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ric contraction portion of a systole phase) and (b) a peak
endocardial acceleration (PEA) during the IVCT. PEA is
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example MCI=PEA/IVCT. A determination unit compares
the first and second PEA (or the first and second MCI), and
then determines an amount of reperfusion based on the
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amount of reperfusion quantitatively assesses the effective-
ness of thrombolysis.
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METHOD - 100

NONNVASIVELY SENSING, BY A DEVICE POSITIONED OUTSIDE THER
SUBIECT, MECHBANICAL VIBRATIONS THAT ARE FROM A MECHANICAL
CONTRACTION OF AT LEAST ONF OF THE VENTRICLES OF THE HEART OF

110 77 THE MAMMALIAN SUBHECY, SO AS TO SIMULTANEOUSLY MEASURE A
TIME DURATION OF AN ISOVOLUMETRIC CONTRACTION PORTION OF A
SYSTOLE PHASE (IVOT) AND APEAK ENDOCARDIAL ACCELERATION (PEA}
OF THE HEART OF THE SURIECT DURING THE (VCT

l

ONE OR MORE PROCESSORS CALCULATING A MYDCARDIAL
v 7N CONTRACTILITY INDEX (MCI) OF THE SURJECT SUCH THAT MCI COMPRISES
A RATIO OF THE PEA OF THE SUBJECT TO THE IVUT OF THE SUBSECT

i

COMPARING THE MCHOF THE SUBIECT TO A BASELINE MCL WHEREIN THE
. BASELINE MCE 15 ONE OF (1) THE BASELINE MCT OF THE SUBJECT, AND{ID A
136 7N REPRESENTATIVE VALUE OF THE BASELINE MCT OF A POPULATION OF
SUBJECTS LESS A PREDETERMINED VALUE

DETERMINING BY THE ONE OR MORE PROCESSORS, WHETHER THE MC1

OF THE SUBIECT DECLINED 8Y AT LEASY A PREDETERMINED AMOUNT

RELATIVE T0 THE BASELINE MCE, AND IF THE MCHOF THE SUBIECT BIR

AN, DECLINE BY AT LEAST THE PREDETERMINED AMOUNT, FITHER ()

14U DFTERMINING THAT THE CHEST PAINS ARE CARDIAC RELATED OR (1D

DETERMINING THAT THE CHEST PAINS ARE SUSPECIED OF BEING
CARDIACRELATED

FiG 4
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METHOD - 200

NON-INVASIVELY SENSING, BY A DEVICE POSITIONED OUTSIDE THE
SUBIECT, MECHANICAL VIBRATIONS THAT ARE FROM A MECHANICAL
CONTRACTION OF AT LEAST ONE OF THE VENTRICLES OF THE HEART OF
210 A THE MAMMALIAK SUBJECT 80 AS TO MEASURE A PEAK EXNDOCARDIAL
ACCELERATION (PEA} OF THE HEART OF THE SUBIECT DURING AN IVCT
{TIME DURATION OF AN ISOVOLUMETRIC CONTRAUTION PORTION OF A
SYSTOLE PHASE OF A CARDIAC CYCLE)

i

COMPARING THE PEA OF THE SUBJECT TO A BASELINE PEA, WHEREIN THE
BASELINE PEA IS ONE OF {1) THE BASELINE PEA OF THE SUBJECT AND (D A
REPRESENTATIVE VALUE OF THE BASELINE PEA OF APOPULATION OF

220 SUBIECTS LESS A PREDETERMINED VALUE

!

DETERMINING BY A PROCESSOR WHETHER THE PEA OF THE SUBIECT
DECLINED BY AT LEAST A PREDETERMINED AMOUNT RELATIVETQ THE
o~ BASELIME PEA, AND IF THE PEA OF THE SUBIECT DID DECLINE BY AT
N LEAST THE PREDETERMINED AMOUNT, EITHER {I) DETEERMINING THAT THE
SUBIECT'S CHEST PATNS ARE CARDIAC REFLATED OR (10 DETERMINING
THAT THE CHEST PAINS ARE SUSPECTED OF BEING CARDIAL RELATED

12
i
fard

FIGL S
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METHOD - 500

NON-INVASIVELY SENSING, BY A DEVICE POSITIONED OUTSIDE THE
SUBIECT, MECHANICAL VIRRATIONS THAT ARE FROM A MECHANICAL
CONTRACTION OF AT LEAST ONE OF THE VENTRICLES OF THE HEART OF

5107 N\ THE MAMMALIAN SUBJECT, 50 AS TO SIMULTANEOUSLY MEASURE A
TIME DURATION OF AN ISOVOLUMETRIC CONTRACTION PORTION OF A
SYSTOLE PHASE (IVCT) AND A PEAK ENDOCARDIAL ACCELERATION (PEA)
OF THE HEART OF THE SUBJBCT DURING THE IVCT

i

ONE OR MORE PROCESSORS CALCULATING A MYOCARDIAL

516 Y. CONTRACTILITY INDEX (MCD OF THE SUBJECT SUCH THAT MCI
COMPRISES A RATIO OF THE PEA OF THE SUBJECT TO THE IVCT OF THE
SUBJECT

i

COMPARING THE MCILOF THE SUBIECT TO A BASELINE MO, WHEREIN THE
BASELINE MC1 IS ONE OF (1) THE BASELINE MO OF THE SUBIECT, AND (11} A
530 N RBEPRESENTATIVE VALUE OF THE BASELINE MCI OF A POPULATION OF
SUBIECTS LESS A PREDETERMINED VALUE

l

DETERMINING BY THE ONE OR MORE PROCESSORS THAT THERE HAS
BEEN A TOTAL QCCLUSION OF THE CORONARY ARTERY IN THE SUBIECT
540 NS IF THE MO OF THE SUBJECT DECLIMED BY AT LEAST A PREDETERMINED
AMOUNT RELATIVE TO THE BASELINE MClL

FIG. 6
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f METHOD - 600

NON-INVASIVELY SENSING, BY A DEVICE POSITIONED QUTSIDE THE
SUBIRCT, MECHANICAL VIBRATIONS THAT ARE FROM A MECHANICAL
CONTRACTION OF AT LEAST ONE OF THE VENTRICLES OF THE HEART OF
814 M\ THE MAMMALIAN SUBJECT 50 AS TO MEASURE A PEAK ENDOCARDIAL
ACCELERATION (PEAYOF THE HEARY OF THE SUBJECT DURING AN TVCT,
WHEREIN IVCT 1S A TIME DURATION OF AN ISOVOLUMETRIC
CONTRACTION PORTION OF A SYSTOLE PHASE OF A CARDIAC CYCLE OF
THE SUBIECT

L

COMPARING THE PEA OF THE SUBJECT TO A BASELINE PEA, WHEREIN THE
-~ BASELINE PEA TS ONE OF {1y THE BASELINE PEA OF THE SUBIECT AND (1T} A
620 ¢ REPRESENTATIVE VALUE OF THE BASELINE PEA OF APOPULATION OF
SUBIBCTS LESS A PREDETERMINED VALUE

|
‘

DETERMINTNG BY A PROCESSOR THAT THERE HAS BEEN A TOTAL
o A DCCLUSION OF THE CORONARY ARTERY N THE SUBJECT IF THE PEA OV
6307 ™ THE SUBJECT DECLINED BY AT LEAST A PREDETERMINED AMOUNT
RELATIVE T THE BASFLINE PEA

-3

FIG.
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| METHCD - 700

AFTER A HEART ATTACUK BUT BEFORE OPENING THE ARTERY NON-
INVASIVELY SENSING, BY A DEVICE POSITIONED OUTSIDE THE SUBJECT,
A MECHANICAL VIBRATIONS THAT ARE FROM A MECHANICAL
CONTRACTION OF AT LEAST ONE OF THE VENTRICLES OF THE HEART OF

THE MAMMALIAN SUBJECT, SO AS TO SIMULTANEOQUSLY MEASURE A
TIME DURATION OF AN ISOVOLUMETRIC CONTRACTION PORTION OF A
SYSTULE PHASE (IVCT) AND (1) A PEAK ENDOCARDIAL ACCELERATION

(PEA) OF THE BEART OF THE SUBJECT DURING THE IVCT

|

ONE OR MGRE PROCESSORS CALCULATING A FIRST MYOUARDIAL
A CONTRACTILITY INDEX (MCE OF THE SUBJECT SUCH THAT MCI
COMPRISES A RATIO OF THE PEA OF THE SUBIECT TO THE IVCT OF THE
SUBJECT
i
Y

AFTER OPENING THE ARTERY AFTER THE HEART ATTACK, NON-
INVASIVELY SENSING BY A DEVICE POSITIONED GUTSIDE THE SUBJIECT
MECHANICAL VIBRATIONS THAT ARE FROM A MECHANICAL
710 PN (ZGNTRACT?QN OF A'}"»’.&EAST ONE QOF THE VENTRICLES OF THE HEART OF
- THE MAMMALIAN SURIECT, S0 A% TO SIMULTANEOUSLY MEASURE A TIME
TFURATION OF AN ISQVOLUMETRIC CONTRACTION PORYION OF ASYSTOLE
PHARE OF A UARDIAC CYCLE OF THE SLBIECY (VCT) AND A PEAK
ERDOCARTIAL ACCELERATION (PEAY OF THE HEART OF THE SUBJECT
DURING THE IVET

'

THE ONE GE MORY PROCEBSORS CALCULATING A SECOND MCT OF THE
740 v SUBJECT FROM SHINALS CORRESFONDING TO THE MECHANICAL
' VIBRATIONS SENSED AFTER OPENING THE ARTERY

i

DETERMINING BY THE ONE OR MORE PROCESSORS AN

AT AMOUNT BY WHICH THE SECOND MCE EXCEEDS THE

FIRET MUY, SAID AMOUNT BEING PROPORTIONATETO &
VIABLE MYOCARDRUM SUPPLIED BY THE ARTERY.

~
e
=

£

FIG. &
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METHOD 700AA

BEFORE OPENING ARTERY NON-
INVASIVELY SENSING FIRST PEA
AND IVCT FROM OUTSIDE THE BODY

A 4

CALCULATING FIRST MCI

AFTER OPENING ARTERY NON-
INVASIVELY SENSING SECOND PEA
AND IVCT FROM OUTSIDE THE BODY

CALCULATING SECOND MCI

DETERMINING AN AMOUNT OF
REPERFUSION BY COMPARING FIRST
AND SECOND MCI

|

OUTPUTTING REPERFUSION OR
OTHER CONCLUSION

FIG. 8AA

US 10,172,539 B2
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“METHOD - 800

AFTER A HEART ATTACK BUT BEFORE OPENING THE ARTERY NON-
INVASIVELY SENSING BY A DEVICE POSITIONED OUTSIDE THE SUBIECT
210/ MECHANICAL VIBRATIONS THAT ARE FROM A MECHANICAL
CONTRACTION OF AT LEAST ONE GF THE VENTRICLES OF THE HEART OF

THE MAMMALIAN SLBIECT, SO AS TO MEASURE A FIRST PEAK
ENDOCARDIAL ACCELERATION (PEA) OF THE HEART OF THE SURIECT
DURING & TIME DURATION OF AN ISOVOLUMETRIC CONTRACTION
PORTION OF A 5YSTOLE PHASE OF A CARDIAC CYCLE OF THE SUBJECY
(Ve

&

AFTFR QPEMING THE ARTERY AFTER THE HEART ATTACK, NON-
INVASIVELY SENSING BY A& DEVICE POSITHORED OUTSIDE THE SUBIECT
g3 1N MECHARICAL VIBRATIONS THAT ARK FROM A MECHANICAL
CONTRACTION OF AT LEAST ONE OF THE VENTRICLES OF THE HEART O

THE MAMMALIAN SUBIECT, 80 AS TO MEASURE A SECOMD PEAK

ENDOCARDIAL ACCELERATION (PEAY OF THE BEARY OF THE SUBJECT
DURING ANTVCT

{
{
i

N DETERMINING BY A PROCESSOR AN AMOUNT BY WHICH THE SECOND PEA
R3¢ EXCEEDS THE FIRST PEA, 341D AMOUNT BEING PROPORTIONATETO A
VIABLE MYQUARDIUM SUPPLIED BY THE ARTERY

G ¢



U.S. Patent

Jan. 8, 2019 Sheet 13 of 24

METHOD 800AA

Y

BEFORE OPENING ARTERY NON-
INVASIVELY SENSING FIRST PEA
AND IVCT FROM OUTSIDE THE BODY

A 4

AFTER OPENING ARTERY NON-
INVASIVELY SENSING SECOND PEA
AND IVCT FROM OUTSIDE THE BODY

A 4

DETERMINING AN AMOUNT OF
REPERFUSION BY COMPARING FIRST
AND SECOND PEA

A 4

OUTPUTTING REPERFUSION OR
OTHER CONCLUSION

FIG. SAA

US 10,172,539 B2
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METHQD - 900

e

AFTER A HEART ATTACK BUT BEFORE THROMBOLYSIS, NON-INVASIVELY
SENSING BY A DEVICE POSMTIONED QUTEHIDE THE SUBJECT MECHANICAL
VIBRATIONS THAT ARE FROM A MECHANICAL CONTRACTION QF AT
910 L LEAST O\"& {F THE VENTRICLES OF THE HEART OF THE MAMMALIAN

SUBIECT. SO AS 1O MEASURE A FIKET PEAK EMDOCARDIAL
ACCELERATION (PEA) OF THE HEART OF THE SURJECT DURING AN IVCY
WHEREIRM IVET 18 A TIME DURATION OF AN IBOVOLUMETRIC
CONTRACTION PORTION OF A SYSTOLE PHASE OF A CARDIAC COYCLE OF

THE SUBJECT
¥

AFTER THEOMBOLYSIS TO DISSOLVE THE CLOT, NON-INVASIVELY
SENSING BY A DEVICY POSITIONED OUTSIDE THE SUBIECT MECHANICAL
~ YVIBRATIONS THAT ARE FROM A MECHANICAL CONTRAUTION OF AT LEAST
IAY ONE OF THE VENTRICLES OF THE HEART OF THE MAMMALIAN SURIECT, SO
o ASTO MEASURE A SECOND PEAK ENDOCARDIAL ACCELERATION (PEAYOF

THE HEART OF THE SUBJECT DURIRG AN V(T

5
i
¥

. DETERMINING, BY A PROCESSOR, AN AMOUNT BY WHICH THE SECOND
930 / \,; PES EXCEEDS THE FIRST FEA, SAID AMOUNT DETERMINING WHETHER
THROMBOLYSIS HAS BEEN EFFECTIVE

FIG. 10
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METHOD 900AA

y

BEFORE THROMBOLYSIS NON-
INVASIVELY SENSING FIRST PEA
AND IVCT FROM OUTSIDE THE BODY

A 4

AFTER THROMBOLYSIS NON-
INVASIVELY SENSING SECOND PEA
AND IVCT FROM OUTSIDE THE BODY

y

COMPARING FIRST AND SECOND PEA
TO DETERMINE AN AMOUNT OF
REPERFUSION AND/OR
EFFECTIVENESS OF THROMBOLYSIS

OUTPUTTING CONCLUSION AS TO
EFFECTIVENESS OF THROMBOLYSIS

FIG. 10AA

US 10,172,539 B2

960

970

980

990



U.S. Patent Jan. 8, 2019 Sheet 16 of 24 US 10,172,539 B2

METHOD - 1000

AFTER A HEART ATTACK BUT BEFORE THROMBOLYSIS NON-INVASIVELY
SENSING BY A DEVICE POSITIONED QUTSIDE THE SUBIECT, MECHANICAL
VIBRATIONS THAT ARE FROM A MECHAMICAL CONTRACTION OF AT

1010 M4 LEART ONE OF THE VENTRICLES OF THE HEART GF THE MAMMALIAN
SUBJECT, $OAS TO SIMULTANEOUSLY MEASURE A TIME DURATION OF
AN ISOVOLUMETRIC CONTRACTION PORTION OF A SYSTOLE PHASEOF A
CARDIAC UYCLE OF THE SUBIECT {(IVCT) AND A PEAK ENDOUARDIAL
ACCELERATION (PEA) OF THYE HEART OF THE SUBIECT DURING THE IVCT

ONE OR MORE PROCESSORS CALCULATING A FIRST MYQCARDIAL
1620 o CONTRACTILITY INDEX 40 OF THE SUBJECT SUCH THAT MO

- COMPRISES ARATIOOF THE PEA OF THE SUBIECT TO THEIVCY OF THE
SUBIECT

i

AFTER THE THEOMBOLY SIS ROM-INVASIVELY SENSING, BY A DEVICE
POSITIONED OUTSIDE OF THE SUBJECT, MECHANICAL VIBRATIONS THAT
N\ ARE FROM A MECHANICAL CONTRACTION OF AT LEAST ONE OF THE

VENTRICLES OF THE HEART OF THE MAMMALIAN SUBIECT, SO ASTO
SIMULTANEQUSLY MEASURE A POST-THROMBOLYSIS TIME DURATIONQF
AN ISOVOLUMETRIC CONTRACTION PORTION OF ASYSTOLEPHASEGOF A
CARDIAC CYCLE OF THE SUBIECT (POST-THRMOBOLYSIS IVCTY AND A
PEAK ENDICARDIAL ACCELERATION (PEA) OF THE HEART OF THE
SUBJECT DURING THE POST-THROMBOLYSIS IVCT

i

EINE OR MORE PROCESSORS CALCULATING A SECOND MCTOF THE
SURSECT FROM SIGNALS CORRESPONDING TO THE MECHANICAL
VIBRATIONS SENSED AFTER THE THROMBOLYSE

!

DETERMINING, BY THE OWE OR MORE PROCESSORS, AN AMGQUNT BY
1056 N4 WHICH THE SECOND MCT EXCEEDS THE FIRET MCY, SAID AMOUNT
R DETERMINING WHETHER THROMBOLYSIS HAS BEEN EFFECTIVE

1030

1040 © ™

PG
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METHOD 1000AA

y

BEFORE THROMBOLYSIS NON- 1060
INVASIVELY SENSING FIRST PEA /—

AND IVCT FROM OUTSIDE THE BODY

y
CALCULATING FIRST M(C1 1070

AFTER THROMBOLYSIS NON- 1080
INVASIVELY SENSING SECOND PEA /
AND IVCT FROM OUTSIDE THE BODY

y
CALCULATING SECOND MC(C1 1090

\

y
COMPARING FIRST AND SECOND MC1 1095
TO DETERMINE AN AMOUNT OF /
REPERFUSION AND/OR
EFFECTIVENESS OF THROMBOLYSIS

y
OUTPUTTING CONCLUSION AS TO 1097
EFFECTIVENESS OF THROMBOLYSIS /

FiG. 11AA
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METHOD - 1100

NONJRNVASIVELY SENSING, BY A DEVICE POSITIONED QUTSIDE THE
SUBIBCT, MECHANICAL VIRRATIONS THAT ARE FROM A MECHANICAL
| CONTRACTION OF AT LEAST ONE OF THE VENTRICLES OF THE HEART OF
PO 7™t THE MAMMALIAN SUBIECT, S0 AS TO SIMULTANEQUSLY MEASURE A
TIME DURATION OF A FIRST ISOVOLUMETRIC CONTRACTION PORTION OF
A SYSTOLE PHASE OF A CARDIAC CYCLE OF THE SUBJECT (IVCT) AND (B)
A PEAK ENDOCARDIAL ACCELERATION (PEA) OF THE HEART OF THE
SUBIECT DURING THE FIRST IVCT

ONE OR MORE PROCESSORS CALCULATING A FIRSY MYGUARDIAL
F120 74 CONTRACTILITY INDEX (MCY OF THE SUBIECT SUCH THAT MCI COMPRISES
A RATIOOF THE PEA OF THE SUBJECT TO THE IWWCT OF THE 3UBIECT

i

AT LEAST FIVE MINUTES LATER THAN THE FIRST IVCT, NON-INVASIVELY
SENSING BY A DEVICE POSITIONED OUTSITE THE SUBIECT MECHANICAL
113074 VIBRATIONS THAT ARE FROM A MECHANICAL CONTRACTION (F AT LEAST
ONE OF THE VENTRICLES QF THE HEART OF THE MAMMALIAN SURJECT,
SO AS TO SIMULTANEQUSLY MEASURE (A} A SECOND VLT, AND (B} A
FPEAK ENDOCARDIAL ACCELERATION (FEA}OF THE HEART OF THE
SUBJECT DURING THE SECOND IVCT

i
¥

1140 7N\ THE ONE OR MORE PROCESSORS CALCULATING A SECOND MCHOF THE
SUBJECT FROM THE SECOND IVCT AND FROM THE PEA MEASURED
DURING THE SECOND VCY

i

~ DETERMINING, BY THE ONE OR MORE PROCESSORS. WHETHER THE

1156 I SECOND MCHIS LOWER THAN THE FIRST MCIE AND IF THE SECOND

MC IS LOWER THAN THE FIRST MCL, DETERMINING THAT THE CHEST
PAINIS CARDIAL RELATED

F1G. |

| 25}
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METHOD - 1200 -

NON-INVASIVELY SENSING BY A DEVICE POSITIONED OUTSIIE THE
SUBIECT MECBANICAL VIBRATIONS THAT ARE FROM A MECHANICAL
CONTRACTEIN OF AT LEAST ONE OF THE VENTRICLES OF THE HEART OF

1210 A THE MAMMALIAN SUBTECT. SO AS TOMEASURE A PIRST PEAK
ENDOCARDIAL ACCELERATHON (PEA) OF THE HEART OF THE SUBJECT
DURING A FIRST IVCT WHEREIN IVCT 15 A TIME DURATION OF AN
ISOVOLUMETRIC CONTRACTION PORTION OF A SYSTOLE PHASEOF A
CARDIAC OYCLE OF THE SUBIECT

AT LEAST FIVE MINUTES LATER THAN THE FIRST IVCT, NON-IMVASIVELY
SENSING BY A DEVICE POSITIONED QUTSHIE THE SURIECT MECHANICAL
VIBRATIONS THAT ARE FROM AMECHANICAL CONTRACHION OF AT LEAST

1220°\A4  ONEOF THE VENTRICLES OF THE HEART OF THE MAMMALIAN SURJECT,
SO AS TO MEASURE A SECOND PEAR ENDOCARDIAL ACCELERATION (PEA}
OF THE HEART OF THE SUBIECT DURING A SECOND V(T

A DETERMINING, BY THE ONE OR MORE PROCESSORS, WHETHER THE

130 7 M SECOND PEA 15 LOWER THAN THE FIRST PEA. AND IF THE SECOND PEA

5 LOWER THAN THE FIRST PEA, DETERMINING THAT THE CHEST PAIN
1S CARDIAC RELATED

FIG. 13
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1
DETERMINING AN AMOUNT OF
REPERFUSION IN MYOCARDIUM AND
ASSESSING EFFECTIVENESS OF
THROMBOLYSIS

FIELD AND BACKGROUND OF THE
INVENTION

The invention is in the field of medical diagnosis of
cardiac problems.

After a heart attack, a common procedure is to open the
coronary artery through angioplasty. An ECG can identify a
location of cardiac damage but not quantify it. Even inva-
sively opening an artery in the heart through urgent angio-
plasty cannot determine the extent to which the myocardium
has died. One problem is determining quantitatively the
amount of reperfusion that has occurred in the myocardium
after opening the coronary artery after the heart attack as
well as determining the amount of restoration of function in
the subject’s heart after the heart attack. A parallel problem
is determining, after the artery has been opened, an amount
of viable or salvageable heart muscle after a heart attack
occurs. Even after opening the cardiac artery one cannot
determine the extent that the heart muscle has died and
quantifying the severity of a heart attack (i.e. severe, mod-
erate, light). Knowing this affects prognosis and treatment
for the patient. A further problem is deciding when to
discontinue administration of thrombolysis, especially based
on a quantitative determination.

In addition, when a patient goes to the emergency room
reporting chest pain, an ECG and a cardiac enzyme test are
performed. It is widely recognized, however, that normal
FECG and negative enzyme test results will result in 24 hour
patient hospitalization as a precaution. Since 80% of patients
who report to the hospital emergency room with chest pain
have chest pain that is not cardiac related, current clinical
practice results in many unnecessary hospitalizations.

There is therefore a compelling need to have improved
methods, apparatuses and/or systems for accurate diagnosis
of cardiac related chest pain and there is a compelling need
to have accurate diagnostics for other cardiac related issues.

SUMMARY OF THE INVENTION

One aspect of the invention is a non-invasive apparatus
configured to non-invasively determine an amount of rep-
erfusion of blood to a myocardium supplied by an artery of
a mammalian subject after a heart attack of the mammalian
subject, the apparatus comprising a sensor unit configured to
non-invasively sense from outside the subject mechanical
vibrations that are from a mechanical contraction of at least
one of the ventricles of the heart of the mammalian subject
so as to simultaneously measure (a) IN/CT, wherein IVCT is
a time duration of an isovolumetric contraction portion of a
systole phase of a cardiac cycle of the subject; and (b) a peak
endocardial acceleration (PEA) of the heart of the subject
during the IVCT; and a determination unit comprising one or
more processors programmed by software stored on a
memory, the determination unit configured to receive digital
signals corresponding to the sensed mechanical vibrations,
and to determine the PEA during the IVCT, the determina-
tion unit including a perfusion module for determining, by
the one or more processors, an amount of reperfusion in the
myocardium by comparing a first PEA of the subject sensed
by the sensor unit after a heart attack but before opening the
artery to a second PEA of the subject sensed by the sensor
unit at a subsequent time after opening the artery, said
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amount of reperfusion being proportionate to a viable myo-
cardium supplied by the artery.

Another aspect of the invention is a method of non-
invasively determining an amount of reperfusion in a myo-
cardium supplied by an artery of a mammalian subject after
a heart attack of the mammalian subject, comprising after a
heart attack but before opening the artery non-invasively
sensing by a device positioned outside the subject mechani-
cal vibrations that are from a mechanical contraction of at
least one of the ventricles of the heart of the mammalian
subject, so as to measure a first peak endocardial accelera-
tion (PEA) of the heart of the subject during an IVCT
wherein IVCT is a time duration of an isovolumetric con-
traction portion of a systole phase of a cardiac cycle of the
subject; after opening the artery after the heart attack,
non-invasively sensing by a device positioned outside the
subject mechanical vibrations that are from a mechanical
contraction of at least one of the ventricles of the heart of the
mammalian subject, so as to measure a second peak endo-
cardial acceleration (PEA) of the heart of the subject during
an IVCT; and determining, by one or more processors, an
amount of reperfusion in the myocardium by comparing an
amount by which the second PEA exceeds the first PEA, said
amount of reperfusion being proportionate to a viable myo-
cardium supplied by the artery.

A still further aspect of the invention is a non-invasive
apparatus configured to non-invasively determine an amount
of reperfusion of blood to a myocardium supplied by an
artery of a mammalian subject after a heart attack of the
mammalian subject, the apparatus comprising a sensor unit
configured to non-invasively sense from outside the subject
mechanical vibrations that are from a mechanical contrac-
tion of at least one of the ventricles of the heart of the
mammalian subject so as to simultaneously measure (a)
IVCT, wherein IVCT is a time duration of an isovolumetric
contraction portion of a systole phase of a cardiac cycle of
the subject; and (b) a peak endocardial acceleration (PEA) of
the heart of the subject during the IVCT; and a determination
unit comprising one or more processors programmed by
software stored on a memory, the determination unit con-
figured to receive digital signals corresponding to the sensed
mechanical vibrations, and to determine the PEA during the
IVCT, the one or more processors configured to also calcu-
late a first myocardial contractility index (MCI) of the
subject such that MCI comprises a ratio of the PEA of the
subject to the IVCT of the subject; the determination unit
including a perfusion module for determining, by the one or
more processors, an amount of reperfusion in the myocar-
dium by comparing a first MCI of the subject sensed by the
sensor unit after a heart attack but before opening the artery
to a second MCI of the subject sensed by the sensor unit at
a subsequent time after opening the artery, said amount of
reperfusion being proportionate to a viable myocardium
supplied by the artery.

Another aspect of the invention is a method of non-
invasively determining an amount of reperfusion in a myo-
cardium supplied by an artery of a mammalian subject after
a heart attack of the mammalian subject, comprising after a
heart attack but before opening the artery non-invasively
sensing by a device positioned outside the subject mechani-
cal vibrations that are from a mechanical contraction of at
least one of the ventricles of the heart of the mammalian
subject, so as to simultaneously measure a first IVCT,
wherein IVCT is a time duration of an isovolumetric con-
traction portion of a systole phase of a cardiac cycle of the
subject, and a first peak endocardial acceleration (PEA) of
the heart of the subject during the first IVCT; calculating, by
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one or more processors, a first myocardial contractility index
(MCI) of the subject, wherein the first MCI comprises a ratio
of the first PEA of the subject to the first IVCT of the subject;
after opening the artery after the heart attack, non-invasively
sensing by a device positioned outside the subject mechani-
cal vibrations that are from a mechanical contraction of at
least one of the ventricles of the heart of the mammalian
subject, so as to simultaneously measure a second IVCT and
a second peak endocardial acceleration (PEA) of the heart of
the subject during the second IVCT; calculating, by one or
more processors, a second myocardial contractility index
(MCI) of the subject wherein the second MCI comprises a
ratio of the second PEA of the subject to the second IVCT
of the subject; and determining, by one or more processors,
an amount of reperfusion in the myocardium, by comparing
an amount by which the second MCI exceeds the first MCI,
said amount of reperfusion being proportionate to a viable
myocardium supplied by the artery.

A still further aspect of the invention is a non-invasive
apparatus configured to non-invasively assess an effective-
ness of thrombolysis on a clot in an artery of a mammalian
subject after a heart attack of the mammalian subject by
determining an amount of reperfusion in the artery, the
apparatus comprising a sensor unit configured to non-inva-
sively sense from outside the subject mechanical vibrations
that are from a mechanical contraction of at least one of the
ventricles of the heart of the mammalian subject so as to
simultaneously measure (a) IVCT, wherein IVCT is a time
duration of an isovolumetric contraction portion of a systole
phase of a cardiac cycle of the subject; and (b) a peak
endocardial acceleration (PEA) of the heart of the subject
during the IVCT; and a determination unit comprising one or
more processors programmed by software stored on a
memory, the determination unit configured to receive digital
signals corresponding to the sensed mechanical vibrations,
and to determine the PEA during the IVCT, the determina-
tion unit including a perfusion module for determining, by
the one or more processors, an amount of reperfusion in the
artery by comparing a first PEA of the subject sensed by the
sensor unit after a heart attack but before the thrombolysis
to a second PEA of the subject sensed by the sensor unit after
the thrombolysis, said amount of reperfusion determining an
assessment of the effectiveness of the thrombolysis.

Another aspect of the invention is a method of non-
invasively assessing an effectiveness of thrombolysis on a
clot in an artery of a mammalian subject after a heart attack
of the mammalian subject by determining an amount of
reperfusion in the artery, comprising after a heart attack but
before thrombolysis, non-invasively sensing by a device
positioned outside the subject mechanical vibrations that are
from a mechanical contraction of at least one of the ven-
tricles of the heart of the mammalian subject, so as to
measure a first peak endocardial acceleration (PEA) of the
heart of the subject during an IVCT wherein IVCT is a time
duration of an isovolumetric contraction portion of a systole
phase of a cardiac cycle of the subject; after the thrombolysis
to dissolve the clot, non-invasively sensing by a device
positioned outside the subject mechanical vibrations that are
from a mechanical contraction of at least one of the ven-
tricles of the heart of the mammalian subject, so as to
measure a second peak endocardial acceleration (PEA) of
the heart of the subject during an IVCT; and determining, by
one or more processors, an amount of reperfusion in the
artery by comparing an amount by which the second PEA
exceeds the first PEA, said amount of reperfusion determin-
ing an assessment of the effectiveness of the thrombolysis.
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A further aspect of the invention is a non-invasive appa-
ratus configured to non-invasively assess an effectiveness of
thrombolysis on a clot in an artery of a mammalian subject
after a heart attack of the mammalian subject by determining
an amount of reperfusion in the artery, the apparatus com-
prising a sensor unit configured to non-invasively sense
from outside the subject mechanical vibrations that are from
a mechanical contraction of at least one of the ventricles of
the heart of the mammalian subject so as to simultaneously
measure (a) IVCT, wherein IVCT is a time duration of an
isovolumetric contraction portion of a systole phase of a
cardiac cycle of the subject; and (b) a peak endocardial
acceleration (PEA) of the heart of the subject during the
IVCT; and a determination unit comprising one or more
processors programmed by software stored on a memory, the
determination unit configured to receive digital signals cor-
responding to the sensed mechanical vibrations, and to
determine the PEA during the IVCT, the one or more
processors configured to also calculate a first myocardial
contractility index (MCI) of the subject such that MCI
comprises a ratio of the PEA of the subject to the IVCT of
the subject; the determination unit including a perfusion
module for determining, by the one or more processors, an
amount of reperfusion in the artery by comparing a first MCI
of the subject sensed by the sensor unit after a heart attack
but before the thrombolysis to a second MCI of the subject
sensed by the sensor unit after the thrombolysis, said amount
of reperfusion determining an assessment of the effective-
ness of the thrombolysis.

A still further aspect of the invention is a method of
non-invasively assessing an effectiveness of thrombolysis
on a clot in an artery of a mammalian subject after a heart
attack of the mammalian subject by determining an amount
of reperfusion in the artery, comprising after a heart attack
but before thrombolysis, non-invasively sensing by a device
positioned outside the subject mechanical vibrations that are
from a mechanical contraction of at least one of the ven-
tricles of the heart of the mammalian subject, so as to
simultaneously measure a first IVCT, wherein IVCT is a
time duration of an isovolumetric contraction portion of a
systole phase of a cardiac cycle of the subject, and a first
peak endocardial acceleration (PEA) of the heart of the
subject during the first IVCT; calculating, by one or more
processors, a first myocardial contractility index (MCI) of
the subject, wherein the first MCI comprises a ratio of the
first PEA of the subject to the first IVCT of the subject; after
the thrombolysis to dissolve the clot, non-invasively sensing
by a device positioned outside the subject mechanical vibra-
tions that are from a mechanical contraction of at least one
of the ventricles of the heart of the mammalian subject, so
as to simultaneously measure a second IVCT and a second
peak endocardial acceleration (PEA) of the heart of the
subject during the second IVCT; calculating, by one or more
processors, a second myocardial contractility index (MCI)
of the subject wherein the second MCT comprises a ratio of
the second PEA of the subject to the second IVCT of the
subject; and determining, by one or more processors, an
amount of reperfusion in the artery by comparing an amount
by which the second MCI exceeds the first MCI, said
amount of reperfusion determining an assessment of the
effectiveness of the thrombolysis.

These and other features, aspects and advantages of the
invention will become better understood with reference to
the following drawings, descriptions and claims.

BRIEF DESCRIPTION OF THE DRAWINGS

Various embodiments are herein described, by way of
example only, with reference to the accompanying drawings,
wherein:
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FIG. 1 is a graph of an ROC curve with AUC for PEA
discrimination ability between ischemia related chest pain
and non-ischemia related chest pain, in accordance with one
embodiment of the invention;

FIG. 2 is a graph of an ROC curve with AUC for MCI
discrimination ability between ischemia related chest pain
and non-ischemia related chest pain, in accordance with one
embodiment of the invention;

FIG. 3A is a schematic view of an apparatus, which
apparatus is configured to utilize MCI, a new parameter, in
accordance with one embodiment of the invention;

FIG. 3B is a schematic view of an apparatus, in accor-
dance with one embodiment of the invention;

FIG. 3C is a perspective view showing a sensor unit and
an operation unit of an apparatus, which apparatus is con-
figured to utilize MCI, a new parameter, in accordance with
one embodiment of the invention;

FIG. 3D is a perspective view showing a sensor unit and
an operation unit of an apparatus, in accordance with one
embodiment of the invention;

FIG. 3E shows a block diagram of an apparatus, in
accordance with one embodiment of the invention;

FIG. 4 is a flow chart showing a method, in accordance
with one embodiment of the invention;

FIG. 5 is a flow chart showing a further method, in
accordance with one embodiment of the invention;

FIG. 6 is a flow chart showing a still further method, in
accordance with one embodiment of the invention;

FIG. 7 is a flow chart showing a yet still further method,
in accordance with one embodiment of the invention;

FIG. 8 is a flow chart showing a still further method, in
accordance with one embodiment of the invention;

FIG. 8AA is a flow chart showing a still further method,
in accordance with one embodiment of the invention;

FIG. 9 is a flow chart showing a yet still further method,
in accordance with one embodiment of the invention;

FIG. 9AA is a flow chart showing a yet still further
method, in accordance with one embodiment of the inven-
tion;

FIG. 10 is a flow chart showing a further method, in
accordance with one embodiment of the invention;

FIG. 10AA is a flow chart showing a further method, in
accordance with one embodiment of the invention;

FIG. 11 is a flow chart showing a yet still further method,
in accordance with one embodiment of the invention;

FIG. 11AA is a flow chart showing a yet still further
method, in accordance with one embodiment of the inven-
tion;

FIG. 12 is a flow chart showing a further method, in
accordance with one embodiment of the invention;

FIG. 13 is a flow chart showing a further method, in
accordance with one embodiment of the invention;

FIG. 14 shows an EXCEL file summary of the results of
the 27 subjects enrolled in the study conducted in accor-
dance with one embodiment of the invention;

FIG. 15 is a graph of an analog signal of mechanical
vibrations from the mechanical contraction of at least one
ventricle obtained by a sensor unit, in accordance with one
embodiment of the invention;

FIG. 16 is a graph of two analog signals of a single patient
obtained by a sensor unit, including an ECG signal and an
analog signal of mechanical vibrations from the mechanical
contraction of at least one ventricle, in accordance with one
embodiment of the invention; and

FIG. 17 is a graph showing three analog signals of a single
patient obtained by a sensor unit, wherein the top signal is
an ECG signal, the bottom signal is a microphone signal and
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the middle signal is of mechanical vibrations from the
mechanical contraction of at least one ventricle of the
patient, in accordance with one embodiment of the inven-
tion.

DETAILED DESCRIPTION OF THE
INVENTION

The following detailed description is of the best currently
contemplated modes of carrying out the invention. The
description is not to be taken in a limiting sense, but is made
merely for the purpose of illustrating the general principles
of the invention.

The invention generally provides methods, apparatus and/
or systems for medical diagnosis of cardiac issues in a
mammalian subject, for example a human, including but not
limited to determining a quantitative amount of reperfusion
in the myocardium after opening the artery. such as by
angioplasty, a quantitative assessment of the amount of
restoration of function of the heart after opening the artery,
a quantitative assessment of the effectiveness of thromboly-
sis (for example whether or not it has been effective in order
to decide if it (i.e. medication) can be discontinued) based on
an amount of reperfusion in the artery, an amount of viable
or salvageable myocardium that remains after a heart attack.
The invention also provides methods, apparatus and/or
systems of quantitatively differentially diagnosing between
cardiac related and non-cardiac related chest pain in a
mammalian subject, for example a human, including in
some embodiments doing so dynamically; determining, for
example quantitatively, if total occlusion of an artery, for
example a coronary artery, has occurred, quantitatively
determining myocardial infarction. The invention uses in
some embodiments a new parameter called a myocardial
contractility index (MCI) that in some embodiments com-
prises a ratio of the Peak Endocardial Acceleration (PEA) of
the subject to the IVCT of the subject. In one embodiment,
MCI=PEA/IVCT.

One problem in cardiology is determining the amount of
viable or salvageable heart muscle after a heart attack
occurs. Another related problem is quantitatively assessing
an amount of reperfusion that has occurred after opening an
artery after a heart attack (i.e. using angioplasty). Even after
opening the cardiac artery one cannot determine the extent
that the heart muscle has died or quantify the severity of a
heart attack (i.e. severe, moderate, light). Knowing this
affects prognosis and treatment for the patient. A further
problem is deciding when to discontinue administration of
thrombolysis, especially based on a quantitative determina-
tion. Another challenge is a quantitatively determining
whether total occlusion of a coronary artery has occurred. A
further challenge is quantitatively determining Whether a
myocardial infarction has occurred. One further major prob-
lem in cardiology, especially emergency cardiology, is dif-
ferentiating between cardiac related chest pain, called isch-
emia, and non-cardiac related chest pain. It is especially
challenging to make such a differentiation quantitatively. A
further problem is unnecessary precautionary hospitaliza-
tions of patients admitted to emergency rooms with chest
pains after the patient is tested negatively for the presence of
enzymes from necrosis and after ECG does not indicate a
heart attack.

The invention, in some embodiments, differentially diag-
noses whether chest pain of a subject is cardiac related or is
not cardiac related. In some embodiments, the invention
reaches a determination whether the chest is cardiac related
(or whether the chest pain is suspected of being cardiac
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related in other embodiments) and does so quantitatively,
which is very useful for emergency cardiology. Moreover, in
some embodiments, the determination that the chest pain is
cardiac-related is very strong due to the sensing, calculating,
comparing and determining steps (and in the case of PEA
without the calculating step) being repeated dynamically to
show that the decline in MCT or PEA continues even further
(whereas in non-cardiac chest pain the MCI and PEA remain
the same or even increase). In some embodiments of the
invention, a quantitative determination that chest pain is
cardiac related or not is made, and in some embodiments the
quantitative determination is made without the need for an
expert to interpret the results. In certain embodiments, this
determination allows patients who are distant from emer-
gency rooms, or distant from doctors, to have such a
determination made without consulting an expert.

The invention in some embodiments non-invasively
quantities whether a victim of a heart attack sustained light,
medium of severe damage from a heart attack. The inven-
tion, in some embodiments, quantitatively determines an
amount of reperfusion that has occurred after opening the
artery through angioplasty. The invention also quantitatively
determines an amount of restoration of function of the heart
after opening the artery. For example, in some embodiments,
the determined increase in MCI or PEA after the artery is
opened is proportionate to the amount of living healthy heart
muscle remaining in the patient. Accordingly, certain
embodiments of the invention yield a measure of contractile
reserve in the patient, which has great importance regarding
the future of the patient. Conversely, occluding a coronary
artery, for example during routine stent implantation, pro-
duces a decrease in PEA and MCI due to ischemia. When the
myocardium supplied by the artery being occluded is dead
no change in PEA or MCI occurs. In some embodiments, the
invention yields a measure of a decrease in MCI and PEA
during occlusion, which has great importance, since if there
is viable myocardium it can be saved and the function
improved by a bypass operation, etc.

It is important to assess, especially quantitatively, the
effectiveness of thrombolysis, in which medication for dis-
solving the artery clot is administered. This involves assess-
ing whether the thrombolysis has successfully dissolved the
clot in the artery to a level of certainty that allows doctor to
comfortably discontinue the medication. Some embodi-
ments of the invention allows one to determine, in some
embodiments quantitatively, that thrombolysis has been
effective, for example by measuring an increase in the MCI
or the PEA after the thrombolysis (relative to before the
thrombolysis) and comparing the measured increase to a
predetermined amount of increase. The increase in PEA or
MCI indicates reperfusion of blood in the artery and this is
quantified in some embodiments. Knowing this is important
since the medication used for thrombolysis has a side effect
of hemorrhage, and also because thrombolysis is not totally
reliable at achieving success. Therefore, knowing when to
discontinue the medication creates an important medical
benefit.

The invention, in certain embodiments, is capable of
detecting a total occlusion of a coronary artery in a mam-
malian subject, for example if the MCI or the PEA of the
subject declined by at least a predetermined amount relative
to a baseline MCI or PEA. The invention, in some embodi-
ments, utilizes MCI, or myocardial contractility index,
which comprises a ratio between PEA (peak endocardial
acceleration) and IVCT, the duration of the isovolumetric
contraction portion of a systole phase of a cardiac cycle of
a subject, wherein in some embodiments the ratio is PEA/
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IVCT. By utilizing an index such as MCI as the measured
parameter, which index is proportional to two different
parameters (PEA and the inverse of TVCT) that are each
affected by occlusion, (PEA decreased and IVCT is
increased such that an inverse of IVCT is decreased) the
invention in some embodiments utilizes a parameter is more
sensitive to changes brought about by occlusion of an artery
of the heart. Certain embodiments of the invention are
usable at home and are usable for example without any
professional interpretations. For example, in the emergency
room, the PEA of the patient would have already declined to
its lowest point in many cases since patients often reach the
emergency room only several hours after the initial insult,
i.e. several hours after chest pain started. Therefore, no
dynamic measurement of PEA or calculation of MCI is
possible in these cases (these parameters are in any event not
measured or calculated today to diagnose the case of the
chest pain). However, at home, dynamic measurement of
MCT and PEA is possible and useful in some embodiments
of the invention. The invention reaches the determinations
described herein non-invasively, and in some embodiments,
without interpretations by an expert.

The principles and operation of a system/apparatus and
method for Determining an Amount of Reperfusion in
Myocardium and a system/apparatus and method for Assess-
ing Effectiveness of Thrombolysis, according to the inven-
tion may be better understood with reference to the drawings
and the accompanying description.

In the methods and apparatuses of the invention where
there is a baseline MCI of the subject or an appropriate
population of subjects, when comparing the MCI of the
subject to the baseline MCI (a circumstance that is generally
not applicable to embodiments herein that measure reper-
fusion or that assess the effectiveness of thrombolysis since
in both those cases there is no precise baseline other than the
first MCI or the first PEA as a reference compared to the
second MCI or second PEA), the baseline MCl is defined as
one of (i) the baseline MCI of the subject, and (i) a
representative value of the baseline MCI of a population of
subjects less a predetermined value. The predetermined
value is, in some embodiments, a predetermined number of
standard deviations, for example two standard deviations
(2SD), from the representative value of the baseline MCI of
the population of subjects. The representative value (for
example a mean, median, average or other representative
value) is for example a normal value, for example a mean
normal value, of the baseline MCI of the population of
subjects. Similarly, when comparing the PEA of the subject
to a baseline PEA (a circumstance that is generally not
applicable to embodiments herein that measure reperfusion
or that assess the effectiveness of thrombolysis since in both
those cases there is no precise baseline other than the first
PEA or first MCI as a reference to compare to the second
PEA or second MCI), the baseline PEA is defined as one of
(1) the baseline PEA of the subject, and (ii) a representative
value of the baseline PEA of a population of subjects less a
predetermined value. The predetermined value is for
example a predetermined number of standard deviations, for
example two standard deviations (2SD), from the represen-
tative value (for example a mean, median, average or other
representative value) which for example is normal value, 1.e.
a mean normal value, of the baseline PEA of the population
of subjects. In one example, the predetermined value is two
standard deviations from a mean normal value of a baseline
PEA of the population of subjects. In this example, if the
values of the PEA of a population of 70 subjects has a
normal distribution whose representative value (for example
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a mean, median, average or other representative value) is
20,000 in units of acceleration such as dP/dtmax (or an
equivalent number in units of G or milig), and if the
predetermined value is two standard deviations, then if the
standard deviation is plus or minus 3,000, the number 6,000
is the predetermined value and the number 14,000 represents
the representative value of the baseline PEA of the popula-
tion of subjects less the predetermined value. Note that since
a decline and not an increase in MCI or PEA is being
measured, the representative value minus the 2SD (not plus
the 28D) is utilized.

The reason that two standard deviations, or some other
predetermined value, is subtracted from the representative
value to formulate the “baseline MCI” or to formulate the
“baseline PEA”, when comparisons are made (in any
method or apparatus or system of the invention) to a
population of subjects, instead of simply using the repre-
sentative value itself, is simply in order to be cautious in
reaching the determination involved (for example a deter-
mination that the chest pain is cardiac related). Accordingly,
other examples of suitable predetermined values subtracted
from the representative value of the baseline MCI (or
baseline PEA) are also appropriate in certain embodiments
other than two SD, such as one SD or zero SD or another
number of SDs (or a different suitable predetermined value).
For example if one is interested for whatever reason in
enduring greater risk and using less caution, in one example
the predetermined value utilized is zero and the representa-
tive value of the baseline MCI (or PEA) of the population of
subjects less the predetermined value is simply the repre-
sentative value.

Applicant has conducted an experiment to measure the
ability of MCI, wherein MCI=PEA divided by IVCT, to
quantitatively detect ischemic episodes and achieve other
cardiac diagnostics (including not limited to amount of
reperfusion, amount of viable myocardium and effectiveness
of thrombolysis). 60 to 70 human patients had arterioscle-
rosis and needed stent implantation. Before the stent implan-
tation, a balloon was placed in the coronary artery as part of
the routine. IVCT and PEA were measured simultaneously
using an apparatus of the invention adapted to be attached to
the chest of the patient.

Statistical Summary of Data from Applicant’s Study

A statistical analysis performed on preliminary data from
a study conducted by Applicant is presented. The objective
of the study was to assess whether, by analyzing the change
from baseline in MCI or PEA, ischemic episodes induced by
balloon inflation can be detected. Subjects who are sched-
uled to undergo diagnostic catheterization, after analyzing
the angiography the cardiologist in charge will decide if a
stent should be implanted in a proximal or mid arterial place.
If this is the case the patient is eligible for the trial. The
patient signs an informed consent for study participation
before the beginning of the catheterization. The elastic belt
is placed on the patient without closing it on the chest. After
the cardiologist places the stent and prior to inflating the
balloon the elastic belt is closed on the chest of the patient
and continuous recording of the signals is performed during
balloon inflation for 25 sec, and during deflation, for a total
of 2 minutes. The elastic belt is then removed and the study
is completed. The study endpoints include peak acceleration
value (PEA) and MCI Index—calculated by the device’s
mathematical algorithm.

The required significance level of findings will be equal to
or lower than 5%. All statistical tests will be two-sided.
Where confidence limits are appropriate, the confidence
level will be 95%. All statistical analyses are performed
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using SAS v9.3 (SAS®, SAS Institute Cary, N.C. USA)
software. PEA, MCI and the % change from baseline PEA
and MCI values will be summarized by a mean, standard
deviation, minimum, median and maximum. PEA and MCI
values are compared between the three different time points,
with a paired t-test. The % change from baseline in PEA is
tested to see if it is lower than -10%, with a t-test. The %
change from baseline in MCI is tested to see if it is lower
than -20%, with a t-test. As a preliminary indication of
whether PEA and MCI can discriminate between Ischemia
and No-Ischemia and ROC analysis is performed using the
log-transformed values of both. PEA and MCI, logistic
regression is also performed to calculate the odds ratios of
detection of Ischemia with each of the variables. Finally a
sample size is calculated to test the hypothesis that PEA %
reduction is greater than 20%, and MCI greater than 30%.

A total number of 27 subjects were enrolled in the study
and has data available for the interim analysis. FIG. 14
shows an EXCEL file summary of the results of the 27
subjects enrolled in the study. The total study was 60-70
subjects.

Table 1 shows the distribution of PEA before, during and
after Ischemia, and Table 2 shows the statistical comparison
of the time points pairs of PEA. We find that in ischemia
PEA is statistically significantly (p<0.0001) lower than
before ischemia. Once the balloon is deflated the PEA levels
return to their baseline values, since the difference before to
after is not significantly different from zero (p=0.3002)

Table 3 shows the distribution of the percent decrease in
PEA from baseline during ischemia, where we see that all
patients had a decrease in PEA with the percentage ranging
between 2.5% up to a 55% decrease. The mean reduction of
23.99% (SD=14.08%) was found statistically significantly
greater than 10% (p<0.0001, Table 4). The odds ratio for
detection of ischemia with PEA is 0.178 (p=0.0078), this
means that for every unit decrease in log-PEA the risk of
ischemia is 5.6 times (1/0.178) higher (Table 5). FIG. 1 show
the diagnostic accuracy in terms of the ROC curve and its
summary measure the AUC (area under the curve) which
equals 0.68 (low-moderate discriminatory power), this indi-
cates a potential for discrimination.

TABLE 1

Distribution of PEA before, during and after Ischemia

PEA Before PEA In PEA After

Ischemia Ischemia Ischemia
N 27 27 27
Mean 22740 16884 22198
SD 93434 68574 9709.6
Min 11052 7104.0 9969.0
Median 20323 15222 20487
Max 42305 33837 44779

TABLE 2

Comparison of PEA before to during and before
to after Ischemia, mean difference with 95% confidence
interval and p-value of paired t-test.

Mean 95% CL Mean P-value
Before-During 5835.0 3814.9 7895.2 <0.0001
Before- After 542.0 -511.9 1595.8 0.3002
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TABLE 7

Distribution of PEA % change from baseline to Ischemia

% Change PEA

N 27

Mean -23.99%
SD 14.08%
Min -55.03%
Median -19.47%
Max -2.49%

TABLE 4

t-test of PEA % change from baseline to Ischemia,
mean with 95% confidence interval.

Mean 95% CL Mean P-value
-23.99% -29.56% -18.42% <0.0001
TABLE 5

Odds ratio for the effect of PEA (log-transformed)
in differentiating between ischemia and no-ischemia
with level of significance 95% confidence interval

95% Wald

Odds Ratio Confidence Limits P-value

0.178 0.050 0.634 0.0078

Table 6 shows the distribution of MCI before during and
after Ischemia, and Table 7 the statistical comparison of the
time points pairs of MCI. We find that in ischemia MCI is
statistically significantly (p<0.0001) lower than before isch-
emia. Once the balloon is deflated the PEA levels return to
their baseline values, since the difference before to after is
not significantly different from zero (p=0.7014)

Table 8 shows the distribution of the percent decrease in
MCI from baseline during ischemia, where we see that all
patients had a decrease in PEA with the percentage ranging
between 3.75% up to a 73% decrease. The mean reduction
0f 32.39% (SD=16.6%) was found statistically significantly
greater than 20% (p=0.0006, Table 9). The odds ratio for
detection of ischemia with MCI is 0.225 (p=0.0031), this
means that for every unit decrease in log-MCI the risk of
ischemia is 4.4 times (1/0.225) higher (Table 9). FIG. 2
shows the diagnostic accuracy in terms of the ROC curve
and its summary measure the AUC which equals 0.71
(low-moderate discriminatory power), this indicates a poten-
tial for discrimination.

TABLE 6

Distribution of MCI before, during and after Ischemia

MCI Before MCI In MCT After
Ischemia Ischemia Ischemia

N 27 27 27
Mean 838.96 545.78 825.96
SD 436.65 27571 456.24
Min 243.00 196.00 205.00
Median 751.00 500.00 651.00
Max 1972.0 1291.0 2195.0
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Comparison of MCI before to during and before
to after Ischemia, mean difference with 95% confidence
interval and p-value of paired t-test.

Mean 95% CL Mean P-value

Before-During 2932 192.6 393.8 <0.0001

Before- After 13.00 -55.91 81.91 0.7014
TABLE 8

Distribution of MCI % change from baseline to Ischemia

% Change MCI

N 27

Mean -32.39%
SD 16.60%
Min -73.83%
Median -32.42%
Max -3.75%

TABLE 9

t-test of MCI % change from baseline to Ischemia,
mean with 95% confidence interval.

Mean 95% CL Mean P-value
-32.39% -38.96% -25.82% 0.0006
TABLE 10

Odds ratio for the effect of MCI (log-transformed)
in differentiating between ischemia and no-ischemia
with level of significance 95% confidence interval

95% Wald

Odds Ratio Confidence Limits P-value

0.225 0.084 0.606 0.0031

In conclusion, both PEA and MCI are significantly lower
during ischemia than before ischemia is induced. Mean %
reduction in PEA 24% (SD=14.08%). Mean % reduction in
MCI 32.4% (SD=16.6%). PEA mean % decrease has been
found to be statistically significantly greater than 10%. MCI
mean % decrease has been found to be statistically signifi-
cantly greater than 20%. Statistically significant odds ratios
for the detection of ischemia were found for both PEA and
MCI with lower values indicating a higher risk of ischemia.
AUC’s were approximately 0.7 for both. It is concluded that
PEA and MCI show potential as diagnostic measures for the
detection of ischemia and for diagnostic activities relating
thereto.

As seen from FIG. 4, one embodiment of the invention is
a method 100 of non-invasively differentiating diagnosti-
cally between chest pain that is cardiac related and chest
pain that is not cardiac related, in a mammalian subject that
has a heart, the heart including ventricles. Method 100, in
one embodiment, has a step 110 of non-invasively sensing,
for example by a device positioned outside the subject,
mechanical vibrations that are from a mechanical contrac-
tion of for example at least one of the ventricles of the heart
of the mammalian subject, so as to simultaneously measure
(a) IVCT, wherein in certain embodiments I[VCT is a time
duration of an isovolumetric contraction portion of a systole
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phase of a cardiac cycle of the subject; and (b) a peak
endocardial acceleration (PEA) of the heart of the subject for
example during the IVCT. In any embodiment, a device
positioned outside the subject includes devices positioned
adjacent the chest or other part of the body of the subject.

Method 100, in certain embodiments, has a further step
120 of calculating, for example dynamically and for
example by one or motre processors programmed by suitable
software, such as special purpose software stored on
memory of a computer system, a myocardial contractility
index (MCT) of the subject such that the MCT comprises a
ratio of the PEA of the subject to the IVCT of the subject.
In some embodiments the ratio is MCI=k-PEA/IVCT, where
k is a constant. In certain embodiments, k=1, such that the
ratio is MCI=PEA/IVCT. The step of calculating MCI in
some embodiments is done dynamically such that as the
mechanical vibrations that are from a mechanical contrac-
tion of at least one of the ventricles are sensed and measured,
and as the amplitudes of the waveforms for the PEA are
being measured the one or more processors are dynamically
calculating the MCI. In other embodiments, the MCI 1is
calculated at select junctures of method 100 after the cor-
responding PEA is measured.

Method 100, in certain embodiments, has a further step
130 of comparing the MCI of the subject to a baseline MCI,
wherein the baseline MCI is one of (i) the baseline MCI of
the subject, and (ii) a representative value of the baseline
MCI of a population of subjects less a predetermined value.
In one example, the predetermined value is a predetermined
number of standard deviations from a mean normal value of
the baseline MCI of the population of subjects, which for
example is a population of subjects other than the subject.
For example, for a patient/subject that is being treated in an
emergency room for chest pain, one typically would not
have a baseline for that subject. In that case, one uses, in
some embodiments, a baseline of a population of subjects.
Assume, in one non-limiting example, that a population of
subjects has a range of values exhibiting a normal distribu-
tion whose representative value (for example a mean,
median, average or other representative value) is 20,000 g
and whose representative value has a standard deviation of
3,000 g. Assume further in that example that two standard
deviations is the predetermined value. In this example, then,
one takes the mean normal value (which is the representative
value) of the baseline MCI of the population of subjects,
which is 20,000 g, and subtracts 6,000 g (the predetermined
value) to yield 14,000 g as the baseline MCI. The comparing
step 130 is performed by the one or more processors which
are configured or programmed by software, for example
special purpose software that in some embodiments is stored
on memory.

Method 100, in certain embodiments, has a further step
140 of determining, for example by the one or more pro-
cessors programmed by software stored on memory, for
example special purpose software, whether the MCI of the
subject declined by at least a predetermined amount relative
to the baseline MCI, and if the MCI of the subject did
decline by at least the predetermined amount, either (i)
determining that the chest pains are cardiac related or (ii)
determining that the chest pains are suspected of being
cardiac related. In certain embodiments, the predetermined
amount is between one tenth and three-tenth, for example
one-fifth and step 140, or a step subsequent to step 140, is
determining whether the MCI of the subject declined by at
least one-fifth relative to the baseline MCI. In the illustrative
example above, that would be 20% less than 14,000 or
11,200 g. In some embodiments the predetermined amount
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of MCT decline for determining that there is a suspicion that
the chest pain is cardiac related is at least a certain fraction
of the baseline MCI, wherein that certain fraction is 10% or
15% or 16% or 17% or 18% or 19% or 20% or 21% or 22%
or 23% or 24% or 25% or 26% or 30% or any range of
percentages whose lower and upper limits are any of these
numbers. These numbers are only examples and other num-
bers or fractions or absolute amounts may apply instead.

The significance of the quantitative decline in MCI in this
method 100 and likewise the significance of quantitative
declines in MCT and/or in PEA in other methods and
apparatuses of the invention (described below) as indicators
of the fact (or in other cases of the suspicion) that chest pain
is cardiac related is that Applicant’s experiments show that
the quantitative decline in MCI or PEA occurs due to the
occlusion and continues as long as the occlusion continues,
whereas it is known that in non-cardiac chest pain the MCI
and PEA remain the same or even increases.

In some embodiments there is a further step of outputting
an alert that the chest pain is suspected of being cardiac
related, i.e. ischemia. For example, if the MCI of the subject
declined by one-fifth of the baseline MCI or by more than
that, in the above case a reading of 11,200 g or less, in some
embodiments, there would be a further step of outputting an
alert that there is a suspicion that the chest pain is cardiac
related.

In some embodiments method 100 includes a step, for
example a step that is part of that is subsequent to step 140,
comprised of outputting an alert indicated that the chest pain
is cardiac related. In certain embodiments this is based on a
greater decline than would be needed to determine a mere
suspicion, since for example this to determine that the chest
pain is cardiac related (or is definitely cardiac related). For
example, in certain embodiments, step 140 is determining
whether the MCI of the subject declined by at least a
predetermined of between three-tenths and one half, for
example two-fifths, relative to the baseline MCI such that it
is determined that the subject’s chest pain is cardiac related,
or is definitely cardiac related. In some embodiments the
predetermined amount of MCI decline for determining that
the chest pain is or is definitely cardiac related, is at least a
certain fraction of the baseline MCI, wherein that certain
fraction is 30% or 35% or 37% or 38% or 39% or 40% or
41% or 44% or 45% or 50% or any range of percentages
whose lower and upper limits are any of these numbers.
These numbers are only examples and other numbers or
fractions or absolute amounts may apply instead.

In the present patent application, when “a predetermined
amount” is referred to, both a relative amount qualifies as the
“predetermined amount” and an absolute amount qualifies as
the “predetermined amount”. An example of a relative
amount is a fraction or a percentage.

As seen from FIG. 5, one embodiment of the invention is
a method 200 of non-invasively differentiating diagnosti-
cally between chest pain that is cardiac related and chest
pain that is not cardiac related, in a mammalian subject that
has a heart, the heart including ventricles. This method 200
generally tracks method 100 except that when the PEA is
measured the MCI is not calculated from the PEA. Accord-
ingly, the predetermined amount is smaller in some embodi-
ments of method 200 compared to the predetermined
amount utilized in method 100 since MCI is more sensitive
than PEA to blockages or occlusions of blood flow.

Method 200, in one embodiment, has a step 210 of
non-invasively sensing, for example by a device positioned
outside the subject, mechanical vibrations that are from a
mechanical contraction of for example at least one of the
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ventricles of the heart of the mammalian subject, so as to
measure a peak endocardial acceleration (PEA) of the heart
of the subject for example during an IVCT, wherein IVCT
1s in some embodiments a time duration of an isovolumetric
contraction portion of a systole phase of a cardiac cycle of
the subject.

Method 200 has, in certain embodiments, a step 220 of
comparing the PEA of the subject to a baseline PEA,
wherein the baseline PEA is (i) the baseline PEA of the
subject or (ii) a representative value of the baseline PEA of
a population of subjects less a predetermined value. In some
embodiments the population of subjects is a population of
subjects other than the subject. The manner of selecting a
representative value and a predetermined value in method
200 is similar to that of method 100. The comparing step 130
is performed by the one or more processors programmed by
software, for example special purpose software stored on
memoty, in some embodiments. In certain embodiments, the
one or more processors obtain the PEA from digital signals
that have been converted from analog signals corresponding
to the sensed mechanical vibrations.

Method 200 has, in some embodiments, a step 230 of
determining by a processor programmed by software stored
on memory, whether the PEA of the subject declined by at
least a predetermined amount relative to the baseline PEA,
and if the PEA of the subject did decline by at least the
predetermined amount, either (i) determining that the sub-
ject’s chest pains are cardiac related or (ii) determining that
the chest pains are suspected of being cardiac related. As in
method 100, both a relative amount qualifies to be the
“predetermined amount” and an absolute amount qualifies to
be the “predetermined amount”. An example of a relative
amount is a fraction or a percentage.

In some embodiments, step 230 comprises determining
whether the PEA of the subject declined by at least a
predetermined amount, the predetermined amount being
between one twentieth and one fifth, for example at least one
tenth relative to the baseline PEA. Method 200 has a step, in
some embodiments, of outputting an alert that there is a
suspicion that the chest pain is cardiac related upon deter-
mining that the PEA of the subject declined by the prede-
termined amount, for example when the predetermined is
one tenth or another number between one twentieth and
one-fifth. In some embodiments the predetermined amount
of PEA decline for determining that there is a suspicion that
the chest pain is cardiac related is at least a certain fraction
of the baseline MCI, wherein that certain fraction is 5% or
9% or 10% or 11% or 12% or 13% or 14% or 15% or 16%
or 17% or 18% or 20% or any range of percentages whose
lower and upper limits are any of these numbers. These
numbers are only examples and other numbers or fractions
or absolute amounts may apply instead.

In some embodiments, method 200 has a step of deter-
mining, by one or more processors programmed by software
stored on memory, whether the PEA of the subject declined
by at least two tenths relative to the baseline PEA, which
determination would indicate that the chest pain is or
definitely is cardiac related. In some embodiments the
predetermined amount of PEA decline for determining that
the chest pain is, or definitely is, cardiac related is at least a
certain fraction of the baseline MCI, wherein that certain
fraction is between one tenths and three-tenths, or for
example 15% or 16% or 17% or 18% or 19% or 20% or 21%
or 21% or 22% or 23% or 24% or 25% or any range of
percentages whose lower and upper limits are any of these
numbers. These numbers are only examples and other num-
bers or fractions or absolute amounts may apply instead.
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In some embodiments, there is a further step in method
200 of outputting an alert that the chest pain is cardiac
related.

In certain embodiments, the predetermined amount is a
relatively high amount. For example, if the determination
being made is not just that the chest pain is cardiac related
but rather that the patient suffers from a myocardial infarc-
tion, the predetermined amount is, in certain embodiments,
approximately twice as high as for determining definite
cardiac related chest pains. For example, method 200 has, in
certain embodiments, a step of determining myocardial
infarction, for example from detecting a lack of movement
of ischemic and necrotic regions of a heart, as a result of
detecting a decline in MCI of at least certain fraction relative
to the baseline MCI, wherein the certain fraction is between
half and four-fifths, for example four-fifths.

As shown in FIG. 12, in a further embodiment, particu-
larly useful for a patient at home or distant from medical
personnel, the invention is a method 1100 of dynamically
differentiating diagnostically, non-invasively, between chest
pain that is cardiac related and chest pain that is not cardiac
related, in a mammalian subject that has a heart, the heart
including ventricles. Method 1100 comprises a step 1110 of
non-invasively sensing, by a device positioned outside the
subject, mechanical vibrations that are from a mechanical
contraction of at least one of the ventricles of the heart of the
mammalian subject, so as to simultaneously measure (a) a
first IVCT, wherein IVCT is a time duration of an isovolu-
metric contraction portion of a systole phase of a cardiac
cycle of the subject; and (b) a peak endocardial acceleration
(PEA) of the heart of the subject during the first IVCT.

Method 1100 also comprises in some embodiments a step
1120 one or more processors of calculating a first myocar-
dial contractility index (MCI) of the subject such that MCI
comprises a ratio of the PEA of the subject to the IVCT of
the subject. In some embodiments the ratio is MCI=k-PEA/
IVCT, where k is a constant. In one such embodiment, k=1,
such that the ratio is MCI=PEA/IVCT. The one or more
processors, programmed by special purpose software stored
on memory, in some embodiments, calculates the first MCI
from digital signals that derive from analog signals corre-
sponding to the mechanical vibrations sensed during the
second period. Suitable hardware and software are included,
in certain embodiments, to transmit and/or convert to digital
form the data from the mechanical vibrations to the one or
more processors for processing. This is the case for any
method of the invention.

Method 1100 also comprises in certain embodiments a
further step 1130 of a predetermined length of time later, for
example five minutes later, ten minutes later, or a different
number of minutes between 5 minutes and 10 minutes later,
than the first IVCT, non-invasively sensing by a device
positioned outside the subject mechanical vibrations that are
from a mechanical contraction of at least one of the ven-
tricles of the heart of the mammalian subject, so as to
simultaneously measure (a) a second IVCT; and (b) a peak
endocardial acceleration (PEA) of the heart of the subject
during the second IVCT. The examples of 5 minutes and 10
minutes are non-limiting examples. Other suitable examples
of time intervals are usable in some embodiments such as 1,
3, 11, 13, 15, 17, 18, 20, 25 or 30 minutes or a different
number of minutes, where this different number is between
1 and 30 minutes, or at least such a number of minutes or
another suitable time interval.

In a step 1140 in some embodiments of method 1100, the
one or more processors calculate a second MCI of the
subject, for example from the second IVCT and from the
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PEA measured during the second IVCT. Method 1100
includes a step in certain embodiments of comparing the
second MCT to the first MCI and determining, by the one or
more processors, whether the second MCI is lower than the
first MCI, and if the second MCI is lower than the first MCI
determining that the chest pain is cardiac related. The
operating assumption is that whereas the MCI (and PEA)
remains the same or increases in the case of non-cardiac
related chest pain, the MCI (or PEA) declines over time in
the case of cardiac related chest pain (until a certain point at
which the decline has concluded). In some cases, the deter-
mining is determining whether the second MCI is lower than
the first MCI by at least a predetermined amount. This
amount is between zero and a relatively small amount in
some embodiments.

In some embodiments of method 1100 further verification
of the decline is obtained by an additional step of continuing
the dynamic measurements of MCI by, beginning a prede-
termined length of time later, for example five minutes later,
ten minutes later, or a different number of minutes between
5 minutes and 10 minutes later, or a different number of
minutes between one and thirty minutes later, than the
second IVCT, non-invasively sensing by a device positioned
outside the subject mechanical vibrations that are from a
mechanical contraction of at least one of the ventricles of the
heart of the mammalian subject, so as to simultaneously
measure (a) a third IVCT; and (b) a peak endocardial
acceleration (PEA) of the heart of the subject during the
third IVCT, the one or more processors then calculating a
third MCI of the subject from the third IVCT and from the
PEA measured during the third IVCT, comparing the third
MCI to the second MCI (or to the baseline MCI) and
determining, by the one or more processors whether the third
MCI is lower than the second MCI and if the third MCI is
lower than the second MCI, determining at a higher degree
of certainty, that the chest pain is cardiac related so as to
verify an earlier determination that the chest pain is cardiac
related (the earlier determination being based on the earlier
comparison between the first MCI and the second MCI), or
else in other embodiments simply determining that the chest
pain is cardiac related, if for example one prefers to not rely
on the earlier decline from the first MCI to the second MCI.

As shown in FIG. 13, the invention, in a further embodi-
ment, is a method 1200 of dynamically differentiating diag-
nostically, non-invasively, between chest pain that is cardiac
related and chest pain that is not cardiac related, in a
mammalian subject that has a heart, the heart including
ventricles. Method 1200 has a step 1210 in some embodi-
ments of non-invasively sensing by a device positioned
outside the subject mechanical vibrations that are from a
mechanical contraction of at least one of the ventricles of the
heart of the mammalian subject, so as to measure a first peak
endocardial acceleration (PEA) of the heart of the subject
during a first IVCT wherein IVCT is a time duration of an
isovolumetric contraction portion of a systole phase of a
cardiac cycle of the subject.

Method 1200 has a step 1220 in some embodiments of,
beginning a predetermined length of time later, for example
five minutes later, ten minutes later, or a different number of
minutes between 5 minutes and 10 minutes later, or between
1 and 30 minutes later, than the first IVCT, non-invasively
sensing by a device positioned outside the subject mechani-
cal vibrations that are from a mechanical contraction of at
least one of the ventricles of the heart of the mammalian
subject, so as to measure a second peak endocardial accel-
eration (PEA) of the heart of the subject during a second
IVCT.
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Method 1200 has a step 1230 in some embodiments of
comparing the second PEA to the first PEA and determining
by one or more processors whether the second PEA is lower
than the first PEA, and if the second PEA is lower than the
first PEA determining that the chest pain is cardiac related.
In some cases, the determining is determining whether the
second PEA is lower than the first PEA by at least a
predetermined amount. This amount is between zero and a
relatively small amount in some embodiments. An output
unit outputs an alert of the determination in some embodi-
ments.

In some embodiments of method 1200 further verification
of the decline is obtained by an additional step of continuing
the dynamic measurements of PEA by, during a third sensing
period beginning a predetermined length of time later, for
example five minutes later, ten minutes later, or a different
number of minutes between 5 minutes and 10 minutes later
or between 1 and 30 minutes later, than the second sensing
period (as measured in some embodiments by being later
than an end of the second sensing period) non-invasively
sensing by a device positioned outside the subject mechani-
cal vibrations that are from a mechanical contraction of at
least one of the ventricles of the heart of the mammalian
subject so as to measure a third PEA of the heart of the
subject during an IVCT of the subject and comparing the
third PEA to the second PEA (or to the baseline PEA) and
determining whether the third PEA is lower than the second
PEA, and if the third PEA is lower than the second PEA,
further verifying that the chest pain is cardiac related, or in
other embodiments determining that the chest pain is cardiac
related if for example one prefers to not rely on the earlier
decline from the first MCI to the second MCI. An output unit
outputs an alert of the determination in some embodiments.

Methods 1100 and 1200 for dynamically differentiating
diagnostically, non-invasively, between chest pain that is
cardiac related and chest pain that is not cardiac related
provide very strong indications of ischemia (cardiac-related
chest pain) since the decline (of MCI or PEA) is shown to
continue to decline dynamically.

In one embodiment shown in FIG. 3A, the invention is an
apparatus 300 configured to non-invasively medically diag-
nose whether chest pain is cardiac related or not, i.e. to
differentiate diagnostically between chest pain that is cardiac
related and chest pain that is not cardiac related, in a
mammalian subject that has a heart, the heart including
ventricles. The apparatus 300 in some embodiments com-
prises a sensor unit 310, which in some embodiments
comprises a measurenient device such as an accelerometer
unit 310 configured to non-invasively sense, by the device
for example positioned outside the subject, mechanical
vibrations that are from a mechanical contraction of at least
one of the ventricles of the heart of the mammalian subject
so as to simultaneously measure (a) IVCT, wherein IVCT is
a time duration of an isovolumetric contraction portion for
example of a systole phase of a cardiac cycle of the subject,
and (b) a peak endocardial acceleration (PEA) of the heart
of the subject during the IVCT. The accelerometer unit 310
is adapted to be attached to a patient such as at the patient’s
chest, for example using a belt, in some embodiments.

The sensor unit 310 comprises in some embodiments an
accelerometer, a microphone, straps and ECG electrodes.
The purpose of the ECG electrodes is to identify appearance
of the R peak of the QRS complex, which corresponds
roughly to the opening of the isovolumetric contraction,
whose time duration is represented by IVCT. FIG. 3C shows
a non-limiting example of a sensor unit 310 usable for
apparatus 300. FIG. 3D shows a non-limiting example of a
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sensor unit 410 usable for apparatus 400. FIG. 17 is a graph
of an analog signal obtain by a sensor unit (310, 410), in
accordance with one embodiment of the invention. FIG. 18
is a graph showing three signals, the top being an ECG
signal, the bottom being a microphone signal and the middle
signal being an analog signal obtained by a sensor unit, in
accordance with one embodiment of the invention. From the
graph of FIG. 17 and from the signal in the middle of FIG.
18, one computes the PEA, for example using techniques
known in the medical literature. From the PEA and the
IVCT. one or more processors execute software to compute
the MCI. In some embodiments MCI=k-PEA/IVCT, where
k is a constant. In one such embodiment, k=1, such that
MCI=PEA/IVCT. The ECG signal is used to determine the
location of the IVCT from the graph.

Apparatus 300 includes, in some embodiments, hardware
320 and software 330 configured to convert the sensed
mechanical vibrations into digital signals corresponding to
the PEA and IVCT and usable by digital processors.
Examples of such hardware and software include signal
conditioning circuitry and analog to digital converters.
Apparatus 300 includes in general in some embodiments any
suitable hardware and software for transmitting data or a
signal(s) corresponding to the sensed mechanical vibrations,
and/or converting to digital form this data or signal(s)
corresponding to the sensed mechanical vibrations, to the
one or more processors 340 for use, processing, etc. The
hardware 320 and software 330 in some embodiments (see
FIG. 3) is separate from the sensor unit 310 and from the one
or more processors 340. In other embodiments the hardware
320 and/or software 330 is part of one or more of the sensor
unit 310 and the one or more processors 340.

Apparatus 300 also includes in some embodiments one or
more processors 340, programmed by special purpose soft-
ware 340A that in some embodiments is stored on a memory
340B. The one or more processors 340 are part of or
comprise in some embodiments a determination unit 344.
The determination unit 344 is a computer system in some
embodiments. The one or more processors or the determi-
nation unit is configured to receive digital signals corre-
sponding to the sensed mechanical vibrations and to calcu-
late, for example dynamically, an MCI of the subject. MCI
is a myocardial contractility index that comprises a ratio of
the PEA of the subject to the IVCT of the subject. The one
or more processors 340 (or determination unit) are config-
ured to receive the signals from the sensor unit 310 either
through a wired connection or wirelessly.

The one or more processors are in some embodiments
configured by software to compare the MCI of the subject to
a baseline MCI, wherein the baseline MCI is one of (i) the
baseline MCI of the subject, and (ii) a representative value
of the baseline MCI of a population of subjects less a
predetermined value, i.e. a predetermined number of stan-
dard deviations from the representative value (the represen-
tative value being for example a mean, median, average or
representative value), for example the mean normal value, of
the baseline MCI of a population of subjects. The manner of
selecting the representative value and the predetermined
value for apparatus 300 (and for apparatus 400) is similar to
that described in connection with methods 100, 200. The one
or more processors are in some embodiments configured by
software to determine whether the MCI of the subject
declined during the sensing period by at least a predeter-
mined amount relative to the baseline MCI.

The at least the predetermined amount (relative to the
baseline MCI) is at least one-fifth in some embodiments, for
example when the determination is whether or not there is a
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suspicion that the chest pain is cardiac related. In some
embodiments, the at least a predetermined amount is at least
a certain fraction of the baseline MCI, wherein that certain
fraction is 15% or 16% or 17% or 18% or 19% or 20% or
21% or 21% or 22% or 23% or 24% or 25% or any range of
percentages whose lower and upper limits are any of these
numbers. These numbers are only examples and other num-
bers or fractions or absolute amounts may apply instead.

In some embodiments, an output unit outputs an alert that
there is a suspicion that the chest pain is cardiac related
when at least the predetermined amount has been reached. In
some embodiments, the predetermined amount is a certain
fraction wherein the certain fraction of the baseline MCI is
two-fifths, for example when the determination is whether or
not the patient’s chest pain is cardiac related or not, or is
definitely cardiac related or not. Instead of two-fifths, the
predetermined amount in some embodiments is a fraction of
the baseline MCI between three-tenths and one half, or 52%,
56%, or 60% or any range of percentages whose lower and
upper limits are any of these numbers. These numbers are
only examples and other numbers or fractions or absolute
amounts may apply instead.

Apparatus 300 in some embodiments includes an output
unit 350 that outputs an alert that the chest pain is cardiac
related when at least the predetermined amount of decline is
reached. Output unit 350 and one or more processors 340 are
part of the same computer system in some embodiments and
in other embodiments they are not part of a same computer
system.

As shown in FIG. 3B, the invention, in one embodiment,
is an apparatus 400 (or system 400) configured to non-
invasively medically diagnose whether chest pain is cardiac
related or not, i.e. to differentiate diagnostically between
chest pain that is cardiac related and chest pain that is not
cardiac related, in a mammalian subject that has a heart, the
heart including ventricles. Apparatus 400 comprises in some
embodiments a sensor unit 410, which in some embodi-
ments comprises a measurement device such as an acceler-
ometer unit 410 configured to non-invasively sense, by the
device positioned outside the subject, mechanical vibrations
that are from a mechanical contraction of at least one of the
ventricles of the heart of the mammalian subject so as to
measure a peak endocardial acceleration (PEA) of the heart
of the subject during an IVCT, wherein IVCT is a time
duration of an isovolumetric contraction portion of a systole
phase of a cardiac cycle of the subject. The accelerometer
unit 410 is adapted to be attached to a patient such as at the
patient’s chest, for example using a belt, in some embodi-
ments.

Apparatus 400 includes, in some embodiments, hardware
420 and software 430 configured to convert the sensed
mechanical vibrations into digital signals corresponding to
the PEA. An example of such hardware and software is an
analog to digital converter. Apparatus 400 includes, in some
embodiments any suitable hardware and software for trans-
mitting the sensed mechanical vibrations to one or more
processors 440. Furthermore, any of the methods of the
invention have, in some embodiments, such suitable hard-
ware and software for transmitting, and/or converting to
digital form, data or a signal(s) corresponding to the sensed
mechanical vibrations to the one or more processors 440 for
use, processing, analysis, etc. The hardware 420 and sofi-
ware 430 in some embodiments (see FIG. 3) is separate from
the sensor unit 410 and from the one or more processors 440.
In other embodiments the hardware 420 and/or software 430
is part of one or more of the sensor unit 410 and the one or
more processors 440.
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Apparatus 400 includes in some embodiments one or
more processors 440 programmed by special purpose soft-
ware 440A that in some embodiments is stored on a memory
440B. The one or more digital processors are part of a
determination unit 444 in some embodiments. In some
embodiment the determination unit 444 is a computer sys-
tem. The one or more processors or the determination unit is
configured to receive digital signals corresponding to the
sensed mechanical vibrations, to compare the digital signals
that correspond to the PEA of'the subject to a baseline PEA,
wherein the baseline PEA is one of (i) the baseline PEA of
the subject and (ii) a representative value (for example a
mean normal value) of the baseline PEA of a population of
subjects less a predetermined value, ie. a predetermined
number of standard deviations from the representative value
(the representative value being for example a mean, median,
average or other representative value), and to determine
whether chest pain of the subject is cardiac related or not
cardiac related based on whether the PEA of the subject
declined during the sensing period by at least a predeter-
mined amount relative to the baseline PEA. The one or more
processors 440 (or determination unit) are configured to
receive the signals from the sensor unit 410 either through
a wired connection or wirelessly.

The one or more processors 440 are configured by soft-
ware 440A stored on memory 440B in some embodiments to
determine whether there is merely a suspicion that the chest
pain is ischemia. Especially (although not necessarily only)
in such cases, the predetermined amount is one tenth such
that if the decline is at least one tenth relative to the baseline
PEA there is such a suspicion. Instead of one-tenth, the
predetermined amount, in some embodiments is a certain
fraction of the baseline PEA, for example between one
twentieth and one fifth, or wherein that certain fraction is 9%
or 10% or 11% or 12% or 13% or 14% or 15% or 16% or
17% or 18% or any range of percentages whose lower and
upper limits are any of these numbers. These numbers are
only examples and other numbers or fractions or absolute
amounts may apply instead.

An output unit 450 in some embodiments outputs an alert.
For example, output unit 450 outputs that there is a suspicion
that the chest pain is cardiac related, i.e. ischemia, in some
embodiments, when the selected predetermined amount is
reached. The one or more processors 440 are configured by
software in some embodiments to determine whether the
chest pain is ischemia or is definitely ischemia. In such
cases, although not necessarily only in such case, the pre-
determined amount is two tenths such that if the decline is
at least two tenths relative to the baseline PEA, the chest
pain is determined to be ischemia. Instead of two-tenths, in
some embodiments the predetermined amount relative to the
baseline PEA is a certain fraction of the baseline PEA, for
example between one tenth and three-tenths, or wherein that
certain fraction is 15% or 20% or 22% or 24% or 26% or
28% or any range of percentages whose lower and upper
limits are any of these numbers. These numbers are only
examples and other numbers or fractions or absolute
amounts may apply instead.

An output unit 450 of apparatus 400 outputs an alert that
the chest pain is cardiac related, i.e. ischemia, in some
embodiments when the selected predetermined amount rela-
tive to the baseline PEA (which may be a certain fraction
such as two-tenths in this case) is reached. Output unit 450
and one or more processors 440 are part of the same
computer system in some embodiments and in other
embodiments they are not part of a same computer system.
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Output unit 350 of apparatus 300 and/or output unit 450
of apparatus 400 comprises, in some embodiments, an
indicator unit in communication with the determination unit,
the indicator unit configured to issue an indication of at least
one of (i) whether the chest pain is cardiac related or not and
(i) whether the chest pain is suspected of being cardiac
related or not.

Notwithstanding FIGS. 3A and 3B, some embodiments of
apparatus 300 and/or apparatus 400 are defined so as to not
include the analog to digital converter or other hardware and
software configured to convert the analog signal to a digital
signal.

Any apparatus of the invention may be described as a
“system” if the one or more processors are remote from the
measurement device and for example the one or more
processors are configured to communicate to the measure-
ment device and or associated hardware and software wire-
lessly and/or the sensor unit or measurement device is
configured to communicate to the one or more remote
processors.

Apparatus 300 and apparatus 400 are in some embodi-
ments configured to implement the “dynamic” embodiments
outlined in methods 1300 and 1400 as well as any of the
other methods or embodiments of the invention.

The following paragraphs numbered (a) through (k) con-
tain a more detailed description of one non-limiting example
of how to implement an apparatus 300 or apparatus 400 and
it is emphasized that the details therein are not intended to
at all limit the range of possible embodiments of apparatus
300, 400 or possible ways to implement apparatus 300, 400
or methods using apparatus 300, 400.

(A) In some embodiments, apparatus 300, 400 is a non-
invasive cardiac monitor configured to measure, process,
store and/or display information derived in certain embodi-
ments from a sensor such as an accelerometer (configured in
certain embodiments to record vibrational waveforms pro-
duced by the heart contractions and transmitted to the chest
wall) and in some embodiments also one or more of an
electrocardiogram (ECG) and a microphone. Apparatus 300,
400, in some embodiments, is configured to measure the
timing of part of the events in the cardiac cycle. Apparatus
300, 400 in some embodiments where the user is for
example at home provides a cardiac parameter which in
some embodiments indicates myocardial ischemia (or a
pattern of myocardial ischemia) for further analysis by the
physician, which is particularly useful for patients with
suspected cardiac abnormalities away from medical person-
nel. In a particular embodiment, apparatus 300, 400 mea-
sures and monitors ECG signals, mechanical action of the
heart by an accelerometer and the audio signals of the heart
using a microphone in some embodiments. In other embodi-
ments of the invention, apparatus 300, 400 omits one or
more of (i) the ECG leads and (ii) the microphone. For
example, in some embodiments apparatus 300, 400 senses
and monitors signals from an accelerometer and ECG sig-
nals but does not measure or monitor audio signals of the
heart from a microphone. In still other embodiments of the
invention, apparatus 300, 400 does not measure and monitor
ECG signals and only senses and monitors (and analyzes)
vibrational waveforms produced by the heart’s mechanical
contractions and transmitted to the chest wall (with or
without audio signals from a microphone).

(B) In certain embodiments of apparatus 300, 400, the
apparatus comprises the following three main components:
(1) a sensor unit 310, 410 that includes an elastic belt fitted
with for example two accelerometer sensors, ECG leads and
a microphone; (ii) a hand-held portable operation unit 325,
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425, battery powered digitizing transceiver unit with an
embedded micro-processor and (iii) dedicated software
340A,440A configured to perform data analysis and hosted
on a computer such as a personal computer (PC) 340, 440 or
laptop computer 340, 440 or any other appliance having
within it a suitable processor and software, and also con-
figured for control of other components.

(C) The elastic belt 311, 411 with the sensors 312, 412 is
configured to be attached for example to the chest of the
patient for example with the sensors adjacent the chest of the
subject according to some embodiments. The sensor unit
310, 410 provides mechanical vibration correlated signals,
ECG signals and audio signals but in other embodiments
provides additional signals (i.e. from additional sensors) and
in still other embodiments provides fewer signals (i.e. from
fewer sensors). The dedicated software hosted by the PC
analyzes the recorded waveform and measures a timing of
parts of the events in the cardiac cycle.

(D) FIGS. 3C-3D show the main components of apparatus
300, 400 in some embodiments. The operation unit 325, 425
in some embodiments includes hardware 320, 420 and
software 330, 430 and in one embodiment is responsible for
digitizing the captured data and transmitting the data via a
secure USB connection reliably to the application software
hosted on a PC. In this embodiment, the operation unit has
a Microcontroller (which in this particular embodiment is
identified as STM32L151VD Cortex M3) which provides
communication of the system with the host PC and the belt.
FIG. 3E shows a block diagram of apparatus 300, 400 with
three components.

(E) Sensors 311, 411 are attached to the chest in some
embodiments and in some embodiments monitor cardiac
function by sensing the electrical signal (ECG signals),
mechanical vibration correlated signals (contraction) forces
and acoustic sound (Microphone) generated by the heart.
Apparatus 300, 400 records the movement of the heart
during each cardiac cycle (heartbeat) in some embodiments.
The heart movement is sensed in certain embodiments by a
tri-axial accelerometer (X, Y, 7) aligned to the heart. Elec-
trocardiograph (ECG) signals are sensed and recorded
simultaneously with the accelerometers data. The data is
analyzed by the dedicated software and displayed on the
computer.

(F) Apparatus 300, 400 in one embodiment uses modem
digital technology to capture, process, analyze and record
the motion of the patient’s sternum resulting from the
movement of the heart during each cardiac cycle (heart
beat). The vibrations, or forces, are detected using high-
sensitivity, calibrated, tri-axial accelerometer-based technol-
ogy. This movement of the heart is sensed by two three-axis
accelerometers in this embodiment and is processed digitally
and displayed. One accelerometer sensor is located in one
embodiment on the sternum and senses all the vibrations
(“outside” and heart related). The second accelerometer is
isolated from the sternum in this embodiment and senses
only the “outside” vibrations. Software 340A, 440A uses an
algorithm that in certain embodiments combines and calcu-
lates the data from the two accelerometers and provides
filtered data of the heart related vibrations. Sensor unit 310,
410 in certain embodiments represents the data of the forces
created by the heart and displayed with the acceleration
amplitudes as the vertical axis and time as the horizontal
axis. The measurements are expressed as milli-gravity over
time in milliseconds. Data is displayed on a computer screen
of a computer 340, 440 and dedicated software 340A, 440A
provides tools for further analysis. The accelerometer data is
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sensed, recorded and displayed synchronously with the ECG
and the Microphone in this embodiment.

(G) Electrocardiograph data is a Trans-Thoracic Echocar-
diogram (TTE) interpretation of the electrical cavity of the
heart over a period of time, as detected by electrodes
attached to the surface of the skin and recorded by a device
external to the body. An ECG is used to measure the patient
heart’s electrical conduction system. It picks up electrical
impulses generated by the polarization and depolarization of
cardiac tissue and translates it into a waveform. Some
embodiments of apparatus 300, 400 include an ECG device
with an embedded processor containing an ECG data acqui-
sition module, data memory storage, and data processing
capabilities. In one embodiment, apparatus 300, 400 reads
three leads at a sample rate of 1000 Hz at the following
points: LI, LII, LIIl, aVL, aVR, aVF and V1-V6. In addition,
apparatus 300 in some embodiments automatically filters
ECG signal noise sources: filter automatically selected, RFI
noise sources, wandering signals, patients’ breath artifacts
and patient’s motion artifacts. The ECG data is sensed,
recorded and displayed synchronously with the accelerom-
eter and the Microphone in certain embodiments.

(H) When the myocardium contracts isometrically it
generates vibrations which have audible components that are
responsible for the first heart sound. The audible spectrum of
these vibrations is measured with a microphone in some
embodiments. In addition, apparatus 300 in some embodi-
ments is configured to automatically filter Microphone sig-
nal noise sources (acoustic sound): filter automatically
selected, RFI noise source, wandering signals, patients’
breath artifacts and patient’s motion artifacts. FIG. 18 shows
ECG signals, Accelerometer and Microphone graphs.

() Dedicated software 340A, 440A also identifies the
time of part of the events in the cardiac cycle in certain
embodiments. Cardiac time intervals are regulated by the
mechanics and functions of the myocytes; therefore, these
intervals are a good measure of the cardiac function. Dedi-
cated software 340A, 440A analyzes the waveforms which
are captured from accelerometer and ECG sensors in one
embodiment and shows the timing of the following events in
the cardiac cycle including: (a) Electromechanical delay
(EMD) from R-peak to Mitral valve Closure (MC); (b)
Pre-Ejection Time (PET)—from R-peak to aortic valve
opening (AO); (c) Isovolumetric Contraction Time
(IVCT)—from mitral valve closure to aortic valve opening.
The first two points, measured in each cardiac cycle, are
used to compute the IsoVolumetric Contraction Time
(IVCT=PET-EMD). From the waveforms captured by the
accelerometer the PEA is measured and from the PEA and
the IVCT, one or more processors execute the dedicated
software to compute the MCIL. In some embodiments
MCI=k-PEA/IVCT, where k is a constant. In one such
embodiment, k=1, such that MCI=PEA/IVCT.

(J) Apparatus 300, 400 in some embodiments also dis-
plays to a physician the timing of the three following events:
Aortic Valve Closed (AVC), Mitral Valve Closed (MVC)
and the IsoVolumetric Contraction Time (IVCT). In certain
embodiments, apparatus 300, 400 provides accurate timing
of part of the event of the cardiac cycle, at least as accurate
as an echocardiogram. The vibration peak is known as the
Peak Endocardial Acceleration (PEA). PEA is defined as the
maximum peak-to-peak amplitude during a window 50 ms
before to 200 ms following the peak R wave (ECG). The
PEA occurs in the isovolumetric contraction phase.

(K) One particular non-limiting example of the use of the
apparatus 300, 400 is as follows. A patient wears the belt
311, 411 of the sensor unit 310, 410 and attaches the sensors
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312, 412 of the sensor unit 310, 410 to his or her chest, as
described in a user manual. When the patient wears the belt
in the correct position, an indication is presented on the LCD
screen 325A, 425A of the operation unit 325, 425 and the
data capture can begin and the data recording starts. After
the patient heart data capture is complete, the operation unit
325, 425 is connected to the PC 340, 440 equipped with the
dedicated software, for example via a USB cable. In other
embodiments of apparatus 300, 400 some or all data trans-
mission is performed wirelessly. The controlling software
application 340A, 440A in some embodiments has the
features and functions needed to communicate with and
control the sensor unit 310, 410, operation unit 325, 425 and
personal computer 340, 440 of apparatus 300, 400. Once
communication between the operation unit and the com-
puter, i.e. PC, is established, the software 340A, 440A is
configured to stream continuous data from the operation unit
325, 425, record the data streams, and manually analyze the
recorded data. In addition, the operation unit’s battery status
is displayed on the operation unit’s LED display. A notifi-
cation for replacing the battery is presented on the LED
display.

The above apparatus 300, 400 is used to implement a wide
variety of methods of the invention including any of those
described herein. Notwithstanding this, in going from one
PEA embodiment to another PEA embodiment, and in going
from one MCI embodiment to another MCI embodiment, for
example in going from one apparatus or method configured
to ascertain a quantitative amount of reperfusion in the
myocardium versus another apparatus or method configured
to ascertain whether chest pain is or is not cardiac-related,
there would be differences in the special purpose software
340A, 440A (and hence there would be differences in what
is stored on the memory) and in the step taken by the
determination unit or software since the determinations
differ. In addition, one would find differences in the output
unit 350, 450 and the step of outputting since the outputs and
alerts as to what was determined differ.

As shown in FIG. 6, the invention, in one embodiment, is
a method 500 of detecting a total occlusion of a coronary
artery in a mammalian subject that has a heart, the heart
including ventricles. Method 500, in one embodiment, com-
prises a step 510 of, for example by a device positioned
outside the subject, non-invasively sensing mechanical
vibrations that are from a mechanical contraction of at least
one of the ventricles of the heart of the mammalian subject,
so as to simultaneously in some embodiments measure (a)
IVCT, wherein in some embodiments IVCT is a time dura-
tion of an isovolumetric contraction portion of a systole
phase of a cardiac cycle of the subject; and (b) a peak
endocardial acceleration (PEA) of the heart of the subject for
example during the IVCT.

Method 500 also includes a step 520 in some embodi-
ments of calculating, for example dynamically, a myocardial
contractility index (MCI) of the subject such that the MCI
comprises a ratio of the PEA of the subject to the IVCT of
the subject. The MCI is calculated in some embodiments by
one or more processors directly or indirectly from signals
corresponding to the sensed mechanical vibrations. In some
embodiments, MCI=k-PEA/IVCT, where K is a constant. In
certain embodiments, k=1, such that MCI=PEA/IVCT. The
step of calculating MCI in some embodiments is done
dynamically such that as the PEA is being measured, the one
or more processors is/are dynamically calculating the MCI.
In other embodiments, the MCI is calculated only at select
Junctures of method 500.
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Method 500 in some embodiments has a step 530 of
comparing the MCI of the subject during the sensing period
to a baseline MCI, wherein the baseline MCI is one of (i) the
baseline MCI of the subject, and (ii) a representative value
of the baseline MCI of a population of subjects less a
predetermined value. The predetermined value is for
example a number of standard deviations, for example two,
from the representative value (the representative value being
for example a mean, median, average or other representative
value), which in some cases is a “mean normal value” of the
baseline MCI of a population of subjects, as that term has
been previously explained.

Method 500 in some embodiments has a step 540 of
determining that there has been a total occlusion of the
coronary artery in the subject if the MCI of the subject
declined during the sensing period by at least a predeter-
mined amount relative to the baseline MCI. In some case,
method 500 has a step of determining that there has been a
total occlusion of the coronary artery in the subject if the
MCT of the subject declined during the sensing period by at
least one-fifth relative to the baseline MCI. Instead of
one-fifth in some embodiments the predetermined amount
relative to the baseline MCI is a certain fraction of the
baseline MCI of between one-tenth and three-tenths or 16%
or 19% or 24% or 28% or 33% or 40% or 50% or 60% any
number in between. These numbers are only non-limiting
examples of predetermined amounts.

As shown in FIG. 7, in a further embodiment, the inven-
tion is a method 600 of detecting a total occlusion of a
coronary artery in a mammalian subject that has a heart, the
heart including ventricles. Method 600 includes a step 610
in some embodiments of non-invasively sensing mechanical
vibrations that are from a mechanical contraction of at least
one of the ventricles of the heart of the mammalian subject
so as to measure a peak endocardial acceleration (PEA) of
the heart of the subject for example during an IVCT, wherein
IVCT is a time duration of an isovolumetric contraction
portion of a systole phase of a cardiac cycle of the subject.
Method 600 has a further step 620 in some embodiments of
comparing the PEA of the subject during the sensing period
to a baseline PEA, wherein the baseline PEA is (i) the
baseline PEA of the subject or (ii) a representative value of
the baseline PEA of a population of subjects less a prede-
termined value. The predetermined value is for example a
predetermined number of standard deviations, for example
two standard deviations, from the representative value (the
representative value being for example a mean, median,
average or other representative value), which in some cases
is a mean normal value, of the baseline PEA of a population
of subjects. The population of subjects is for example a
population of subjects other than the subject being diag-
nosed.

Method 600 also has in some embodiments a further step
630 of determining that there has been a total occlusion of
the coronary artery in the subject if the PEA of the subject
declined during the sensing period by at least a predeter-
mined amount relative to the baseline PEA. For example,
method 600 has a step in some embodiments of determining
that there has been a total occlusion of the coronary artery
in the subject if the PEA of the subject declined during the
sensing period by at least one-tenth relative to the baseline
PEA, or by a certain fraction of the baseline PEA between
one twentieth and one fifth or 9% or 11% or 12% or 13% or
14% or 15% or 16% or 17% or 18% or another percent
(since these numbers are only non-limiting examples of
predetermined amounts relative to the baseline PEA).
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An extension of methods 500 and 600 is an embodiment
of the invention in which beyond determining total occlu-
sion, one also determines an acute myocardial infarction.
For example, if the determination being made is not just total
occlusion but also that the total occlusion persisted for a
predetermined amount of time, for example at least 30
minutes, or at least 40 minutes or at least 50 minutes or at
least 60 minutes (or another amount of time between 25 and
65 minutes) then it is determined that the patient suffered an
acute myocardial infarction caused by the total occlusion.
For example, method 500 and method 600 each have, in
certain embodiments, a further step of repeating, or dynami-
cally repeating, the sensing, calculating, comparing, deter-
mining of MCI or the sensing, comparing, determining of
the PEA, so as to determine acute myocardial infarction
from a determination that the decline in MCI or PEA
sufficient to trigger the determination of total occlusion
persisted for at least the predetermined amount of time, such
as 30 minutes or some other specified amount of time falling
between a range of 30 to 60 minutes. This further step, in
some embodiments comprises repeating the sensing, calcu-
lating, comparing and determining steps (i.e. steps 510, 520,
530 and 540) for method 500 or repeating the sensing,
comparing and determining steps (i.e. steps 610, 620 and
630) for method 600, for example 25 or 30 minutes later or
40 minutes later or 50 minutes later or 60 or 65 minutes later
(or another amount of time later between 25 and 65 minutes
later) so as to determine that at least a predetermined amount
of time has passed since the total occlusion (i.e. the total
occlusion has persisted for at least that predetermined
amount of time) and that therefore an acute myocardial
infarction has occurred, wherein the predetermined amount
of time falls within 25 to 65 minutes (for example at least 30
minutes or at least 60 minutes).

A still further embodiment of the invention shown in FIG.
8 is a method 700 of determining an amount of viable (or
salvageable) myocardium supplied by an artery of a mam-
malian subject after a heart attack of the mammalian subject.
Method 700 comprises a step 710 in some embodiments of
during a first sensing period after a heart attack but before
opening the artery, i.e. angioplasty, non-invasively sensing,
for example by a device positioned outside the subject,
mechanical vibrations that are from a mechanical contrac-
tion of at least one of the ventricles of the heart of the
mammalian subject, so as to simultaneously measure (a)
IVCT, wherein IVCT is for example a time duration of an
isovolumetric contraction portion of a systole phase of a
cardiac cycle of the subject; and (b) a peak endocardial
acceleration (PEA) of the heart of the subject during the
IVCT.

Method 700 has in some embodiments a step 720 of
calculating a first myocardial contractility index (MCI) of
the subject such that MCI comprises a ratio of the PEA of the
subject to the IVCT of the subject. In some embodiments
this ratio is MCI=k-PEA/IVCT, where k is a constant. In one
such embodiment, k=1 such that the ratio is MCI=PEA/
IVCT.

The step of calculating the MCI in some embodiments is
done dynamically such that as the PEA is being measured
one or more processors are dynamically calculating the
MCI. In other embodiments, the MCI is calculated only at
select junctures of method 500. The step of calculating is
done from digital signals derived from analog signals that
correspond to the sensed mechanical vibrations.

Method 700 has in some embodiments a step 730 of,
during a second sensing period, after a heart attack but
before opening the artery non-invasively sensing, for
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example by a device positioned outside the subject,
mechanical vibrations that are from a mechanical contrac-
tion of at least one of the ventricles of the heart of the
mammalian subject, so as to simultaneously measure (a)
IVCT, wherein IVCT is a time duration of an isovolumetric
contraction portion of a systole phase of a cardiac cycle of
the subject; and (b) a peak endocardial acceleration (PEA) of
the heart of the subject during the IVCT.

Method 700 has in some embodiments a step 740 of
calculating a second MCI of the subject, for example
directly or indirectly from signals corresponding to the
mechanical vibrations sensed during the second period.

Method 700 in some embodiments has a step 750 of
determining, for example by a processor, an amount by
which the second MCI exceeds the first MCI, said amount
being proportionate to a viable myocardium supplied by the
artery.

A further embodiment of the invention is a non-invasive
apparatus 400 configured to non-invasively determine an
amount of reperfusion of blood to a myocardium supplied by
an artery of a mammalian subject after a heart attack of the
mammalian subject. The apparatus 400 may comprise a
sensor unit 410 configured to non-invasively sense from
outside the subject mechanical vibrations that are from a
mechanical contraction of at least one of the ventricles of the
heart of the mammalian subject so as to simultaneously
measure (a) IVCT, wherein IVCT is a time duration of an
isovolumetric contraction portion of a systole phase of a
cardiac cycle of the subject; and (b) a peak endocardial
acceleration (PEA) of the heart of the subject during the
IVCT. The apparatus 400 may also include a determination
unit 444 comprising one or more processors 440 pro-
grammed by software stored on a memory. The determina-
tion unit 444 may be configured to receive digital signals
corresponding to the sensed mechanical vibrations, and to
determine the PEA during the IVCT. The determination unit
444 may include a perfusion module for determining, by one
or more processors 440, that execute program code 440A
(for example software 440A) stored on memory 440B, an
amount of reperfusion in the myocardium. The perfusion
module in one embodiment is part of the program code 440A
executed by the one or more processors 440 of the deter-
mination unit 444. The determination unit 444 may accom-
plish this by the one or more processors 440 comparing a
first PEA of the subject sensed by the sensor unit 410 after
a heart attack but before opening the artery to a second PEA
of the subject sensed by the sensor unit 410 at a subsequent
time after opening the artery. The amount of reperfusion is
expected to be proportionate to how much viable myocar-
dium (supplied by the artery) remains in the subject. The
determination unit 444 may be configured to determine a
degree of restoration of function of the subject’s heart
derived from the opening of the artery.

For example, one typically would not have a baseline
reference for PEA (or a baseline MCI, which is calculated
from PEA) for a patient who has suffered a heart attack.
Accordingly, in one embodiment, the effective baseline that
is used is the PEA level of the subject taken after the heart
attack but before the opening of the artery (for example
using angioplasty) which is referred to herein as “first PEA”.
In one non-limiting example, the first PEA taken is equal to
6,000 in units of acceleration units (for example dP/dtmax or
an equivalent number in units of G or milig) for a particular
subject. The second PEA taken later after the artery has been
opened, for example using angioplasty, is equal to 7,200 in
the same units of acceleration. According to this, in this case
one concludes that there has been 20% reperfusion. In some
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embodiments, one assumes that the population of subjects
that this subject fits into would normally have a PEA equal
to 20,000 in the same units of acceleration. Under this
assumption, reperfusion has been only partial. But the
determination of the amount of reperfusion in the myocar-
dium of the subject is very useful information for a number
of reasons. It helps determine the severity of the heart attack
(for example, mild, moderate, severe). It helps determine the
degree (especially a quantitative degree) of restoration of
function of the subject’s heart derived from the procedure,
i.e. angioplasty. It also may yield a measure, i.e. a quanti-
tative measure, of contractile reserve in the patient, which
has great importance regarding the future of the patient.

Since the pre-myocardial infarction PEA is typically
unknown, one always assumes a partial restoration of func-
tion since one never knows the exact pre-MI PEA. However,
if the second PEA is close enough to the normal values based
on the population of subjects that the subject fits into, one
assumes that it is a complete or near complete reperfusion
and a near or complete restoration of function. In contrast,
if the second PEA stayed well below normal values (as
defined by the population of subjects that the subject fits
into) one concludes that the reperfusion was a partial rep-
erfusion and the restoration of function was a partial resto-
ration of function.

The output unit 450, in one embodiment, may output a
percentage or other quantitative measure of reperfusion, or
in other embodiments a range or a category (by way of
non-limiting example, “partial”, “moderate”, “near com-
plete”, “complete”) of reperfusion in the myocardium. In
another embodiment, output unit 450 outputs raw data of the
first PEA and second PEA. In still another embodiment,
output unit 450 outputs a quantitative amount, a range a
degree or a category (i.e. partial, moderate, near complete,
complete) of restoration of function. In another embodiment,
the output unit 450 outputs an amount, a percentage, or other
quantitative measure, or a range or a category, of viable
myocardium. For example, output unit 450, in one embodi-
ment, outputs at least 20% increase of the second PEA over
the first PEA or at least 20% reperfusion, or at least another
percentage used as a metric of reperfusion. It is apparent that
medical practitioners will use output unit 450 to output
different useful outputs as needed and that such outputs
could for example include ratios of the second PEA to the
first PEA or other mathematical functions describing a
relationship between the second PEA to the first PEA or vice
versa.

The following applies to all embodiments based on rep-
erfusion. Since there is no real baseline for the subject after
a heart attack and the first PEA or the first MCI is used as
the effective baseline for measuring the amount of reperfu-
sion, then in some embodiments there is a predefined
mathematical relationship between the second PEA and the
first PEA (or between the second MCI and the first MCI) that
provides a metric for assessing that reperfusion has occurred
to a defined extent or to a satisfactory extent or that provides
a metric for assessing that thrombolysis has been effective.

As shown in Tables 1-10 and FIG. 14, the trial that
Applicant conducted on 27 subjects mimicked reperfusion.
Applicant measured the PEA at the beginning after 25
seconds of occlusion with a balloon and saw a decrease in
PEA compared to a baseline, which means ischemia. Then
Applicant opened the balloon creating reperfusion. Appli-
cant saw that PEA returned immediately to baseline values.
So one can use differentials in PEA to detect the amount of
the return of blood to the myocardium (reperfusion) and the
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return of function, even though the situation of a heart attack
is somewhat different, since the principle is the same.

A further embodiment shown in FIG. 9AA is a method
that parallels the apparatus 400 just described in regard to
determining an amount of re-perfusion. This embodiment is
a method 800AA of non-invasively determining an amount
of reperfusion in a myocardium supplied by an artery of a
mammalian subject after a heart attack of the mammalian
subject. Method 800AA may comprise a step 860 of, after a
heart attack but before opening the artery non-invasively
sensing by a device positioned outside the subject mechani-
cal vibrations that are from a mechanical contraction of at
least one of the ventricles of the heart of the mammalian
subject, so as to measure a first peak endocardial accelera-
tion (PEA) of the heart of the subject during an IVCT
wherein IVCT is a time duration of an isovolumetric con-
traction portion of a systole phase of a cardiac cycle of the
subject.

Method 800AA may also comprise as a step 870 of, after
opening the artery after the heart attack, non-invasively
sensing by a device positioned outside the subject mechani-
cal vibrations that are from a mechanical contraction of at
least one of the ventricles of the heart of the mammalian
subject, so as to measure a second peak endocardial accel-
eration (PEA) of the heart of the subject during an IVCT.

A further step 880 of method 800AA may be determining,
by one or more processors, an amount of reperfusion in the
myocardium by comparing an amount by which the second
PEA exceeds the first PEA. The determining may also
include applying a mathematical function such as a percent-
age or a ratio or applying a range or a category to describe
the amount of reperfusion. The method 800AA may also
include a step 890 of outputting an alert or an output or
conclusion of how much reperfusion occurred, how much
restoration of function occurred derived from the opening of
the artery, how much viable myocardium remains or any
combination thereof. Generally, the amount of reperfusion is
proportionate to the amount of viable myocardium that
exists in the subject.

The invention also includes embodiments that parallel the
apparatus 400 configured for determining an amount of
reperfusion and method 800AA in which MCI is calculated
from the PEA. For example, one embodiment of the inven-
tion is a non-invasive apparatus 300 configured to non-
invasively determine an amount of reperfusion of blood to a
myocardium supplied by an artery of a mammalian subject
after a heart attack of the mammalian subject, the apparatus
300 comprising: a sensor unit 310 configured to non-
invasively sense from outside the subject mechanical vibra-
tions that are from a mechanical contraction of at least one
of the ventricles of the heart of the mammalian subject so as
to simultaneously measure (a) IVCT, wherein IVCT is a time
duration of an isovolumetric contraction portion of a systole
phase of a cardiac cycle of the subject; and (b) a peak
endocardial acceleration (PEA) of the heart of the subject
during the IVCT. Apparatus 300 may also include a deter-
mination unit 344 comprising one or more processors 340
programmed by software 340A stored on a memory 340B.

The determination unit 344 may be configured to receive
digital signals corresponding to the sensed mechanical
vibrations, and to determine the PEA during the IVCT, the
one or more processors configured to also calculate a first
myocardial contractility index (MCI) of the subject such that
MCI comprises a ratio of the PEA of the subject to the IVCT
of the subject, the determination unit 344 may include a
perfusion module for determining, by the one or more
processors 340 programmed by program code 440A (for
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example software 440A), an amount of reperfusion in the
myocardium by comparing a first MCI of the subject sensed
by the sensor unit after a heart attack but before opening the
artery to a second MCI of the subject sensed by the sensor
unit at a subsequent time after opening the artery. The
perfusion module in one embodiment is part of the program
code 340A executed by the one or more processors 340 of
the determination unit 344.

The various types of outputs produced by an output unit
350 that may be included in apparatus 300 (for providing
outputs relating to the amount of reperfusion), have already
been described in connection with the output unit 450 of
apparatus 400 (for providing outputs relating to the amount
of reperfusion). The amount of reperfusion is in one embodi-
ment considered proportionate to the amount of viable
myocardium supplied by the artery. Determination unit 344
may be configured to determine a degree of restoration of
function of the subject’s heart derived from the opening of
the artery.

One embodiment of the invention is a method 700AA (as
shown in FIG. 8AA) of non-invasively determining an
amount of reperfusion in a myocardium supplied by an
artery of a mammalian subject after a heart attack of the
mammalian subject. This method 700AA tracks method
800AA except that MCI is calculated from PEA. For
example, method 700AA has a step 760 of, after a heart
attack but before opening the artery non-invasively sensing
by a device positioned outside the subject mechanical vibra-
tions that are from a mechanical contraction of at least one
of the ventricles of the heart of the mammalian subject, so
as to simultaneously measure a first IVCT, wherein IVCT is
a time duration of an isovolumetric contraction portion of a
systole phase of a cardiac cycle of the subject, and a first
peak endocardial acceleration (PEA) of the heart of the
subject during the first IVCT. A further step 770 of method
700AA is calculating, by one or more processors, a first
myocardial contractility index (MCI) of the subject, wherein
the first MCI comprises a ratio of the first PEA of the subject
to the first IVCT of the subject.

Method 700AA has another step 780 of, after opening the
artery after the heart attack, non-invasively sensing by a
device positioned outside the subject mechanical vibrations
that are from a mechanical contraction of at least one of the
ventricles of the heart of the mammalian subject, so as to
simultaneously measure a second [VCT and a second peak
endocardial acceleration (PEA) of the heart of the subject
during the second IVCT.

A further step 790 of method 700A A is calculating, by one
or more processors, a second myocardial contractility index
(MCI) of the subject wherein the second MCI comprises a
ratio of the second PEA of the subject to the second IVCT
of the subject; and determining, by one or more processors,
an amount of reperfusion in the myocardium, by comparing
an amount by which the second MCI exceeds the first MCI.
It is understood that the amount of reperfusion is propor-
tionate to a viable myocardium supplied by the artery.
Method 700AA may include a step 795 of determining, by
the one or more processors, a degree of restoration of
function of the subject’s heart derived from the opening of
the artery. Optionally, there is a step 797 of outputting

In a further embodiment shown in FI1G. 9, the invention is
a method 800 of determining an amount of viable or
salvageable myocardium supplied by an artery of a mam-
malian subject after a heart attack of the mammalian subject.
Method 800 comprises in some embodiments a step 810 of
during a first sensing period after a heart attack but before
opening the artery non-invasively sensing, for example by a
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device positioned outside the subject, mechanical vibrations
that are from a mechanical contraction of at least one of the
ventricles of the heart of the mammalian subject, so as to
measure a first peak endocardial acceleration (PEA) of the
heart of the subject during an IVCT wherein IVCT is a time
duration of an isovolumetric contraction portion of a systole
phase of a cardiac cycle of the subject.

Method 800 in some embodiments has a further step 820
of, during a second sensing period after opening the artery
after the heart attack, non-invasively sensing, for example
by a device positioned outside the subject, mechanical
vibrations that are from a mechanical contraction of at least
one of the ventricles of the heart of the mammalian subject,
so as to measure a second peak endocardial acceleration
(PEA) of the heart of the subject during an IVCT. Method
800 has a step 830 in some embodiments of determining, by
a processor, an amount by which the second PEA exceeds
the first PEA, said amount being proportionate to a viable
myocardium supplied by the artery.

Apparatus 400, in a further embodiment, is configured to
assess an effectiveness of thrombolysis from an amount of
reperfusion of blood. In this embodiment, a non-invasive
apparatus 400 configured to non-invasively assess an effec-
tiveness of thrombolysis on a clot in an artery of a mam-
malian subject after a heart attack of the mammalian subject
by determining an amount of reperfusion in the artery,
comprises a sensor unit 410 configured to non-invasively
sense from outside the subject mechanical vibrations that are
from a mechanical contraction of at least one of the ven-
tricles of the heart of the mammalian subject so as to
simultaneously measure (a) IVCT, wherein IVCT is a time
duration of an isovolumetric contraction portion of a systole
phase of a cardiac cycle of the subject; and (b) a peak
endocardial acceleration (PEA) of the heart of the subject
during the IVCT. Apparatus 400 also comprises a determi-
nation unit 444 comprising one or more processors 440
programmed by software 440A stored on a memory 440B.
Determination unit 444 may be configured to receive digital
signals corresponding to the sensed mechanical vibrations,
and to determine the PEA during the IVCT. Determination
unit 444 may include a perfusion module, which may be part
of program code 440A, for determining, by one or more
processors, an amount of reperfusion in the artery by com-
paring a first PEA of the subject sensed by the sensor unit
after a heart attack but before the thrombolysis to a second
PEA of the subject sensed by the sensor unit after the
thrombolysis. Apparatus 400 may include an output unit 450
that outputs an alert or a quantitative (or other) assessment
of the effectiveness of the thrombolysis in any form, includ-
ing a difference between the first PEA and the second PEA
in absolute amount or percentage or a ratio or other function,
as well as any category or range describing the effectiveness
(mildly effective moderately effective, very effectiveness,
almost completely effective, completely effective, effective
to the following numerical amount etc.). The output may
include for example that the PEA has increased by at least
20% or by at least some other pre-determined metric of
effectiveness, or metric or a degree of effectiveness. Since
the effectiveness of the thrombolysis is based on or propor-
tionate to the amount of reperfusion in the artery after the
thrombolysis as compared to before the thrombolysis, the
output may also be in the form of an amount or percentage
or other ratio of description of the reperfusion as described
above in regard to other reperfusion embodiments. The
amount of reperfusion determines the assessment of the
effectiveness of the thrombolysis. The determination unit
444 may be configured to determine a degree of restoration
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of function of the subject’s heart derived from the throm-
bolysis in any of the above forms (an absolute amount, a
percentage at least such and such percentage, at least 20%,
or a grade or range or a category of effectiveness (modet-
ately, partially, almost completely, completely effective,
etc.).

As shown in FIG. 10AA, there is a method 900AA that
parallels the just described apparatus 400. Method 900AA is
a method of non-invasively assessing an effectiveness of
thrombolysis on a clot in an artery of a mammalian subject
after a heart attack of the mammalian subject by determining
an amount of reperfusion in the artery. Method may com-
prise a step 960 of, after a heart attack but before throm-
bolysis, non-invasively sensing by a device positioned out-
side the subject mechanical vibrations that are from a
mechanical contraction of at least one of the ventricles of the
heart of the mammalian subject, so as to measure a first peak
endocardial acceleration (PEA) of the heart of the subject
during an IVCT wherein IVCT is a time duration of an
isovolumetric contraction portion of a systole phase of a
cardiac cycle of the subject.

A further step 970 of method 900AA is, after the throm-
bolysis to dissolve the clot, non-invasively sensing by a
device positioned outside the subject mechanical vibrations
that are from a mechanical contraction of at least one of the
ventricles of the heart of the mammalian subject, so as to
measure a second peak endocardial acceleration (PEA) of
the heart of the subject during an IVCT.

Method 900AA may also comprise a step 980 of deter-
mining, by one or more processors, an amount of reperfu-
sion in the artery by comparing an amount by which the
second PEA exceeds the first PEA. Method 900AA may also
have a step 990 of outputting, using an output unit 350, an
alert or a quantitative (or other) assessment of the effective-
ness of the thrombolysis in any form, including a difference
between the first PEA and the second PEA in absolute
amount or percentage or a ratio or other function, as well as
any category or range describing the effectiveness (mildly
effective moderately effective, very effectiveness, almost
completely effective, completely effective, effective to the
following numerical amount etc.). Since the effectiveness of
the thrombolysis is based on or proportionate to the amount
of reperfusion in the artery after the thrombolysis as com-
pared to before the thrombolysis, the output may be in the
form of an amount or percentage or other ratio of description
of the reperfusion as described above in regard to other
reperfusion embodiments. Method 900AA may also include
a step of determining, by the one or more processors, a
degree of restoration function of the subject’s heart derived
from the thrombolysis.

The following embodiment is of the apparatus 300 used
for assessing the effectiveness of thrombolysis based on the
amount of reperfusion but with the calculation of MCI. This
tracks the description and details of the embodiment of
apparatus 400 used for assessing the effectiveness of throm-
bolysis based on the amount of reperfusion as described
above based on PEA (without MCI). To summarize, the
embodiment is a non-invasive apparatus 300 configured to
non-invasively assess an effectiveness of thrombolysis on a
clotin an artery of a mammalian subject after a heart attack
of the mammalian subject by determining an amount of
reperfusion in the artery. The apparatus 300 may comprise a
sensor unit 310 configured to non-invasively sense from
outside the subject mechanical vibrations that are from a
mechanical contraction of at least one of the ventricles of the
heart of the mammalian subject so as to simultaneously
measure (a) IVCT, wherein IVCT is a time duration of an
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isovolumetric contraction portion of a systole phase of a
cardiac cycle of the subject; and (b) a peak endocardial
acceleration (PEA) of the heart of the subject during the
IVCT.

Apparatus 300 may comprise a determination unit 344
comprising one or more processors 340 programmed by
software 340A stored on a memory 340B, the determination
unit 344 configured to receive digital signals corresponding
to the sensed mechanical vibrations, and to determine the
PEA during the IVCT, the one or more processors 340
configured to also calculate a first myocardial contractility
index (MCI) of the subject such that MCI comprises a ratio
of the PEA of the subject to the IVCT of the subject.

Determination unit 344 may include a perfusion module
(which may be part of the software or program code 340A)
for determining, by the one or more processors 340, an
amount of reperfusion in the artery by comparing a first MCI
of the subject sensed by the sensor unit after a heart attack
but before the thrombolysis to a second MCI of the subject
sensed by the sensor unit after the thrombolysis. The output
unit 350 outputs, an alert or a quantitative (or other) assess-
ment of the effectiveness of the thrombolysis in any form,
including a difference between the first PEA and the second
PEA in absolute amount or percentage or a ratio or other
function, as well as any category or range describing the
effectiveness (mildly effective moderately effective, very
effectiveness, almost completely effective, completely effec-
tive, effective to the following numerical amount etc.). Since
the effectiveness of the thrombolysis is based on or propor-
tionate to the amount of reperfusion in the artery after the
thrombolysis as compared to before the thrombolysis, the
output may be in the form of an amount or percentage or
other ratio of description of the reperfusion as described
above in regard to other reperfusion embodiments. The
output may also include a degree of restoration function of
the subject’s heart derived from the thrombolysis since the
assessment of the effectiveness of the thrombolysis may be
based on the amount of reperfusion.

The parallel method embodiment for assessing the effec-
tiveness of thrombolysis based on the amount of reperfusion
using the calculation of MCI is a method 1000A A (as shown
in FIG. 11AA) of non-invasively assessing an effectiveness
of thrombolysis on a clot, in an artery of a mammalian
subject after a heart attack of the mammalian subject by
determining an amount of reperfusion in the artery. The
method 1000AA may comprise a step 1060 of, after a heart
attack but before thrombolysis, non-invasively sensing by a
device positioned outside the subject mechanical vibrations
that are from a mechanical contraction of at least one of the
ventricles of the heart of the mammalian subject, so as to
simultaneously measure a first [IVCT, wherein IVCT is a
time duration of an isovolumetric contraction portion of a
systole phase of a cardiac cycle of the subject, and a first
peak endocardial acceleration (PEA) of the heart of the
subject during the first IVCT. The method 1000AA may also
comprise a step 1070 of calculating, by one or more pro-
cessors, a first myocardial contractility index (MCI) of the
subject, wherein the first MCI comprises a ratio of the first
PEA of the subject to the first IVCT of the subject.

A further step 1080 of method 1000AA is, after the
thrombolysis to dissolve the clot, non-invasively sensing by
a device positioned outside the subject mechanical vibra-
tions that are from a mechanical contraction of at least one
of the ventricles of the heart of the mammalian subject, so
as to simultaneously measure a second IVCT and a second
peak endocardial acceleration (PEA) of the heart of the
subject during the second IVCT;
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A still further step 1090 may comprise calculating, by one
or more processors, a second myocardial contractility index
(MCT) of the subject wherein the second MCI comprises a
ratio of the second. PEA of the subject to the second IVCT
of the subject;

Method 1000AA may also include a step 1095 of detet-
mining, by one or more processors, an amount of reperfu-
sion in the artery by comparing an amount by which the
second MCI exceeds the first MCL

Method 1000AA may also have a step 1097 of outputting,
using an output unit 450, an alert or a quantitative (or other)
assessment of the effectiveness of the thrombolysis in any
form, including a difference between the first MCT and the
second MCI in absolute amount or percentage or a ratio or
other function, as well as any category or range describing
the effectiveness (mildly effective moderately effective, very
effectiveness, almost completely effective, completely effec-
tive, effective to the following numerical amount etc.). Since
the effectiveness of the thrombolysis is based on or propor-
tionate to the amount of reperfusion in the artery after the
thrombolysis as compared to before the thrombolysis, the
output may be in the form of an amount or percentage or
other ratio of description of the reperfusion as described
above in regard to other reperfusion embodiments. Method
1000AA may also include a step of determining, by the one
or more processors, a degree of restoration function of the
subject’s heart derived from the thrombolysis.

As shown in FIG. 10, the invention, in one further
embodiment, is a method 900 of determining an effective-
ness of thrombolysis on a clot in an artery of a mammalian
subject after a heart attack of the mammalian subject.
Method 900 in some embodiments has a step 910 of during
a first sensing period after a heart attack but before throm-
bolysis non-invasively sensing, for example by a device
positioned outside the subject, mechanical vibrations that
are from a mechanical contraction of at least one of the
ventricles of the heart of the mammalian subject, so as to
measure a first peak endocardial acceleration (PEA) of the
heart of the subject during an IVCT wherein IVCT is a time
duration of an isovolumetric contraction portion of a systole
phase of a cardiac cycle of the subject.

Method 900 has a step 920 in some embodiments of,
during a second sensing period after thrombolysis has been
administered to dissolve the clot, non-invasively sensing
mechanical vibrations that are from a mechanical contrac-
tion of at least one of the ventricles of the heart of the
mammalian subject, so as to measure a second peak endo-
cardial acceleration (PEA) of the heart of the subject during
an IVCT. Method 900 has in some embodiments a step 930
of determining, by a processor, an amount by which the
second PEA exceeds the first PEA, said amount determining
the effectiveness of the thrombolysis. Note that method 900
does not include the administration of the thrombolysis as a
step of the method. In some embodiments of method 900,
the method includes a further step of determining, by a
processor, that the second PEA exceeded the first PEA by at
least two-tenths (or by at least a certain fraction wherein the
certain fraction is within the range between one-tenth and
three-tenths) so as to determine whether the thrombolysis
has been effective (or in other embodiment determine how
effective the thrombolysis has been).

As shown in FIG. 11, in a further embodiment, the
invention is a method 1000 of determining an effectiveness
of thrombolysis on a clot in an artery of a mammalian
subject after a heart attack of the mammalian subject.
Method 1000 has in some embodiments a step 1010 of
during a first sensing period after a heart attack but before
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thrombolysis non-invasively sensing, for example by a
device positioned outside the subject, mechanical vibrations
that are from a mechanical contraction of at least one of the
ventricles of the heart of the mammalian subject, so as to
simultaneously measure (a) IVCT, wherein IVCT is a time
duration of an isovolumetric contraction portion of a systole
phase of a cardiac cycle of the subject; and (b) a peak
endocardial acceleration (PEA) of the heart of the subject
during the IVCT.

Method 1000 has a step 1020 in certain embodiments of
calculating, by one or more processors, a first myocardial
contractility index (MCI) of the subject, such that MCI
comprises a ratio of the PEA of the subject to the IVCT of
the subject. In some examples this ratio is MCI=k-PEA/
IVCT, where k is a constant. In one such embodiment, k=1,
such that the ratio is MCI=PEA/IVCT.

In some embodiments, the calculation in step 120 is
derived from signals corresponding to the mechanical vibra-
tions sensed during the first sensing period.

Method 1000 in some embodiments has a step 1030 of
during a second sensing period after the thrombolysis non-
invasively sensing, for example by a device positioned
outside the subject, mechanical vibrations that are from a
mechanical contraction of at least one of the ventricles of the
heart of the mammalian subject, so as to simultaneously
measure (a) a post-thrombolysis IVCT, wherein IVCT is a
time duration of an isovolumetric contraction portion of a
systole phase of a cardiac cycle of the subject; and (b) a peak
endocardial acceleration (PEA) of the heart of the subject
during the post-thrombolysis IVCT.

Method 1000 has a step 1040 in some embodiments of
calculating, by the one or more processors, a second MCI of
the subject for example from signals corresponding to the
mechanical vibrations sensed during the second period.
Method 1000 has a further step 1050 in some embodiments
of determining, by the one or more processors, an amount by
which the second PEA exceeds the first PEA, said amount
deter mining whether the thrombolysis has been effective (or
in other embodiments determine how effective the throm-
bolysis has been). In some embodiments, method 1000 also
has a step of determining that the second MCI exceeded the
first MCI by at least two-tenths (or by at least a certain
fraction, wherein the certain fraction is in a range between
one tenth and three-tenths, for example 15% or 17% or 22%
or 25%) so as to determine the effectiveness of the throm-
bolysis.

A “processor” as used herein means a digital processor. In
any embodiment of the invention, PEA can be measured
and/or outputted in any suitable units of acceleration utilized
by those skilled in the art, not just dP/dtmax, for example G
or milig.

In this patent application, the phrase “a ratio of the PEA
of the subject to the IVCT of the subject” or the “ratio of the
PEA to the IVCT” of a subject or equivalent phrases are
broad enough to include, at least in some embodiments, a
linear or non-linear function of PEA as a substitute for PEA
in the ratio and/or a linear or non-linear function of IVCT as
a substitute for IVCT in the ratio. The following deviations
from a simple ratio of PEA/IVCT are non-limiting, purely
illustrative, examples that shall also be considered a ratio of
the PEA to the IVCT of the subject: PEA/(IVCT plus c¢),
where ¢ is a constant; or (PEA+e)/IVCT, where ¢ is a
constant; or 2-PEA/IVCT; or PEA/(0.7-IVCT); or (2-PEA+
e)/(0.7IVCT-2¢); or PEAY/IVCT®4c) where ¢ is a
constant.

While the invention has been described with respect to a
limited number of embodiments, it will be appreciated that
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many variations, modifications and other applications of the
invention may be made. Therefore, the claimed invention as
recited in the claims that follow is not limited to the
embodiments described herein.

What is claimed is:

1. A non-invasive apparatus configured to non-invasively
determine an amount of reperfusion of blood to a myocar-
dium supplied by an artery of a mammalian subject after a
heart attack of the mammalian subject, the apparatus com-
prising:

a sensor unit configured to non-invasively sense from

outside the subject mechanical vibrations that are from
a mechanical contraction of at least one of the ven-
tricles of the heart of the mammalian subject so as to
simultaneously measure

(a) IVCT, wherein IVCT is a time duration of an isovolu-

metric contraction portion of a systole phase of a
cardiac cycle of the subject; and

(b) a peak endocardial acceleration (PEA) of the heart of

the subject during the IVCT; and

a determination unit comprising one or more processors

programmed by software stored on a memory, the
determination unit configured to receive digital signals
corresponding to the sensed mechanical vibrations, and
to determine the PEA during the IVCT,

the determination unit including a perfusion module for

determining, by the one or more processors and the
software, an amount of reperfusion in the myocardium
by comparing a first PEA of the subject sensed by the
sensor unit after a heart attack but before opening the
artery to a second PEA of the subject sensed by the
sensor unit at a subsequent time after opening the
artery,

the software also programmed to determine from the

amount by which the second PEA exceeds the first
PEA, whether a myocardium that was at risk from the
heart attack was salvaged, said amount of reperfusion
being proportionate to an amount of the myocardium
that was salvaged.

2. The apparatus of claim 1, wherein the determination
unit is configured to determine a degree of restoration of
function of the subject’s heart derived from the opening of
the artery.
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3. A non-invasive apparatus configured to non-invasively
determine an amount of reperfusion of blood to a myocar-
dium supplied by an artery of a mammalian subject after a
heart attack of the mammalian subject, the apparatus com-
prising:

a sensor unit configured to non-invasively sense from

outside the subject mechanical vibrations that are from
a mechanical contraction of at least one of the ven-
tricles of the heart of the mammalian subject so as to
simultaneously measure

(a) IVCT, wherein IVCT is a time duration of an isovolu-

metric contraction portion of a systole phase of a
cardiac cycle of the subject; and

(b) a peak endocardial acceleration (PEA) of the heart of

the subject during the IVCT; and
a determination unit comprising one or more processors
programmed by software stored on a memory, the
determination unit configured to receive digital signals
corresponding to the sensed mechanical vibrations, and
to determine the PEA during the IVCT, the one or more
processors configured to also calculate a first myocar-
dial contractility index (MCI) of the subject such that
MCI comprises a ratio of the PEA of the subject to the
IVCT of the subject;

the determination unit including a perfusion module for
determining, by the one or more processors, an amount
of reperfusion in the myocardium by comparing a first
MCT of the subject sensed by the sensor unit after a
heart attack but before opening the artery to a second
MCI of the subject sensed by the sensor unit at a
subsequent time after opening the artery,

the software also programmed to determine from the

amount by which the second MCI exceeds the first
MCI, whether a myocardium that was at risk from the
heart attack was salvaged, said amount of reperfusion
being proportionate to an amount of the myocardium
that was salvaged.

4. The apparatus of claim 3, wherein the determination
unit is configured to determine a degree of restoration of
function of the subject’s heart derived from the opening of
the artery.
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