
on B-mode images for p-values less than 0.01. FIG. 9 shows
the p-values for one of the sessions superimposed on an MRI
image slice corresponding approximately to the ultrasound
image plane.

[0092] Referring to FIG. 8, the left column includes
B-mode images from one frame collected during each ses-
sion. The brightest echo in each image at a depth of 80 mm is
from the region around the pineal body. The right column
shows the p-values for the functional TPI data superimposed
on the respective B-mode images. P-values less than 0.01 are
not considered significant and are not shown. A heavy bound-
ary 214 in the images in the right column indicates the region-
of-interest for the functional TPI analysis.

[0093] Referring to FIG. 9, an MRI slice is shown, the slice
approximately corresponding to the ultrasound image plane
with superimposed p-values from the male subject, for ses-
sion 5. The functional TPI p-values have been drawn as a
contour plot with curves every order of magnitude from 10~°
to 107>, The following structures are identified in FIG. 9:
pineal body 142, posterior commisure 144, quadrigeminal
cistern 148, and 3 ventricle 146.

[0094] DISCUSSION: The empirical studies demonstrated
a statistically significant increase in tissue pulsatility within
the posterior region of the brain in response to a visual stimu-
lus. The active regions appear to correlate with the paths of
vessels that supply the visual cortex. A positive response was
obtained in four out of seven studies for the male subject and
in three out of seven studies for the female subject. The lack
of response in the remaining studies could potentially be
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attributed to attentiveness, since prior brain function mapping
studies have demonstrated a greater vascular response to a
visual stimulus during periods of increased attentiveness. The
study required the subject to lay still in a prone position with
his/her head supported within a massage table face donut.
Both subjects expressed difficulty staying awake, lack of
attentiveness, and fogging or tearing of the eyes at times.
Passive viewing may not generate a sufficiently large
response to be consistently detected by the empirical system.
To compensate for this, future systems and studies can intro-
duce a task that requires attentive interaction, such as a read-
ing test or a symbol matching test. Although both of these
tasks would activate regions in addition to the visual cortex, if
the response is more repeatable, such results would indicate
that attentiveness is an issue.

[0095] The ultrasound system used for the study may also
have contributed to the variability in the response. A commer-
cially available system with a phased array transducer that
was not optimized for transcranial imaging was used. There-
fore, the frequency and power settings are not optimized for
this specific application. Furthermore, the transducer was a
standard hand-held transducer retained by an articulated
clamp. Although relatively stable, the long moment arm intro-
duced some mechanical instability. An ultrasound system
with afitted transducer would be more appropriate and would
enable the transducer to be held in place with a helmet-style
fixture, so the subject could sit in a more comfortable position
during a study.

[0096] Because functional TPI is based upon ultrasound, it
maintains the qualities of being a rapid, portable, inexpensive
tool that can be used for continuous monitoring and for repeat
studies. The advantage of functional TPI over functional TCD
is the use of tissue rather than blood as the signal source.
Ultrasound backscatter from tissue is significantly stronger
than that from blood, enabling acquisition of ultrasound sig-
nals of the cortical region of interest directly through the
overlying skull. An additional advantage is the ability of this
approach to study small functional cortical regions rather
than larger arteries that supply multiple functional regions. In
the empirical study described above, ultrasound scanning was
performed through the skull over the occipital protuberance,
to ensure that the scans would be imaging through the visual
cortex in the occipital lobe. The use of a tissue rather than a
blood backscatter signal may also result in an overall reduc-
tion in transmitted ultrasound power once the technique is
optimized. The highest power output allowed by the FDA for
diagnostic imaging is for TCD.

[0097] Additional work is being done to determine if tissue
pulsatility is more appropriately measured using tissue strain
rather than tissue displacement. Assessing regional brain
activity using displacement is complicated by the cumulative
motion of the brain, i.e. an increase in blood flow to a stimu-
lated region of the brain may displace remote tissues, making
it appear as if they are activated even though they are not.
Strain imaging could theoretically compensate for this
remote, common-mode movement. Limited, preliminary
analysis using strain waveforms measured using a least-
squares strain estimator reveals similar regions of activation,
suggesting cumulative tissue displacement is not a significant
problem.

[0098] CONCLUSIONS: The empirical study showed that
functional TPI is a potential technique for functional brain
imaging. The light weight and small size of ultrasound scan-
ners will enable functional brain imaging studies in ambula-



US 2008/0275340 A1l

tory patients, a freedom not available to functional MRT and
nuclear imaging methods. Although functional EEG methods
have comparable cost and portability, EEG lacks the spatial
resolution of ultrasound. The electrical brain activity signals
of EEG methods including evoked response potentials are
complementary to the blood perfusion signals provided by
the functional TPIL.

[0099] Significantly, the empirical study consistently
observed regions of significantly increased tissue pulsatility
extending posteriorly from the region of the pineal body to the
occipital lobe through which pass the segments of the Poste-
rior Cerebral Artery that perfuse the primary visual cortex.

[0100] The Use of TPI to Monitor Cerebral Vasoreactivity:
In addition to using TPI to map brain function, empirical
studies have also been performed to evaluate TPI’s ability to
monitor cerebral vasoreactivity (reduced cerebral vasoreac-
tivity is associated with many medical conditions, and a sys-
tem and a procedure for monitoring cerebral vasoreactivity
comprise a useful diagnostic tool).

[0101] As with other perfused tissues, changing blood vol-
ume causes the brain to expand and relax over the cardiac
cycle. Because the volume of the brain is constrained by the
fixed volume of the skull, expansion of the brain early in the
cardiac cycle compresses the cerebral ventricles forcing cere-
brospinal fluid (CSF) out of the skull. Later in the cardiac
cycle, brain blood volume decreases, drawing CSF back into
the skull. This expansion of the brain and compression of the
cerebral ventricles causes the brain to move medially during
systole and laterally during diastole. Additionally, the chang-
ing blood volume pushes the brain posteriorly and caudally
towards the foramen magnum during systole followed by a
rebound during diastole.

[0102] Cerebral vasoreactivity (CVR) is the ability of the
cerebral arterioles to respond to changes in arterial CO, par-
tial pressure (PaCO,) in order to regulate blood flow and
oxygen delivery to the brain. Under normal conditions,
hypercapnia, an increase in PaCO,, will cause the cerebral
arterioles to dilate, reducing vascular resistance and increas-
ing cerebral blood flow (CBF). Hypocapnia, a decrease in
arterial PaCQO,, will cause the cerebral arterioles to constrict,
increasing vascular resistance and reducing CBF.

[0103] Cerebral vasoreactivity is most commonly tested by
having subjects breathe increasing concentrations of CO, or
by administering acetazolamide to increase PaCO,, or by
having subjects voluntarily hyperventilate to decrease
PaCO,. Measurement of CVR has been used to evaluate
cerebral vascular function over a broad range of clinical
applications, including monitoring the severity of brain dam-
age after an ischemic event, predicting the risk of a cerebral
ischemic event in patients with carotid occlusive disease,
assessing the efficacy of a carotid endarterectomy, and study-
ing anxiety disorders and migraine attacks.

[0104] MRI, PET, and NIRS techniques have all been used
to monitor changes in CBF with changes in PaCO,. The most
common method used to assess CVR is TCD, which provides
alow-cost, non-invasive means to measure blood flow veloci-
ties in the larger cerebral blood vessels in real-time.

[0105] The following discussion describes an empirical
study conducted to test the feasibility of using TPI to assess
CVR. Brain tissue pulsatility was measured in four subjects
through the temporal acoustic window using a standard, gen-
eral-purpose ultrasound scanner. Tissue pulsatility was mea-
sured before, during, and after voluntary hyperventilation,
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and the results were correlated with the subjects’ end-tidal
CO, measurements collected concurrently with ultrasound
acquisition.

[0106] Itshould be noted that correlation with the subjects’
end-tidal CO, measurements is optional and not inherently
required. This correlation was employed in an exemplary
embodiment to determine whether TPI can be used to assess
CVR. Ifthe studies documented a poor statistical correlation,
the study would suggest that TPI could not be used to monitor
CVR. Thus, TPI data that are not correlated with end-tidal
CO, can be used to assess CVR trends. Such an assessment
would be qualitative rather than quantitative. If a quantitative
assessment is desired, then end-tidal CO, would be required.
Thus, the use of TPI to monitor CVR encompasses both
qualitative monitoring without correlation to end-tidal CO,,
and quantitative monitoring in connection with correlation to
concurrently acquire end-tidal CO, data.

[0107] Furthermore, the comments made above with
respect to employing other techniques to collect cardiac cycle
data for using TPI to map brain function also apply to using
TPI to monitor CVR. Thus, the use of ECG data in the fol-
lowing disclosure is intended to be exemplary, rather than
limiting. Similarly, re-sampling of the TPI data would not be
required if ultrasound acquisition was synchronized to the
cardiac cycle.

[0108] Subjects: Four subjects, all male, ages 29, 33, 41,
and 52, participated in the study. No effort was made to
control the day of the week, time of day, or caffeine intake
when the tests were made. Written informed consent was
obtained from all subjects.

[0109] Protocol: During a study, the subject lay supine ona
massage table (available, for example, from Stronglite Inc.,
Cottage Grove, Oreg.) with the head of the subject stabilized
in acustom-built, padded fixture. Before the study, ECG leads
were attached to the subject’s arms, and a cannula was placed
in the nostrils to collect expired air. A Terason 4V2™ phased-
array transducer (available from Teratech Corp., Burlington,
Mass.) held by an articulated clamp (available, for example,
from Manfrotto, Bassano del Grappa, Italy) securely
mounted to the table was positioned over the right ultrasound
temporal window, slightly anterior to and superior to the ear
of the subject. Before locking the clamp in place, the trans-
ducer was positioned by an experienced sonographer to
image a nearly transverse plane through the cerebral
peduncles.

[0110] Each study consisted of three phases, a pre-hyper-
ventilation phase lasting 6 minutes and 40 seconds, a volun-
tary hyperventilation phase lasting 20 minutes, and a post-
hyperventilation phase lasting 20 minutes. During the pre and
post-hyperventilation phases, the subject was instructed to
breathe normally through his nostrils to maintain an end-tidal
CO, around 40 mm Hg. During the hyperventilation phase,
the subject was instructed to breathe rapidly (approximately
one breath every 2 seconds) through his nostrils to maintain
an end-tidal CO, around 20 mm Hg. Although not explicitly
instructed to do so, subjects maintained a relatively constant
depth of respiration throughout the hyperventilation phase.
[0111] Data acquisition: An empirically implemented data
acquisition system 216 is schematically illustrated in FIG.
10A. Note that system 216 shares components with system
154 of FIG. 3A, and common components share common
reference numerals. System 216 includes a Terason 2000™
laptop-based, general-purpose ultrasound Scanner (available
from Teratech Corp., Burlington, Mass., including processing
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module/laptop computer 156 and ultrasound probe 158), per-
sonal computer 168a with a Measurement Computing
(Middleboro, Mass.) PCI-DAS 1000™ 12-bit digitizer sam-
pling at 1 kHz for recording the subject’s ECG and end-tidal
CO, signals, ECG monitor 162 (VSM2™, Physio-Control,
Redmond, Wash.), arbitrary waveform generator 170 (model
33120A™, available from, Agilent Technologies, Palo Alto,
Calif.) for triggering the ultrasound scanner (i.e., computer
156) and the digitizer (i.e., computer 168a), and a CO, moni-
tor 220 (model Capnocheck Plus 9004™, available from
Smiths Medical PM, Inc., Waukesha, Wis.). Leads 164
coupled ECG sensors (not specifically shown) attached to a
subject to EGC monitor 162. A data conductor 166 (such as a
parallel, serial, or universal serial bus cable, although such
data conductors are exemplary, rather than limiting) coupled
the output of the ECG monitor (a transistor-transistor logic
(TTL) signal coincident with the subject’s ECG R-wave) to
personal computer 168a. A data conductor 222 (such as a
parallel, serial, or universal serial bus cable, although such
data conductors are exemplary, rather than limiting) coupled
personal computer 168a to CO, monitor 220, which receives
input from a nasal cannula 218.

[0112] It should be noted that CO, monitor 220 was
employed in system 216 to determine if there was a correla-
tion between TPI pulse amplitude data and subject end-tidal
CO,. As discussed below, such a correlation exists, indicating
that TPI pulse amplitude data can be used to monitor CVR.
Where end-tidal CO, data are available, the TP1 pulse ampli-
tude data can be calibrated with the end-tidal CO, data, such
that TPI data can quantitatively assess CVR. Absent such
calibration, the TPI data is likely able to provide a qualitative
assessment of CVR. Such calibration will require some mea-
surement of the concentration of CO, in the subject’s blood.
Anend-tidal CO, monitor is an easy way to do that. One could
also draw blood and measure CO, concentration directly.
Alternatively, one could have the subject breathe gas with
excess CO, rather than have them hyperventilate as was
employed in the empirical study. In that case, the CO, con-
centration in blood is determined by the concentration of CO,
the subject is breathing and one would not need to measure
the concentration of CO,.

[0113] It should be recognized that in addition to having a
subject hyperventilate or breathe air with excess CO, to place
the patient in a stimulated state, a pharmacological agent
(such as acetazolamide) could be administered to alter a con-
centration of carbon dioxide in the patient’s blood.

[0114] FIG. 10B schematically illustrates a more stream-
lined system 230. Note that system 230 shares components
with system 174 of FIG. 3B, and common components share
common reference numerals. System 230 includes an ultra-
sound data collection component 176 configured to collect
the required ultrasound data, a cardiac cycle collection com-
ponent 180 configured to obtain cardiac cycle data (using
ECD or some other technique, as noted above), an optional
CO, concentration data collection component 232 (required if
a quantified assessment of CVR is desired, and not required
for a qualified assessment of CVR) and at least one controller
1824 implementing the steps described herein for using TPI
to monitor CVR. As noted above, in at least one embodiment
ultrasound is employed to estimate the cardiac cycle, and
ultrasound data collection component 176 and cardiac cycle
collection component 180 can beimplemented using an ultra-
sound system.
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[0115] The 4V2 phased array scanhead (90° sector angle,
64 element, 2.5 MHz center frequency, 10 MHz RF sampling
frequency, 128 scanlines per frame, and approximately 55%
fractional bandwidth B-mode pulse) was used for ultrasound
acquisition. With software provided by the manufacturer, a
series of post-beamformed ultrasound RF (radiofrequency)
frames were collected during B-mode imaging for off-line
analysis in MATLAB™ (The Mathworks, Inc., Natick,
Mass.). The arbitrary waveform generator was programmed
to output a 100 millisecond TTL pulse once every 40 seconds
to trigger the digitizer and ultrasound scanner using the ultra-
sound scanner’s ECG triggering feature. With each trigger,
240 frames of RF ultrasound were collected at 30 frames per
second, which corresponds to 10, 30, and 30 data sets that
were collected before, during, and after hyperventilation,
respectively. To automate the data collection by the ultra-
sound scanner, an automation application (AutoHotkey™)
was used to trigger the ultrasound scanner and save data atthe
appropriate times without user intervention, once the study
was started.

[0116] Note that the arbitrary waveform generator was used
because the ultrasound data and the ECG data were collected
with two different computers. The arbitrary waveform gen-
erator was used to synchronize the two computers, to ensure
that the two computers were acquiring data at the same time.
If a single logical controller were employed, the waveform
generator would not be required.

[0117] The data collection and analysis steps are shown in
flowchart 185 of FIG. 11 (which corresponds to the method
steps of the flowchart of FIG. 1B optimized for using TPI to
monitor CVR). It should be recognized that the specific
method steps of FIG. 11 are exemplary, rather than limiting.
Thus, different processing steps (such as different transforms,
different types of correlation, different types of filtering, and
different steps to identify motion associated with mental
stimulation) can alternatively be employed within the scope
of this novel approach. Note that flowchart 185 shares steps
with flowchart 184 of FIG. 5, and common steps share com-
mon reference numerals.

[0118] Before discussing the steps in greater detail, the
following provides a brief summary of flowchart 185 of FIG.
11.Inablock 186 ECG data is collected to identify the cardiac
cycle of the subject (although it should be noted that cardiac
cycle data can be collected using techniques other than ECG,
as discussed herein). In a block 188 post beam formed ultra-
sound data from brain tissue is collected. In a block 190 a
Hilbert transform is performed on the ultrasound data. It
should be noted that the step of block 190 is intended to
represent converting RF data from real signals to analytic
signals. The use of the Hilbert transform in particular is
intended to be exemplary, rather than limiting. In a block 192
the ultrasound data undergoes a 2D autocorrelation process. It
should be recognized that correlation techniques are a func-
tion of the type of transducer employed to collect the ultra-
sound data. Thus, the specific correlation technique identified
in FIG. 11 was selected based on the transducer employed in
the empirical studies and is thus intended to be exemplary,
rather than limiting. In the empirical study, the correlation
step defined the sample volume dimensions as 10 samples of
0.8 mm with a 50% overlap, and 2 scan lines (1.4 degrees)
with 0% overlap. Again, such parameters are exemplary,
rather than limiting.

[0119] In a block 194 the correlated ultrasound data is
filtered to separate out a cardiac portion of the signal from a
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respiratory portion of the signal. As noted above, the respira-
tory portion is likely to include desired data, but is inherently
noisier than the cardiac portion of the signal, thus less signal
processing was required to extract useful data from the car-
diac portion. The respiratory portion of the signal primarily
corresponds to venous pulsations, while the cardiac portion
primarily corresponds to arterial pulsations. However, the
concepts disclosed herein extend to the use of the respiratory
signal portion as well as the cardiac portion of the signal.
Given sufficient signal processing techniques to extract noise
from the respiratory signal, the respiratory signal alone may
be useful.

[0120] In a block 197 various signal enhancements are
implemented, including waveform segmentation, waveform
resampling, and waveform averaging. The purpose of such
techniques is to obtain a consistent signal (i.e., to minimize
variations between individual signals). These steps are dis-
cussed in greater detail below. Note that these enhancements
steps are not identical to those performed for using ultrasound
data to map brain function, particularly with respect to the
averaging technique.

[0121] Inablock 199 the enhanced data is manipulated to
measure pulse amplitude for the relaxed data and the stimu-
lated data. The theory behind using TPI to assess CVR 1is
based on correlating pulse amplitude to end-tidal CO,,.
[0122] In a block 201, a first order linear regression is
performed on pulse amplitude and end-tidal CO, data.
[0123] Data Analysis: It should be noted that the specific
transform functions, correlation functions, filtering, signal
enhancements, and signal analysis steps of FIG. 11 are exem-
plary, rather than limiting. The analytic versions of the post-
beamformed RF ultrasound signals were first calculated
using the Hilbert transform. From the analytic signals, tissue
displacement was calculated using the 2-D autocorrelation
estimator, which estimates the mean change in phase of the
quadrature-demodulated or analytic signal in slow-time, i.e.,
pulse-to-pulse, as well as fast-time, i.e., depth-to-depth. If
multiple scan lines are included in the calculation, the dis-
placement for a particular sample volume can be written as:

o
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where “arg” is the argument, 1.e., phase angle, of the autocor-
relation function, c is the speed of ultrasound, t, is the depth-
to-depth sampling period, Z is the analytic signal indexed by
depth i, scan line j, and frame k, and where I, J, and K are the
number of depths, scan lines, and frames, respectively, over
which the measurement is made. The following parameters
were used in this study: [=39 (3.00 mm), J=2 (0.025 rad), and
K=2 (frames). Displacement for the first frame was set to 0,
and displacement for subsequent frames was calculated from
the cumulative displacement from previous frames.

[0124] The displacement waveforms for all of the sample
volumes for each data set were first forward and reverse
filtered using a sixth-order, bandpass Butterworth IR filter
with a band-pass between three-quarters and five times the
mean cardiac frequency, which was calculated for each data
set from the subject’s ECG R-wave intervals recorded con-
currently with the ultrasound data. FIG. 12A graphically
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illustrates a displacement waveform 240 from one dataset
from a single sample volume from subject 4 before band-pass
filtering. FIG. 12B graphically illustrates displacement wave-
form 240 of FIG. 12A after filtering, to vield a filtered wave-
form 242. FIG. 12C graphically illustrates a mean displace-
ment waveform 244 calculated by averaging cardiac cycles
from the waveform of FIG. 12B. Vertical dotted lines in FIG.
12B indicate the beginning of each cardiac cycle. The lower
frequency limit was selected to remove tissue motion syn-
chronized with respiration which approached 0.5 Hz during
the hyperventilation phase while retaining pulsatile tissue
motion synchronized with the cardiac cycle, which was typi-
cally around 0.9 Hz or greater. The upper frequency limit was
selected to minimize higher frequency noise while maintain-
ing the majority of the motion synchronized with the cardiac
cycle.

[0125] For each sample volume, the displacement wave-
form was parameterized by its “pulse amplitude”, i.e., the
displacement of the sample volume during the systolic phase
ofthe cardiac cycle (FIG. 12C). Each displacement waveform
was first segmented into its individual cardiac cycles using the
ECG R-waves, and each segmented cardiac cycle of displace-
ment was then re-sampled at 30 Hz by linear interpolation
such that the first time point in each cycle coincided with its
R-wave. The re-sampled displacement waveforms were then
averaged to yield a mean displacement waveform for each
sample volume. To calculate pulse amplitude, the displace-
ment extrema occurring during the first 0.5 seconds of the
mean displacement waveform were identified, and the pulse
amplitude was calculated by subtracting the earlier extremum
displacement, i.e., the pre-systolic displacement, from the
later extremum displacement, i.e., the peak systolic displace-
ment. Positive pulse amplitude indicates displacement
towards transducer during systole, and negative pulse ampli-
tude indicates displacement away from the transducer.

[0126] The pulse amplitudes for each sample volume
across all 70 data sets were then fit to the end-tidal CO,
measurements using first-order linear regression. The maxi-
mum end-tidal CO, recorded during each eight second data
set was used to represent the end-tidal CO, during the dataset.
The p-value of the linear regression was used to identify
sample volumes with pulse amplitudes significantly corre-
lated with the end-tidal CO, signal. FIG. 13A graphically
illustrates end-tidal CO, from subject 3, along with pulse
amplitude measurements from a single sample volume. FIG.
13B graphically illustrates pulse amplitude versus end-tidal
CO, from the same sample volume, along with the best-fit line
with first-order linear regression. The term “pa” in the inset
equation of FIG. 13B refers to pulse amplitude, and CO, in
the same equation is the end-tidal CO, measurement.

[0127] RESULTS: FIGS. 14A-14C collectively include a
B-mode image 248 from one of the subjects along with the
pulse amplitudes from two data sets, one collected before
hyperventilation when the subject’s end-tidal CO, was 41.7
mm Hg (pulse amplitude 250 of FIG. 14B), and one collected
during hyperventilation when the subject’s end-tidal CO, was
20.7 mm Hg (pulse amplitude 252 of FIG. 14C). The images
show large regions of brain tissue pulsating up to 75 um
under normal breathing conditions and a significant reduction
in the pulse amplitude during hyperventilation. In both cases,
the pulsation is predominantly away from the transducer in
the hemisphere closest to the transducer and is towards the
transducer in the contra-lateral hemisphere. Specifically,
FIG. 14A is a transverse B-mode image of the brain and skull
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of subject 2. FIG. 14B is a pulse amplitude image of the brain
of subject 2 at rest (i.e., before hyperventilation) with an
end-tidal CO, of 41.7 mm of Hg. FIG. 14C is a pulse ampli-
tude image of the brain of subject 2 during hyperventilation
with an end-tidal CO, of 20.7 mm of Hg. A positive-pulse
amplitude indicates displacement toward the ultrasound
transducer during systole, while a negative-pulse amplitude
indicates displacement away from the ultrasound transducer
during systole.

[0128] FIG. 15 includes B-mode images from all of the
subjects along with the predicted percent change in pulse
amplitude for a change in end-tidal CO, from 40 mm of Hg to
20 mm of Hg for sample volumes with linear regression
p-values less than 0.01. The B-mode images are from the first
frame of the first data set for each subject. The predicted pulse
amplitudes at 40 mm of Hg and 20 mm of Hg are calculated
using the equation derived for each sample volume from the
first-order linear regression of the measured pulse amplitudes
onto the end-tidal CO, signal. Percent change is calculated by
subtracting the pulse amplitude at 20 mm of Hg from the
pulse amplitude at 40 mm of Hg and dividing the result by the
pulse amplitude at 40 mm of Hg. Although some regions of
increased pulsatility were observed, tissue pulsatility
decreased with decreasing PaCO, for all subjects in the vast
majority of sample volumes with p-values less than 0.01.
Specifically, a left column 254 of FIG. 15 includes the
B-mode images, while a right column 256 includes the
expected percent change in pulse amplitude for a decrease in
end-tidal CO, from 40-20 mm of Hg. Pulse amplitude percent
change is shown only for sample volumes where the linear
regression p-value of pulse amplitude onto end-tidal CO, was
less than 0.01.

[0129] FIG. 16A graphically illustrates histograms of per-
cent changes from the four subjects for sample volumes with
linear regression p-values less that 0.01. FIG. 16B graphically
illustrates the median, 25 and 75™ percentiles for percent
changes for p-values less than 0.01 arranged by subject age.
The tissue pulsatility response to hypocapnia appears to
decrease with age, although with only four subjects, it is not
possible to conclude that this trend is real and significant. This
prospective finding is consistent, however, with the results of
other studies that indicate a decrease in CVR with age, and
age-related cerebrovascular disease.

[0130] DISCUSSION: The TPI CVR study demonstrated
statistically significant changes in tissue pulsatility in the
brain in response to hypocapnia induced by voluntary hyper-
ventilation. In all subjects, the tissue pulsatility predomi-
nantly decreased with hyperventilation. There were, however,
regions where pulsatility increased and regions without sta-
tistically significant changes in pulsatility. With TPI, the abil-
ity to accurately resolve tissue motion is affected by the
amplitude and direction of motion along with the ultrasound
signal-to-noise ratio (SNR). At the beginning of each cardiac
cycle, the brain displaces medially towards the ventricles and
posteriorly and caudally towards the foramen magnum. As a
result, there is a gradient of motion across the brain. The
amplitude of displacement is least near the surface ofthe skull
and greatest near the ventricles and the foramen magnum.
With conventional Doppler ultrasound, it is only possible to
measure the projected component of displacement parallel to
the direction of ultrasound propagation. Because the dis-
placement in the brain is notisotropic, the measured displace-
ment will generally be less than the true displacement.
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[0131] The effect of this limitation is evidenced by the
heterogeneity in the magnitude of the pulse amplitude, i.e.,
the absolute value of the pulse amplitude, between the two
hemispheres (see FIGS. 14A-14C). In both the normocapnic
and hypocapnic cases, the absolute pulse amplitude measured
in the left anterior hemisphere is greater than the absolute
pulse amplitude measured in the right anterior hemisphere. Tt
is assumed that corresponding sample volumes in the two
hemispheres are displaced with equal magnitudes but in
opposite directions in the medial direction. If this assumption
is true, it would mean that the angle between the direction of
ultrasound propagation and the direction of displacement in
the sample volume in the ipsilateral hemisphere (with respect
to the ultrasound transducer) would be greater than the angle
between the direction of ultrasound propagation and the
direction of displacement in the contralateral sample volume,
making the measured absolute pulse amplitude less in the
ipsilateral sample volume than in the corresponding con-
tralateral sample volume. Assuming that the direction of dis-
placement does not change with hypocapnia, underestima-
tion of the true pulse amplitude by a constant factor would not
alter the percent change in pulse amplitude.

[0132] As with all ultrasound measurements, the measure-
ment of pulse amplitude and the detection of significant
changes in pulse amplitude are influenced by ultrasound
SNR. Compared to other locations in the body, the SNR from
the brain can be particularly poor, given the significant attenu-
ation of ultrasound by the skull. As SNR decreases, the vari-
ance in the pulse amplitude estimate increases. This variance
is of greater significance when the true pulse amplitude is
small, such as near the surface of the skull. As shown in FIG.
15, all of the subjects have regions without statistically sig-
nificant changes in pulse amplitude, which is most likely
explained by poor SNR and not by a true lack of change in
pulse amplitude.

[0133] Also evident are regions of statistically significant
increases in pulse amplitude with hyperventilation, which in
subjects 1 and 3, and less so in subject 2, are concentrated
around the posterior temporal lobe. It is unclear if these
regions are the result of low SNR, or if the response is real. It
has been shown using functional MRI that multiple regions
distributed around the brain are activated during voluntary
breathing. Furthermore, as described above, it has been
shown that TPI can be used to detect a stimulus-evoked
regional activation in the brain. Given the limited number of
subjects, and given the weak ultrasound signal strength and
small pulse amplitudes in this region for all three subjects, it
is difficult to conclude that this effect is real, but it is possible
that the act of hyperventilating is activating regions of the
brain, thereby increasing blood flow to the regions and
increasing the local tissue pulsatility.

[0134] In addition to the inter-subject variability in mean
percent change in pulse amplitude with hypocapnia, which
may be attributable to age differences as previously dis-
cussed, there are differences in the fractional areas of the
subjects’ brains with statistically significant changes in pulse
amplitude. Some of this seems to be due to differences in the
general level of brain pulsatility between the subjects. Statis-
tically significant changes in pulse amplitude were detected
in more of subject 2’s brain than for any other subject. Pul-
satility throughout the brain also tended to be considerably
greater before, during, and after hyperventilation in subject
2’s brain compared to the other subjects. Because the brain
displacement was generally greater in subject 2, thereby
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decreasing the influence of noise on the measured pulse
amplitude, the likelihood of establishing statistical signifi-
cance was greater.

[0135] The ultrasound system used for the study may have
also contributed to the heterogeneity of the TP signal within
and between subjects. The ultrasound scanner used was a
commercially available system with a phased-array trans-
ducer that was not optimized for transcranial imaging. There-
fore, the frequency and power settings were not optimized for
TPICVR studies. Furthermore, the transducer was a standard
handheld transducer held by an articulated clamp. Although
relatively stable, the long moment arm potentially introduced
some mechanical instability.

[0136] Because TPI is based on ultrasound, it maintains the
qualities of being a rapid, portable, inexpensive tool that can
be used for continuous monitoring in almost any setting. The
advantage of TPI over TCD for assessing CVR is the use of
tissuerather than blood as the signal source. Ultrasound back-
scatter from tissue is significantly stronger than that from
blood, which is particularly important when imaging the
brain, given the significant attenuation of ultrasound by the
skull. Because of this fact, TCD is generally limited to imag-
ing blood flow in the major cerebral blood vessels that supply
large portions of the brain. With TP, the increased ultrasound
backscatter from tissue enables ultrasound to image brain
displacement as a surrogate for blood flow through locations
on the skull other than the three traditional acoustic windows.
One potential alternative to both TPI and conventional TCD is
transcranial ultrasound using echo-contrast agents. Such an
approach would enable better visualization of localized cere-
bral perfusion, but would increase the cost and complexity of
the examination.

[0137] Although the concepts disclosed herein have been
described in connection with the preferred form of practicing
them and modifications thereto, those of ordinary skill in the
art will understand that many other modifications can be
made thereto within the scope of the claims that follow.
Accordingly, it is not intended that the scope of these con-
cepts in any way be limited by the above description, but
instead be determined entirely by reference to the claims that
follow.

The invention in which an exclusive right is claimed is
defined by the following:

1. A method for using ultrasound to measure at least one of
atissue displacement in a brain ofa subject, and a tissue strain
in the brain of the subject, for at least one of mapping brain
function, and monitoring cerebral vasoreactivity, the method
comprising the steps of:

(a) collecting ultrasound data for the brain, while the sub-

jectis in a relaxed state, thereby collecting relaxed data;

(b) collecting ultrasound data for the brain, while the sub-

jectisina stimulated state, thereby collecting stimulated
data; and

(¢) analyzing the relaxed data and the stimulated data for at

least one purpose selected from the group consisting of
mapping brain function, and monitoring cerebral
vasoreactivity.

2. The method of claim 1, wherein at least one of the steps
of collecting relaxed data and collecting stimulated data com-
prises the step of collecting ultrasound data through a portion
of a skull of the subject that is not an acoustic window.

3. The method of claim 1, wherein the steps of collecting
the relaxed data, and collecting the stimulated data are syn-
chronized with a cardiac cycle of the subject.
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4. The method of claim 1, further comprising the steps of’

(a) collecting cardiac cycle data from the subject; and

(b) using the cardiac cycle data to re-sample the relaxed
data and the stimulated data before analyzing the relaxed
data and the stimulated data.

5. The method of claim 1, further comprising the step of
processing the relaxed data and stimulated data to prepare the
relaxed data and stimulated data for analysis by filtering out a
respiratory portion of the relaxed data and the stimulated data.

6. The method of claim 1, further comprising the step of
processing the relaxed data and stimulated data to prepare the
relaxed data and stimulated data for analysis by implement-
ing waveform segmentation, waveform re-sampling, and
waveform tapering of the relaxed data and the stimulated
data.

7. The method of claim 1, further comprising the step of
processing the relaxed data and stimulated data to prepare the
relaxed data and stimulated data for analysis by implement-
ing waveform segmentation, waveform resampling, and
waveform averaging of the relaxed data and the stimulated
data.

8. The method of claim 1, wherein the step of analyzing
comprises the step of performing a principal component
analysis to facilitate mapping of brain function.

9. The method of claim 8, wherein the step of analyzing
further comprises the step of performing a one-way multi-
variate analysis of variance.

10. The method of claim 1, wherein the step of analyzing
comprises the step of measuring a pulse amplitude to qualify
changes in cerebral vasoreactivity.

11. The method of claim 10, further comprising the steps
of:

(a) monitoring end-tidal carbon dioxide of the subject
while acquiring the relaxed data and the stimulated data;
and

(b) performing a first order linear regression between the
end-tidal carbon dioxide data and the pulse amplitude, to
quantify changes in cerebral vasoreactivity.

12. A method for using ultrasound to measure at least one
of a tissue displacement in a brain of a subject, and a tissue
strain in the brain of the subject, to map a brain function,
comprising the steps of:

(a) collecting ultrasound data for the brain, while the sub-

ject is in a relaxed state, thereby collecting relaxed data;

(b) exposing the subject to stimuli selected to induce a
neural stimulus in the brain, thereby placing the subject
in a stimulated state;

(¢) collecting ultrasound data for the brain, while the sub-
ject is in the stimulated state, thereby collecting stimu-
lated data;

(d) analyzing the relaxed data and the stimulated data to
identify at least one of tissue displacement in the brain
and tissue strain in the brain present in the stimulated
data but not in the relaxed data, thereby identifying
unique stimulated data; and

(e) using the unique stimulated data to map the brain func-
tion.

13. The method of claim 12, wherein at least one of the
steps of collecting relaxed data, and collecting stimulated
data comprises the step of collecting ultrasound data through
a portion of a skull of the subject that is not an acoustic
window.
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14. The method of claim 12, wherein the steps of collecting
the relaxed data and the stimulated data are synchronized with
the a cardiac cycle of the subject.

15. The method of claim 12, further comprising the steps
of:

(a) collecting cardiac cycle data from the subject; and

(b) using the cardiac cycle data to re-sample the relaxed
data and the stimulated data before analyzing the relaxed
data and the stimulated data.

16. The method of claim 12, further comprising the step of
processing the relaxed data and stimulated data to prepare the
relaxed data and stimulated data for analysis by filtering out a
respiratory signal portion of the relaxed data and the stimu-
lated data.

17. The method of claim 12, further comprising the step of
processing the relaxed data and stimulated data to prepare the
relaxed data and stimulated data for analysis by implement-
ing waveform segmentation, waveform re-sampling, and
waveform tapering of the relaxed data and the stimulated
data.

18. The method of claim 12, wherein the step of analyzing
the relaxed data and the stimulated data to identify unique
stimulated data comprises the step of performing a principal
component analysis.

19. The method of claim 18, wherein the step of analyzing
the relaxed data and the stimulated data to identify unique
stimulated data further comprises the step of performing a
one-way multivariate analysis of variance.

20. A method for using ultrasound to measure at least one
of a tissue displacement in a brain of a subject, and a tissue
strain in the brain, to monitor a cerebral vasoreactivity, the
method comprising the steps of:

(a) collecting ultrasound data while the subject is in a
relaxed state, thereby collecting relaxed data;

(b) placing the subject in a stimulated state;

(¢) collecting ultrasound data while the subject is in the
stimulated state, thereby collecting stimulated data;

(d) analyzing the relaxed data and the stimulated data to
monitor qualitative changes in the cerebral vasoreactiv-
ity.

21. The method of claim 20, wherein the step of placing the

subject in a stimulated state comprises the step of requiring
the subject to hyperventilate.

22. The method of claim 20, wherein the step of placing the
subject in a stimulated state comprises the step of requiring
the subject to breathe air including a known excess of carbon
dioxide.

23. The method of claim 20, wherein the step of placing the
subject in a stimulated state comprises the step of adminis-
tering a pharmacological agent to alter a concentration of
carbon dioxide in the patient’s blood.

24. The method of claim 20, wherein at least one of the
steps of collecting the relaxed data, and collecting the stimu-
lated data comprises the step of collecting ultrasound data
through a portion of a skull of the subject that is not an
acoustic window.

25. The method of claim 20, wherein the steps of collecting
the relaxed data, and collecting the stimulated data are syn-
chronized with a cardiac cycle of the subject.

26. The method of claim 20, further comprising the steps
of:
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(a) collecting cardiac cycle data from the subject; and

(b) using the cardiac cycle data to re-sample the relaxed
data and the stimulated data before analyzing the relaxed
data and the stimulated data.

27. The method of claim 20, further comprising the step of
processing the relaxed data and the stimulated data to prepare
the relaxed data and stimulated data for analysis by imple-
menting waveform segmentation, waveform re-sampling,
and waveform averaging.

28. The method of claim 20, wherein the step of analyzing
the relaxed data and the stimulated data comprises the step of
measuring pulse amplitude.

29. The method of claim 20, further comprising the steps
of:

(a) monitoring end-tidal carbon dioxide of the subject
while acquiring the relaxed data and the stimulated data;
and

(b) performing a first order linear regression between the
end-tidal carbon dioxide data and the pulse amplitude, to
quantify changes in the cerebral vasoreactivity.

30. A system for using at least one of tissue displacement
data and tissue strain data acquired by ultrasound for mapping
a brain function, comprising:

(a) an ultrasound component configured to acquire ultra-

sound data for the brain;

(b) a stimulus component configured to induce a neural
stimulus in a subject; and

(c) at least one controller configured to implement a plu-
rality of functions, including:

(i) synchronizing acquisition of the ultrasound data with
the neural stimulus, such that the ultrasound data are
acquired both before and after the stimulus and com-
prise relaxed data acquired before the neural stimulus,
and stimulated data acquired after the neural stimulus;

(ii) analyzing the relaxed data and the stimulated data to
identify at least one of tissue displacement in the brain
and tissue strain in the brain present in the stimulated
data but not in the relaxed data, thereby identifying
unique stimulated data; and

(i) identifying brain tissue associated with the stimu-
lated data, the brain tissue that is identified being
indicative of brain tissue responding to the neural
stimulus, thereby facilitating the mapping of the brain
function.

31. The system of claim 30, further comprising a cardiac
component configured to acquire cardiac cycle data for the
subject, wherein the at least one controller is configured touse
the cardiac cycle data to isolate a cardiac component of the
relaxed data and stimulated data before the data are analyzed,
and implement at least one function selected from a group
consisting of:

(a) using the cardiac cycle data to synchronize application
of the neural stimulus and acquisition of the ultrasound
data; and

(b) using the cardiac cycle data to re-sample the ultrasound
data

32. The system of claim 31, wherein the cardiac cycle
component comprises an electrocardiogram (ECG) compo-
nent configured to acquire ECG data for the subject.

33. The system of claim 30, further comprising an addi-
tional controller, wherein at least one of the functions is
implemented by the additional controller.
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34. The system of claim 30, wherein the at least one con-
troller is configured to process the relaxed data and stimulated
data to prepare the relaxed data and stimulated data for analy-
sis.

35. A system for using at least one of tissue displacement
data and tissue strain data acquired by ultrasound for moni-
toring a cerebral vasoreactivity (CVR), the system compris-
ing:

(a) an ultrasound component configured to acquire ultra-
sound data corresponding to at least one of a tissue
displacement and a tissue strain; and

(b) at least one controller configured to implement a plu-
rality of functions, including:

(1) acquiring the ultrasound data, such that relaxed data
are acquired while the subject is at rest, and stimulated
data are acquired while the subject is hyperventilat-
ing; and,

(ii) determining pulse amplitudes for the processed
relaxed data and processed stimulated data; and

(ii1) using the pulse amplitudes to monitor the CVR.

36. The system of claim 35, further comprising means to
determine a concentration of carbon dioxide in the subject’s
blood.

37. The system of claim 36, wherein said means comprises
an end-tidal carbon dioxide monitor.
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38. The system of claim 36, wherein said means comprises
a supply of breathing air including a known excess of carbon
dioxide.

39. The system of claim 35, further comprising a cardiac
component configured to collect cardiac cycle data, wherein
the at least one controller is configured to use the cardiac
cycle data to implement at least one function selected from a
group consisting of:

(a) using the cardiac cycle data to synchronize acquisition
of the ultrasound data with a cardiac cycle of the subject;
and

(b) using the cardiac cycle data to re-sample the ultrasound
data.

40. The system of claim 35, further comprising an addi-
tional controller, wherein at least one of the functions is
implemented by the additional controller.

41. The system of claim 35, further comprising an end-tidal
carbon dioxide component configured to acquire end-tidal
carbon dioxide data for the subject, and wherein the at least
one controller is configured to generate correlated data by
employing a controller configured to implement the function
of using the end-tidal carbon dioxide data to perform a first
order linear regression of the pulse amplitudes.

LI I T
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