ClibPD

a2 United States Patent

US006887199B2

10y Patent No.: US 6,887,199 B2

Bridger et al. @#5) Date of Patent: May 3, 2005
(549) BRAIN ASSESSMENT MONITOR (58) Field of Search ............cccccovveeiene. 600/300-301,
600/544-545, 500, 587, 503, 437, 586,
(75) Inventors: Keith Bridger, Washington, DC (US); 561, 485; 128/920, 898
Arthur V. Cooke, Baltimore, MD (US); ]
Philip M. Kuhn, Severna Park, MD (56) References Cited
(US), JOSeph J. Lutlan, Arnold, MD U.S. PATENT DOCUMENTS
(US); Edward J. Passaro, Towson, MD
(US); John M. Sewell, Cockeysville, 5,388,583 A 2/1995 Ragauskas et al.
MD (US); Terence V. Waskey, 5617873 A 4/1997 Yost et al.
Centerville, MD (US); Gregg R 5951476 A * 9/1999 Beach ... 600/437
. . ’ ) 6,231,516 B1 5/2001 Keilman et al.
Rubin, Baltimore, MD (US) 6328694 Bl 122001 Michaeli
(73) Assignee: Active Signal Technologies, Inc., * cited by examiner
Linthicum, MD (US) Primary Examiner—Max F. Hindenburg
(*) Notice: Subject to any disclaimer, the term of this Assistant Examiner —Mlch.ael Astorino
patent is extended or adjusted under 35 (74) Attorney, Agent, or Firm—Alan G. Towner, Esq.; Lara
U.S.C. 154(b) by 294 days. A. Northrop, Esq.; Pietragallo, Bosick & Gordon
57 ABSTRACT
(21) Appl. No.: 10/095,861 . . . L
A non-invasive brain assessment monitor is disclosed. An
(22) Filed: Mar. 12, 2002 embodiment of the monitor includes a head-mounted brain
. L. sensor which passively senses acoustic signals generated
(65) Prior Publication Data from pulsing blood flow through a patient’s brain. A refer-
US 2002/0198469 Al Dec. 26, 2002 ence sensor may be mounted at another location on the
patient’s body to sense an arterial pulse, and the signals from
Related U.S. Application Data the brain sensor and reference sensor may be compared.
Another embodiment includes transmitters which generate
(63)  Continuation-in-part of application No. 09/401,762, filed on acoustic signals in the brain which are also detected by the
Sep. 23, 1999, now Pat. No. 6,491,647 brain sensor. The brain assessment monitor may be used to
(60) Provisional application No. 60/275,046, filed on Mar. 12, d diti h as head ke and h
2001. ;:tect conditions such as head trauma, stroke and hemor-
rhage.
(51) Int. CL7 oo A61B 5/00
(52) US.CL ..ovevvne 600/300; 128/920; 600/544 43 Claims, 7 Drawing Sheets
Broadband Signal Interrogation Subject Under Acoustic
Actuators > Test Sensor(s)
Acoustic Signal(s) [*
Reference Signal Laptop hosted Display and
’ *| Labview System v Plotter
Data Recording

www fastio.com




ClibPD

U.S. Patent

May 3, 2005

Sheet 1 of 7

Subject Under

US 6,887,199 B2

Acoustic

Test

Acoustic Signal(s)

Laptop hosted

Sensot(s)

|

Labview System

b

Data Recording

Plotter

v

Display and

FIG. 1

www fastio.com

FIG. 2

Broadband Signal Interrogation Subject Under Acoustic
Actuators > Test Sensor(s)
Acoustic Signal(s) ¢
Reference Signal Laptop hosted Display and
*! Labview System > Plotter
Data Recording



U.S. Patent May 3, 2005 Sheet 2 of 7 US 6,887,199 B2

1 o}\
——————— ANALYZER
:— 24
| [
| CONDITIONING
, AMPL!FIER 99
|
!
|
¢
APLFIR

20

1~

26
) C / E 7
N/ f
257 . :
& 3 :3 B
FIG. 4

ClibPD www fastio.com



US 6,887,199 B2

Sheet 3 of 7

May 3, 2005

U.S. Patent

|euB|s upeusop-Aauenbesd (q

9 "Old

(@) A
or

RRRAI

0t

ZHRUOA | W gP

¢ 'Old

jeubis ujewop-eLu| (e

{"008) owny
52 z

R R I S,

LT

[
[}
-

- e -

PRy

- -

1
]
]
.
P]
1
1
'
'
e cawmd
d
'
'
.
’
1

e maa

b-vwe

P YN

SR L

R Al

Lemcalaan_3

B A
b
o
o

Pupa—

- -eeed

fo = == nf

T

Ve

bt
o

(o) spnudhury

o
o

20

www fastio.com

ClibPD



US 6,887,199 B2

Sheet 4 of 7

May 3, 2005

U.S. Patent

8 "OId L "Old

feuf)s uiewop-Aouenbaid (q jeuBys ujgwop-aty] (@
(zH) Aouenbauy _ _ (oeg)euny \
09 0§ or ot 0z oL 0 r__ge ¢ e &t 9 50 0.
oe “ " _ ! " "
o _ j ..... L LR - A--e 0 1eowr
SN MY -
ENEAR N T “
_ o=~ g 24~ foe
it Y o UL AR A e
.l | " i |
! o L o 5; A4 J i e
_ 5 ’ 0t w- -r-. Y11t fzo0
! Hoz- - (ﬂ HE T o0
< ¥ i 4 I ]
e L S LAY
0 BN B - e
ol i " 1 I ; Lo

(suoA) eprgdury

www fastio.com

ClibPD



ClibPD

U.S. Patent

May 3, 2005

Sheet 5 of 7

US 6,887,199 B2

o 3
=
2
3
> |

-35

40 ICP: 28 mm Hg

45

-50

100 150 200 250 300 350 400 450 500
Frequency (Hz)

www fastio.com

FIG.9



ClibPD

U.S. Patent

4
@

May 3, 2005

Sheet 6 of 7

US 6,887,199 B2

Q
«n
1
1

I
>

e
w

e
s

Displacement signal (V)
o
N

0.0

0.1

«++r++Signal fromn radial artery
—— Signal from forehead

I s
FIG. 10
I T ey
R AL T
I ;
SIR L
b ’ ° B Frequency (Hz) ” v

www fastio.com

FIG. 11



U.S. Patent May 3, 2005 Sheet 7 of 7 US 6,887,199 B2

0.25
""""" Signal from radial artery
——Signal from right forehead
02—
0.15
£
g
- 0.10 —— e
-
€
§ 0.05 B
=
c’ j
K]
5 o ll , ’
<0.05 1 -
-0.10
(1] 2 4 6 8 10 12 14 16 18
Time (s)
FIG. 12
0
-- - R T : SR BT Signal from radial artery |- -
LTI T LT T LT ] _——"signal from left forshead |7 " "

Displacement signal (dB re 1 V)

Frequency (Hz)

FIG. 13

ClibPD www fastio.com



ClibPD

US 6,887,199 B2

1
BRAIN ASSESSMENT MONITOR

CROSS REFERENCE TO RELATED
APPLICATIONS

This application claims the benefit of U.S. Provisional
Application Ser. No. 60/275,046 filed Mar. 12, 2001. This
application is a continuation-in-part of U.S. application Ser.
No. 09/401,762 filed Sep. 23, 1999, now U.S. Pat. No.
6,491,647.

GOVERNMENT CONTRACTS

The United States Government has certain rights to this
invention pursuant to Contract Nos. 1 R43 NS-41843-01 and
2 R44 NS-38825-02 awarded by the National Institutes of
Health.

FIELD OF THE INVENTION

The present invention relates to brain assessment
monitors, and more particularly relates to monitors which
detect brain trauma, stroke, tumors and changes in blood
flow patterns through the brain as a result of injury or
disease.

BACKGROUND INFORMATION

In a healthy human, the integrity of the physiology is such
that signals emanating from the heart are well coupled to
other parts of the anatomy through the arterial system.
Examples are radial pulse signals and heart sounds picked
up at the chest.

Existing clinical systems that are used to assess anomalies
such as brain trauma, stroke and tumors include computed
tomography (CT) scans, magnetic resonance imaging (MRI)
and, in the case of brain trauma monitoring, combinations of
these with invasive intra ventricular catheters (IVC) or
subarachnoid bolts to directly measure intracranial pressure
(ICP). There is, however, currently, no way to determine
brain disorder without such equipment, leaving decisions on
treatment to be delayed in the case of stroke until it can be
determined whether the stroke is a bleed or ischemia. In a
similar fashion, persons injured at the scene of an accident
must be presumed to be brain injured, even if the cause of
their non-responsiveness arises from the effects of drugs or
alcohol. Another large category of head injuries are those
resulting from falls, particularly in the elderly. Immediate
assessment of injury would be most helpful while awaiting
more comprehensive diagnosis. Non-invasive assessment
systems do not exist to determine physiological changes in
the brain as a result of injury or disease. This prevents early
intervention in the critical time after the brain is first
damaged.

Approximately three-quarters of a million individuals
suffer from stroke each year in the United States. More than
80 percent of these strokes are caused by occlusion of an
artery supplying blood to brain cells (ischemic), the type
which might be amenable to therapy with the clot busting
medicine, tissue plasminogen activator (TPA). TPA has been
shown to significantly reduce disability, but this medication
must be given within a short time, typically 3 hours, after
stroke symptoms begin. This time window, which tracks
damage that begins within minutes after the onset of stroke,
is similar to that for trauma patients, and it is known as the
“golden window”. TPA treatment is, however, not without
risk, because its clot dispersion action raises the potential for
intracranial hemorrhage. Due to this side effect it cannot be
given to patients who have a stroke caused by bleeding into
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the brain, termed a hemorrhagic stroke. At the present time,
medical treatment awaits the brain CT scan and clinical
diagnosis from a skilled team to determine the type of
stroke, very often precluding intervention during the pre-
cious initial three to six hours. The current system will allow
a medic on the scene to differentiate brain ischemia from
brain hemorrhage and should significantly increase the per-
centage of stroke patients who would benefit from TPA and
other time-sensitive therapies.

Nearly 2 million people suffer some type of traumatic
brain injury each year resulting in 50,000 deaths and high
costs to the healthcare system. In order to receive optimum
treatment for brain injury, the injury must be diagnosed and
treatment begun within one hour after the initial injury. The
difficulty is that approximately 50 percent of brain related
injuries are drug or alcohol related, generating confusion in
the distinction between a person’s unresponsiveness as
arising from traumatic brain injury (TBI) as distinct from the
effects of alcohol or drugs. This lack of diagnostic capability
results in the transportation of non-injured patients to trauma
centers as well as detracting from the time and effort devoted
to the truly injured.

In both stroke and trauma, the current diagnostic capa-
bility resides in emergency rooms or trauma centers where
there have been tremendous technical advances in brain
imaging (MRI and CT scans), flow analysis in cervicocranial
arteries, including subtraction angiography, magnetic reso-
nance angiography (MRA), computed tomography angiog-
raphy (CTA), and extracranial and transcranial Doppler. To
date, only the brain CT scan and, in special circumstances,
a brain MRI scan can detect changes in brain tissue that
indicate either brain ischemia or brain hemorrhage in the
case of stroke or various other disturbances to the paren-
chyma in the case of traumatic brain injury (TBI). Both of
these are considered to some extent invasive or intrusive.
The use of the non-invasive diagnostic aids, such as con-
tinuous wave and pulsed Doppler (Duplex) as well as
transcranial Doppler (TCD) have grown as well. Sometimes,
a combination of magnetic resonance angiography (MRA)
and ultrasound can be useful diagnostic tools for stroke in
the hands of a specialist. However, often the accuracy of
some of these non-invasive techniques, such as TCD, are
technician dependent and these tools are not available to the
emergency medical services (EMS) personnel at the scene
where transport decisions must be made.

An intracranial pressure (ICP) monitor is disclosed in
U.S. Pat. No. 5,919,144, which is incorporated herein by
reference. The ICP monitor, which may be used for patients
with traumatic brain injury, provides active ensonification of
the brain with a known frequency and amplitude of input
signal. The change in this signal after transmission through
the brain is picked up at a receiving sensor disposed on the
outside of the head and the measured change is used to
assess brain tissue disturbance.

SUMMARY OF THE INVENTION

A principal use of the present brain assessment monitor is
detecting injury to the brain caused by stroke or trauma.
Although trauma generally causes brain damage globally
throughout the mass of the parenchyma and stroke causes
damage that is focal, both alter the acoustic transmission
properties of the brain enabling detection in accordance with
the present invention. Arterial conducted heart pulses are
coupled to the brain so that the brain pulses in phase with the
heart when the time lag for signal propagation is taken into
account. However, when the brain is disturbed through
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injury or disease, the consistency of the brain changes such
that the signal that is sensed at the skull using a sensitive
detecting device is no longer a replica of the arterial pulse
wave. This signal anomaly arises from phenomena such as
lack of perfusion in the brain, edema causing decreased
compliance and consequent loss of perfusion, and infarcts
which alter the consistency of the brain tissue and hence its
acoustic properties. This latter effect accompanies brain
tumors as well. Beyond brain injury or disease, signal
anomalies can also be seen in intra-operative loss of perfu-
sion in the brain where circulation can be impaired for
periods of time during procedures such as open-heart sur-
gery. The same principles apply when measuring alterations
of flow patterns in the circulatory system arising from
impediments to flow, such as clots that may occur down-
stream from the heart, and can be detected at an artery
beyond the clot.

An embodiment of the present invention provides a
low-power acoustic approach for brain damage assessment
in a compact, portable package that can be readily trans-
ported to and applied at the scene of stroke or brain injury.
A small, portable device is used to directly measure brain
disturbance and blood flow characteristics in the brain. Brain
tissue has very different acoustic transmission characteris-
tics from normal tissue. This effect is measurable with a
passive contact sensor mounted on a patient’s head.

An embodiment of the present invention relates to a
simple, portable, small brain assessment tool suitable for
rapid measurement in situations of potential brain
impairment, including trauma, hematoma, stroke, tumors
and the like. It comprises a superficially applied sensor,
signal conditioning electronics, data capture hardware and
software, means for signal processing and interpretation and
display means. A sensor or sensors are applied to any one of
a number of locations on a person’s head and the signal
emanating from the brain is recorded for analysis of the
waveform characteristics. The system may also include
another reference sensor on a representative artery else-
where in the body that more closely reflects the waveform
characteristics of the heart and thus acts as the reference
signal for the brain sensor. The system may optionally
further include active generation of an independent signal at
some point of the brain away from the receiver, and detec-
tion of the signal quality of the received signal as a function
of the input signal. The signals may then be analyzed
through time domain observation for a first approximation
and then through signal processing techniques to obtain
more precise information on the nature of the disturbance.

An aspect of the present invention is to provide a non-
invasive brain assessment monitor comprising a brain sensor
for sensing acoustic signals generated from pulsing blood
flow through a patient’s brain, and means for analyzing the
acoustic signals in order to determine whether the patient
has undergone a brain injury and/or disease.

Another aspect of the present invention is to provide a
non-invasive brain assessment monitor comprising a brain
sensor configured and adapted for mounting on a patient’s
head, a reference sensor configured and adapted for mount-
ing at another location on the patient’s body, and means for
comparing signals from the brain sensor and the reference
sensor to determine whether the patient has undergone a
brain injury and/or disease.

A further aspect of the present invention is to provide a
method of monitoring brain injury and/or disease of a patient
comprising mounting a brain sensor on the head of the
patient, sensing acoustic signals with the brain sensor gen-
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erated from pulsing blood flow through the patient’s brain,
and analyzing the acoustic signals to determine whether the
patient has undergone a brain injury and/or disease.

Another aspect of the present invention is to provide a
method of monitoring brain injury and/or disease of a patient
comprising mounting a brain sensor on the patient’s head,
mounting a reference sensor at another location on the
patient’s body, and comparing signals from the brain sensor
and the reference sensor to determine whether the patient
has undergone a brain injury and/or disease.

These and other aspects of the present invention will be
more apparent from the following description.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic diagram illustrating a passive brain
assessment monitor system in accordance with an embodi-
ment of the present invention.

FIG. 2 is a schematic diagram illustrating an active brain
assessment monitor system in accordance with an embodi-
ment of the present invention.

FIG. 3 is a partially schematic illustration of a brain
assessment monitor positioned on a patient’s head in accor-
dance with an embodiment of the invention. FIG. 3 also
illustrates optional transducers mounted on a patient’s head
in order to provide active brain assessment monitoring in
accordance with another embodiment of the present inven-
tion.

FIG. 4 is a partially schematic side view of a reference
sensor mounted adjacent to a patient’s artery in accordance
with an embodiment of the present invention.

FIGS. § and 6 are graphs illustrating time domain and
frequency domain responses, respectively, generated by a
brain assessment monitor from a healthy patient.

FIGS. 7 and 8 are graphs of time and frequency responses,
respectively, generated by a brain assessment monitor from
a patient suffering from severe brain damage.

FIG. 9 is a graph including frequency responses of a
brain-injured patient at intracranial pressures of 15 and 28
mm Hg.

FIG. 10 is a time domain signal and

FIG. 11 is a frequency domain signal generated by a brain
assessment monitor from a patient suffering from an
ischemic stroke.

FIG. 12 is a time domain signal and FIG. 13 is a frequency
domain signal generated by a brain assessment monitor from
a patient suffering from a hemorrhagic stroke.

DETAILED DESCRIPTION

As shown in FIG. 1, the brain assessment monitor accord-
ing to the present invention comprises an acoustic sensor,
which may be mounted on a patient’s head. In addition to the
brain sensor, another reference sensor may be mounted at
another location on the patient’s body, for example, on an
artery such as the carotid or radial in order to provide a
comparison signal. The sensor output(s) may be fed to an
acoustic signal conditioning system for purposes of filtering,
amplification and noise elimination. The conditioned signals
may be analyzed through the use of a suitable signal
analyzer to determine their time and frequency domain
characteristics.

In one embodiment of the invention, as illustrated in FIG.
2, an active component may be added to the system com-
prising acoustic signal transmitters or actuators applied to
one or more positions on the head. The input signal to the
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