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(57) ABSTRACT 

The present invention provides systems and methods for 
monitoring a heart. According to one embodiment, the system 
includes an implantable registering unit for registering an 
electrical signal from the heart. The system includes a local 
data unit in operable communication with registering unit. 
The local data unit may be placed in communication with a 
computer, which may be at a location remote from the local 
data unit. The computer is adapted to receive the data from the 
local data unit corresponding to the registered electrical sig 
nal and to compare the registered electrical signal to a refer 
ence electrical signal to determine whether the heart is func 
tioning properly. 
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SYSTEMAND METHOD FOR HEART 
MONITORING 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

0001. This application is a Continuation-In-Part of U.S. 
patent application Ser. No. 1 1/072,463, filed Mar. 7, 2005. 

BACKGROUND OF THE INVENTION 

0002 The present invention relates generally to medical 
apparatus and methods for monitoring and evaluating cardiac 
function and, more particularly, to non-invasive apparatus 
and methods for monitoring and evaluating the cardiac func 
tion of heart transplant and congestive heart failure patients, 
detecting heart failure in Such patients and providing an 
appropriate warning to the patient and/or physician in the 
event of actual oranticipated heart failure, and/or administer 
ing therapeutic drugs to the patient to treat the patient's con 
dition. 

0003 Cardiovascular disease if the leading cause of death 
for both men and women in the U.S. today and claims more 
lives each year than the next five leading causes of death 
combined. 

0004. In the United States, nearly 5 million patients have 
been diagnosed with heart failure. Each year more than 500, 
000 new cases are recognized. This represents, by far the 
fastest growing area of cardiology. As many as 20% of these 
patients qualify for an implanted device, either an implant 
able pacemaker or implantable cardiac defibrillator (“ICD') 
or a biventricular pacemaker/ICD, and a fortunate percent of 
those severely symptomatic individuals will go on to cardiac 
transplant. 

0005 The primary diagnoses associated with heart trans 
plantation are coronary artery disease (45%) and cardiomy 
opathy (45%), with congenital heart disease accounting for 
8% and approximately 3% for retransplantation. 

0006 Each year approximately 2,500 cardiac transplants 
are performed in the United States and this number 
approaches 5,000 worldwide. One-year survival is approxi 
mately 85% in experienced transplant centers, with a five 
year Survival rate approaching approximately 70%. The most 
common cause of death is infection, followed by acute rejec 
tion. Although technology exists to treat bradycardia and 
tachycardia, i.e., pacemakers and defibrillators, respectively, 
the currently available apparatus and methods for monitoring 
a transplanted heart or for assisting in congestive heart failure 
assessment are quite limited and, for the most part, require the 
patient to undergo extensive invasive procedures or repetitive 
visits to a hospital or other medical facility which can be 
expensive. 

0007 Known methods for monitoring patients who 
receive a heart transplant generally involve an invasive pro 
cedure called endomyocardial biopsy (“EMB). EMB proce 
dures typically require an invasive biopsy of the transplanted 
heart in which the patient is taken to a catheterization labo 
ratory and a large blood vessel (usually in the neck) is can 
nulated allowing a biopsy catheter to be advanced into the 
right side of the heart. Several small pieces or bites of the 
myocardium are sampled during the EMB, which are then 
sent for pathological evaluation. Similar invasive procedures 
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are required of patients Suffering from congestive heart fail 
ure, including catheterization to evaluate pressures inside the 
heart. 

0008. As discussed above, the rejection of a transplanted 
heart by the patient's body is one of the leading causes of 
death during the first year following the transplant. In order to 
detect early rejection of a transplanted heart, multiple EMBs 
are performed at regular, predetermined intervals. The typical 
patient undergoes up to twenty (20) EMBs during the first 
year. After the first year, even patients who have not experi 
enced a rejection episode continue to require periodic EMBs 
to insure normal function of the transplanted heart. Although 
EMBs detect rejection and allow treatment in order to prevent 
death of the transplant patient, EMBs themselves result in a 
Substantial risk of bleeding, infection, cardiac perforation, 
and other morbidities including death. In addition, this cath 
eterization procedure is not only costly, but also painful and 
inconvenient for the patient. 
0009 Medical practitioners have attempted to reduce the 
risks associated with EMBs by exploring alternative methods 
for predicting transplant rejection and/or complications from 
congestive heart failure. For example, during the last decade 
investigators in Europe focused on intramyocardial electro 
grams and immune system markers that had the potential for 
predicting ischemia as well as acute transplant rejection. In 
studies on canines evaluating data from four myocardial sites, 
it was found that analysis of the mean intramyocardial uni 
polar peak-to-peak R-wave amplitude had a sensitivity (i.e., 
an ability to identify rejection) and a specificity (i.e., percent 
age of false positives) Sufficient for diagnosing most trans 
plant rejection. It also was discovered that, as the number of 
myocardial leads increases (i.e., the number of myocardial 
sites monitored increases), the sensitivity of detecting trans 
plant rejection also increased. Preliminary Studies on humans 
were able to show a correlation between acute rejection epi 
sodes and the mean amplitude of the R-wave of the QRS 
complex. 

0010. Over the past fifteen years, more than one thousand 
prototype unipolar, peak-to-peak rejection monitors 
(“UPPRMs) have been implanted in both adults and chil 
dren. UPPRMs require two or more electrodes attached to the 
patient's heart that are structured to register QRS voltage. The 
amplitude measurement of the intramyocardial electrogram 
(“IMEG') was used to predict rejection. 

0011 Another method of conventional rejection monitor 
ing is disclosed in U.S. Pat. No. 5,246,008 to Mueller, which 
is incorporated herein. As disclosed in Mueller, the rejection 
monitor (“RM) or telemetry measuring unit preferably is 
connected to the patient's heart using two pairs of current and 
measuring electrodes in which each current electrode is annu 
larly surrounded by a measuring electrode. This RM includes 
a miniaturized, battery-operated electronic measuring circuit 
for impedance measurement. The RM also has a transmitter 
receiver circuit for electromagnetic waves with a carrier fre 
quency of one coil being able to function as the antenna. An 
AC voltage is applied in a square-wave pulse to the tissue via 
the current electrodes. The impedance of the body tissue is 
then measured via the measuring electrodes. The receiver coil 
of a telemetry control unit can be disposed on the body of the 
patient over the RM, preferably during the night rest periods. 
The control unit transmits an ON signal via the receiver coil 
to the RM via the antenna. The RM then begins applying AC 
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Voltage in a square-wave pulse utilizing the current electrodes 
and measuring the impedance via the measuring electrodes. 
The RM transmits the measured values for a predetermined 
measuring duration via the induction coupling formed by the 
antenna and receiver coil to the control unit. The measured 
values are stored by the control unit, such as on a computer, 
and values can be called in by a clinic using a modem via a 
telephone line. 

0012. As disclosed in Mueller, the impedance consists 
Substantially of the ohmic resistance and a capacitive reac 
tance. The ohmic resistance depends Substantially on the 
extracellular space of the tissue, whereas the capacitive reac 
tance depends Substantially on the properties of the cell mem 
brane. As a result of ischemia of the tissue during a rejection 
reaction, intracellular edema with simultaneous shrinkage of 
the extracellular space occurs, which results in changes to the 
ohmic resistance and capacitive reactance of the tissue. The 
change of the pulse form of the ac Voltage is a measure of the 
impedance. If a square-pulse Voltage is used as the ac Voltage, 
the change of the pulse height corresponds to the ohmic 
resistance, whereas the change in the steepness of the leading 
edges of the square-wave pulses is a measure of the capacitive 
reactance. 

0013 Results have suggested several advantages of these 
alternative methods over current methods of transplant rejec 
tion assessment such as EMBs. In particular, UPPRMs 
enabled reliable recognition of transplant rejection episodes 
at an early stage, thus allowing prompt treatment to reverse 
rejection and to block further development to more severe 
stages. Because advanced stages of transplant rejection were 
not encountered, the amount of additional immuno-Suppres 
sion necessary to terminate rejection was moderate thereby 
reducing the treatment costs. Compared to an eighty-five 
percent (85%) survival rate for one-year post transplant when 
EMBs are used to assess transplant rejection, there were no 
deaths from acute transplant rejection when UPPRMs was 
used to assess rejection, provided the patient adhered strictly 
to short-interval, and preferably daily, IMEG recording. 
Biopsy findings showed the IMEGs to have one hundred 
percent (100%) sensitivity and ninety-seven percent (97%) 
specificity in detecting transplant rejection and there were 3% 
false negatives. In those few cases when the UPPRMs indi 
cated transplant rejection with negative biopsy results (reason 
for less than one hundred percent (100%) specificity), all of 
these patients went on to have transplant rejection within 
twenty-four (24) to forty-eight (48) hours. 

0014) However, simple IMEG amplitude measurement is 
subject to variation due to the patient's daily rhythm, exercise 
status, and medications. A drop in amplitude may not always 
correlate to a rejection reaction. Moreover, because conven 
tional UPPRMs provide at best only periodic monitoring (i.e., 
only while the patient is sleeping) the IMEG data registered 
by the UPPRMs does not provide the best data for determin 
ing a rejection reaction. 

SUMMARY OF THE INVENTION 

0.015 These and other shortcomings are addressed by the 
present invention, which according to one embodiment pro 
vides a method of monitoring a transplanted heart including 
the steps of: (a) during a first data collection session occurring 
at a reference time, registering an electrical signal from a 
patient's heart, the electrical signal configured as a first series 
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of waveforms; (b) generating from the first series of wave 
forms, a reference waveform representative of the average 
characteristics of the waveforms collected during the first 
data collection session; (c) during a Subsequent data session 
occurring at a time Subsequent to the reference time, register 
ing an electrical signal from a patient's heart, the electrical 
signal configured as a second series of waveforms; (d) gen 
erating from the second series of waveforms, a registered 
waveform representative of the average characteristics of the 
waveforms collected during the second data collection ses 
sion; and (e) comparing the registered waveform to the ref 
erence waveform to determine whether the heart is function 
ing properly. 

0016. According to another aspect of the invention, a 
method of monitoring a transplanted heart includes the steps 
of: (a) during a data collection session, registering an electri 
cal signal from a patient's heart, the electrical signal config 
ured as a series of waveforms; (b) evaluating whether each of 
the waveforms is usable according to a predetermined stan 
dard; (c) discarding waveforms which are not usable; (d) 
storing the remaining waveforms in a database for evaluation; 
and (e) comparing the stored waveforms to a reference wave 
form to determine whether the heart is functioning properly. 
0017 According to another aspect of the invention, a 
method of processing data for monitoring a patient's heart 
includes the steps of: (a) during a data collection session, 
registering an electrical signal from a patient's heart, the 
electrical signal configured as a series of waveforms, wherein 
each of said waveforms represents a QRS complex of a myo 
cardial electrogram including at least one upslope element 
extending to a peak; (b) establishing a minimum slope value; 
(c) comparing the actual slope value of each portion of the 
waveform to the minimum slope value; and (c) designating 
any point within the waveform in which the actual slope value 
is less than the minimum slope value to be a peak. 
0018. According to another aspect of the invention, a sys 
tem for monitoring a patient's heart includes: (a) a registering 
unit structured to be implanted into the patient’s body, the 
registering unit adapted to be connected in electrical commu 
nication with the patient's heart and to register an electrical 
signal from the patient's heart; and (b) a local data unit in 
operable communication with the registering unit and 
adapted to receive data corresponding to the registered elec 
trical signal, the local data unit adapted to transmit data over 
a remote communications link to a computer. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0019. The invention may be best understood by reference 
to the following description taken in conjunction with the 
accompanying drawing figures in which: 
0020 FIG. 1 is a diagram illustrating a system for moni 
toring a patient's heart, according to one aspect of the present 
invention; 
0021 FIG. 2 is a block diagram illustrating a registering 
unit, according to one embodiment of the present invention; 
0022 FIG. 3 is a block diagram showing a portion of the 
monitoring system of FIG. 1; 
0023 FIG. 4 is a diagram showing a digitized electrogram 
or waveform, according to one aspect of the present inven 
tion; 
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0024 FIG. 5 is a diagram graphically illustrating a com 
parison of a first waveform, which corresponds to a registered 
electrical signal from a patient's heart, to a second waveform, 
which corresponds to a reference electrical signal from the 
patient's heart, according to one aspect of the present inven 
tion; 
0.025 FIG. 6 is a diagram graphically illustrating a com 
parison of a first waveform, which corresponds to a registered 
electrical signal from a patient's heart, to a second waveform, 
which corresponds to a reference electrical signal from the 
patient's heart, according to one aspect of the present inven 
tion; 
0026 FIG. 7 is a diagram illustrating the measurement of 
the total area under the peaks of an electrogram; 
0027 FIG. 8 is a diagram illustrating the measurement of 
the area under the major peak of an electrogram; 
0028 FIG. 9 is a diagram illustrating the measurement of 
the total area under the minor peaks of an electrogram; 
0029 FIG.10 is a diagram illustrating the measurement of 
the peak-to-peak amplitude of an electrogram; 
0030 FIG.11 is a diagram illustrating the measurement of 
the baseline-to-peak amplitude of an electrogram; 
0031 FIG. 12 is a diagram illustrating the measurement of 
the total duration of an electrogram; 
0032 FIG. 13 is a diagram illustrating the measurement of 
the slope of the leading edge of the R-wave of an electrogram; 
0033 FIG. 14 is a diagram illustrating the measurement of 
the slope of the major-peak-to-nadir downslope of the 
R-wave of an electrogram; 
0034 FIG.15 is a diagram illustrating the measurement of 
the interval between R-wave peaks of successive electro 
grams; 

0035 FIG. 16 is a diagram illustrating an exemplary elec 
trogram with a hysteresis band applied thereto; 
0.036 FIG. 17 is a block diagram showing a data process 
ing flow in accordance with an aspect of the present invention; 
and 

0037 FIG. 18 is a table depicting a scale of rejection. 

DETAILED DESCRIPTION 

0038 Referring to the drawings wherein identical refer 
ence numerals denote the same elements throughout the vari 
ous views, FIGS. 1-3 illustrate a system for monitoring the 
heart “H” of a heart transplant patient or a patient suffering 
congestive heart failure or other cardiac ailment. The system 
includes an implantable registering unit 14 for non-invasive 
monitoring of a patient's heart H, an optional relay unit 16 for 
interrogating the registering unit, a local data unit 18, and a 
data server 20. 

0.039 The registering unit 14 is structured to be implanted 
into the patient's body “P” and, thus, preferably includes a 
housing 22 constructed of a relatively rigid material that is 
biologically inert, Such as titanium or silicone. Any commer 
cially available pacemaker with appropriate Software modi 
fications may be used as the registering unit 14. As illustrated 
in FIG.2, the registering unit 14 includes a controller 24, such 
as a microprocessor operating under Software control or a 
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programmable logic controller (PLC), an energy source 26 
(e.g. a storage battery), a transceiver 32, and a transducer. The 
registering unit 14 can optionally include a signal generator 
28 structured to provide electrical stimulus to the patient's 
heart, a therapeutic process commonly referred to as “pac 
ing.” The use of electrical stimuli to treat disorders such as 
bradyarrhythmias, or slow heart rhythms, and tachyarrhyth 
mias, or fast heart rhythms, is well known to those skilled in 
the art and will not be further described herein. The energy 
source 26 is structured to provide electrical or thermal energy 
to the other components of the registering unit 14. The trans 
ceiver 32 and transducer are configured to communicate with 
a compatible transducer (not shown) in the relay unit 16 or 
other external device. Such communication may be through 
radio frequency (RF), in which case the transducer (generally 
referred to as 33) would be a conventional antenna, shown at 
33A, or through inductive coupling, in which case the trans 
ducer would be an induction coil, shown at 33B. If an induc 
tive coupling is provided, either as part of the transducer 33 or 
separately, it may also be used to provide power to the regis 
tering unit 14 or to recharge the energy source 22, or both. 
0040. The controller 24 communicates electrically with 
the patient's heart H via one or more sets or pairs of electrodes 
34. In the illustrated example, the system includes two pairs 
of electrodes 34. The electrodes 34 can comprise any one of a 
number of commercially available epicardial (outside the 
surface of the heart) or endocardial (inside the heart) elec 
trodes. Example of suitable electrodes 34 include screw-in 
epicardial bipolar IS I leads, or suture-on leads. The elec 
trodes 34 preferably are attached to the heart H at the left and 
right ventricles, and left and right atriums. The electrodes 34 
can be positioned at other areas about the patient's heart H. 
depending on a variety of factors including, but not limited to, 
whether the patient is a heart transplant patient or Suffering 
from congestive heart failure, the physical characteristics of 
the patients heart, or need for cardiac pacing. The electrodes 
34 can be modified to include pressure sensors, which gauge 
vigor or degree of myocardial contraction. 

0041. The local data unit 18 is used to receive, store, and 
optionally process data from the registering unit 14. The local 
data unit 18 can include a computer, microprocessor, or cen 
tral processing unit operating under Software control, with an 
associated data repository comprising, for example, flash 
memory, RAM, EEPROM, hard disk, floppy disks, CD or 
DVD-ROM, etc., and a transceiver or other data communica 
tion means (e.g. a TCP/IP network adapter or modem). 
0042. The local data unit 18 is placed in communication 
with the registering unit 14, for example using a relay unit 16, 
such as the illustrated handheld wand. The relay unit 16 is 
configured to receive data from the registering unit 14 and 
transfer it to the local data unit 18, and to receive instructions 
transmitted by the local data unit 18 and transmit those 
instructions to the controller 24 of the registering unit 14 via 
the transducer 33. The relay unit 16 includes a transducer 
(such as an induction coil), power source, data storage means, 
and transceiver compatible with the with that of the register 
ing unit 14. In use, the relay unit 16 exchanges data bidirec 
tionally with the registering unit 14, for example by inductive 
coupling at short range or by RF. The data is then either stored 
for later transfer to the local data unit 18, or immediately 
transferred to the local data unit 18. The transfer between the 
local data unit 18 and the relay unit 16 occurs through a 
communications link35 Such as a cable, infrared transmitter, 



US 2013/0012826 A9 

or wireless link (e.g. BLUETOOTH wireless protocol). 
Optionally, the local data unit 18 may communicate directly 
with the registering unit 14 through a radio frequency (RF) 
communications link, shown Schematically at 36. 

0043. Upon receipt of instructions from the relay unit 16 
or the local data unit 18, the registering unit 14 begins moni 
toring and transmits data (either through the relay unit 16 or 
via the communications link 36). The local data unit 18 
receives data from the registering unit 14 and then transfers 
that data over a remote communications path 38 such as a 
wireless or wired packet-switched network (e.g. a local area 
network, a wide area network, or Internet), over telephone 
lines using a modem, or through satellite connection. The 
remote communications path 38 may be encrypted for Secu 
rity purposes. The data is then received by the data server 20 
at a remote location (see FIG.3). Optionally, the data may be 
received from the registering unit 14 and then stored by the 
local data unit 18 for later transmission to the data server 20. 

0044) The local data unit 18 may be located at the same 
location as the relay unit 16 and the patient, such as at a 
medical care facility or office or at the patient's home. For 
example, the relay unit 16 can be connected in operable 
communication with the local data unit 18 through a serial 
port connection or through a USB connection. The local data 
unit 18 could also be disposed remotely from the relay unit 16 
and the patient. According to this construction, the relay unit 
16 would be placed in operable communication with the local 
data unit 18 via a computer network, including, but not lim 
ited to, the Internet, a local area network, a wide area network, 
a wireless network (Such as satellite), a dial-up modem, etc., 
so that the relay unit 16 can communicate with the local data 
unit 18. 

0045. A physician interface unit 40 may also be provided. 
This comprises a computer 42 (e.g. a laptop microcomputer) 
and a relay unit 44 similar to the relay unit 16 described 
above, or other Suitable communications link compatible 
with the registering unit 14. The physician interface unit 40 is 
programmed with Software enabling it to receive data from 
the registering unit 14 and display the data for review, for 
example to show graphically in real time the data measured 
and transmitted by the registering unit 14. It may also be 
programmed to perform the data analysis described below. 
The physician interface unit 40 is also able to send instruc 
tions to the registering unit 14 through the relay unit 44, for 
example to change the value of programmable parameters of 
the registering unit 14 (such as a measurement interval), to 
interrogate the registering unit 14 for the actual values of the 
programmable parameters, or to command the registering 
unit 14 to transmit data or to begin or end pacing. 

0046 FIG.3 illustrates the data server 20 and related com 
ponents. The data server 20 receives data from the local data 
unit 18 through the remote communications path 38 
described above. A data receiving software module 46 may be 
provided for this purpose. The data may then processed by an 
analysis software module 48 which is capable of performing 
calculations, reference-waveform comparisons, and/or signal 
analysis described below. The processed data is stored in a 
database 50. Such as a structured query language (SQL) data 
base. The data may then be accessed by an electronic medical 
records (EMR) software module 52 which permits a user to 
view Summaries of patient data, graphical analysis screens, 
and the like. The EMR software module 52 may be accessed 
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by a monitoring service at a remote computer 54 (e.g. over a 
secure network connection), or by another authorized user, 
Such as a patient's primary care physician, again at a remote 
computer 56 which communicates with the data server 20 by 
a network connection. A billing software module 58 may also 
be provided within the data server 20 to track usage by the 
monitoring service or other authorized user. 
0047. When monitoring a patient's heart H, the registering 
unit 14 will be instructed, using either the communications 
link 36 or the relay unit 16, to initiate monitoring of the 
patient's heart. The controller 24 begins registering or sensing 
the electrical signals emitted by the patient's heart. Data 
corresponding to the registered electrical signals is commu 
nicated to the transceiver 32, which then communicates the 
data to the local data unit 18 through the relay unit 16 or 
through the communications link 36. 
0048 Analysis software, for example running on either 
the local data unit 18 or the data server 20, allows precise 
discrimination of intracellular and extracellular myocardial 
dynamics, as well as Volume changes and myocardial 
strength of contraction in the patient's heart H. The analysis 
software is structured to analyze the data received from the 
patient's heart Hin several ways. According to one procedure, 
each time data is received corresponding to the electrical 
signals received by the registering unit 14 from the patient's 
heart H, the analysis Software digitally creates or generates a 
graphic representation of a patient's intracardiac electrogram, 
such as the one illustrated in FIG. 4. In accordance with 
conventional practice, the horizontal axis of this graphic rep 
resents a time scale (e.g. seconds), and the vertical axis of the 
graphic represents amplitude (e.g. Volts or millivolts). For 
example, the electrical signals received from the patient's 
heart may comprise analog electrogram signals that are digi 
tized at 1 KHZ with a 8-bit resolution. Preferably, a “baseline” 
or reference electrical signal is registered using the above 
referenced procedure to produce a reference waveform that is 
stored for later analysis. The reference electrical signal can be 
obtained when the patient undergoes heart transplant, when 
the registering unit 14 is implanted, or at Some other prede 
termined time. 

0049 Additionally, the registering unit 14 has the ability 
to measure resistance to current flow (impedance) from pac 
ing stimuli given to the myocardium. The impedance is rep 
resented as a value in Ohms and is received in the data pro 
vided from the device. Multiple sets of data (unipolar & 
bipolar for each lead) will be received per data transmission. 
The impendence data is separate from the electrogram data. 
0050. Several techniques may be used to generate the 
waveforms or portions thereof so as to produce data which is 
“cleaner” than the raw digitized data, i.e. relatively free from 
effects of electrical noise or digitization errors, and easier to 
analyze. 

0051. For example, The QRS complex of the electrogram 
may be analyzed without the P-wave and S-wave segments. 
The Q-wave segment may be included in the analysis if it is 
present and sufficiently identifiable. Within the QRS com 
plex, the waveform comprises a series of line segments or 
portions having a high slope or first derivative. Such that peaks 
(and nadirs) occur as sharply delineated events (i.e. the curves 
are strongly convex). Accordingly, peak detection (or nadir 
detection) may be implemented by establishing a minimum 
slope value. To accomplish this, the entire QRS complex is 
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evaluated, either by the analysis software or by separate pre 
processing Software, for the presence of any location where 
the absolute value of the slope is less than the minimum value. 
Each of these locations are identified as a peak (oranadir). An 
example of a suitable threshold value is 0.5 mV/s. 
0.052 The QRS complexes in the waveforms appear as 
deviations from a baseline or generally horizontal trace, 
which may or may not be equal to a Zero electrical potential 
line. The value (i.e. voltage level) of the baseline affects other 
measurements such as baseline-to-peak amplitude and area 
under the curve (described in more detail below). The specific 
value of the baseline is calculated based on the specific equip 
ment configuration. 

0053. In practical application, portions of the waveform 
ahead and behind of the QRS complex will not match the 
established baseline, i.e. they will not be simple horizontal 
traces, but will rather exhibit many small deviations. This is 
depicted by arrow “A” of the exemplary waveform “W' in 
FIG. 16. In order to reduce the uncertainty in several mea 
Surements caused by this variation, a deadband or hysteresis 
band with preselected upper and lower voltage limits “V” 
and “V” may be applied to the waveform W. For purposes of 
analysis, the beginning (or end) of the QRS complex is 
assumed to begin or end at the time valuet, which the upslope 
or downslope of the waveform Wintercepts the relevant limit 
V or V. 

0054) One manner in which the hysteresis band intercept 
may be accurately located is to apply a linear slope calcula 
tion to the relevant portion of the waveform W. For example, 
using the peak detection method described above, the time t 
at which the dominant peak occurs and the peak voltage V 
will be known. The slopedv/dt of the immediately preceding 
segment is then determined, by calculating a linear ratio using 
an appropriate dt (e.g. 1 mS if a 1-kHz Sampling rate is being 
used). Once the slope is known, it may be extrapolated back 
to calculate the intercept time t, for example using equation 
(1) below. The resulting time t, is taken to the be the “begin 
ning of the upslope. A similar procedure may be used to 
determine the intercept of other upslopes or downslopes 
within the waveform W. 

0055) Identification of the R-wave and the S-wave of the 
QRS complex may be enhanced by implementing known 
relationships therebetween. Specifically, the amplitudes of 
the R-wave and S-wave are inversely related to each other, the 
S-wave always follows the R-wave in time sequence, and the 
R-wave is always the first positive peak in the QRS complex. 
When a combination of these features are observed, a positive 
identification of the R-wave and S-wave is made. 

0056. The preprocessed data is evaluated as follows, with 
reference to FIG. 17. First, a waveform resulting from a data 
collection session is selected (block 200) to be observed and 
evaluated against a predetermined standard in block 202. This 
process can occur in real-time as the waveforms are collected, 
or it may be applied to a set of waveforms which have been 
temporarily stored. If the waveform does not meet the appli 
cable standard it is deemed “not usable'. It is discarded (block 
204) and not used in the generation of the averaged waveform, 
as described below. The purpose of this initial step is to serve 
as a gross check on the quality of the data and to prevent 
outlying data from corrupting the data population, possible 
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leading to incorrect diagnosis. If the waveform is usable, it is 
stored in a statistical database (block 206), or marked for 
permanent Storage. 

0057 Various techniques may be used to implement this 
step. For example, the peak-to-peak distance of each QRS 
complex may be calculated. If any one QRS complex has a 
peak-to-peak distance varying from the average peak-to-peak 
distance by more than a selected threshold value, for example 
plus or minus 5%, then that entire QRS complex would be 
discarded and not used in the generation of the averaged 
waveform, as described below. 

0058 As the data is initially tested, a counter is incre 
mented (block 208) each time a waveform is discarded. A 
high value of this counter could indicate an equipment fault or 
human error in collecting the data. High values may also 
indicate extreme acute rejection. Accordingly, this counter 
serves as a gross check for allograft rejection. If the counter 
exceeds a predetermined standard at block 210, the process is 
stopped and an error flag is set for operator attention at block 
212. The process is repeated until all of the waveforms in the 
data collection session have been evaluated. 

0059 Next, the remaining waveforms from the data col 
lection session are used to construct a single average wave 
form. The initial waveform generated at the reference time, 
immediately or very shortly after transplantation, becomes 
the reference waveform described above. Each subsequent 
data collection session results in a new averaged registered 
waveform. For example, a data collection session may be 
conducted three times each day after transplantation, result 
ing in three new registered waveforms each day. 

0060. When creating a representative waveform, the 
"average' image may be created in two different ways. In a 
first exemplary technique, all of the non-discarded QRS com 
plexes recorded are averaged together to generate a single 
average waveform. 

0061. In another exemplary technique, the individual ele 
ments described above are identified for each non-discarded 
QRS complex in the data population. Those individual ele 
ments are averaged together, resulting in an average Q-wave, 
R-wave, S-wave, etc. Then the individually-averaged ele 
ments are assembled to form a composite waveform. 

0062 Various portions, features, or elements of the wave 
forms can be used as a basis for comparison between the 
reference waveform and the registered waveform(s) in deter 
mining the presence or absence of rejection. 

0063. One element is area measurement, several possible 
variations of which are shown in FIGS. 7through9, in which 
the area being measured in shaded for identification. In FIG. 
7, the total area inscribed under the curves of the QRS com 
plex is measured. In FIG. 8, only the area inscribed under the 
dominant peak is measured. In FIG. 9, the area inscribed 
under all of the minor peaks is measured. Known techniques 
of numerical integration are used to implement these area 
measurementS. 

0064. Another element is amplitude measurement. For 
example, FIG. 10 illustrates peak to peak amplitude measure 
ment, while FIG. 11 illustrates baseline to dominant peak 
amplitude measurement. These values are measured in mil 
livolts (mV). 
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0065. Another element is duration. FIG. 12 illustrates the 
measurement of total electrogram duration (i.e. baseline-to 
baseline). The total electrogram duration is measured in mil 
liseconds (ms). 
0.066 Another element is slew rate or slope. FIG. 13 illus 
trates the measurement of the dominant peak upslope, while 
FIG. 14 shows measurement of the dominant peak to nadir 
downslope. The slew rates are measured in millivolts per 
second (mV/s). 
0067. In addition to the measurements described above, 
there are additional measurements which may or may not be 
valuable in predicting heart transplant rejection, but are valu 
able for other diagnostic purposes, and the data needed to 
compute the results is available from the implanted register 
ing unit 14. Example of Such additional measurements 
include: 

0068 R-to-R interval: Using time and the dominant peak 
points the average amount of time between R-waves can be 
calculated for the multiple electrograms recorded. The 
R-to-R interval (shown in FIG. 15) is measured in millisec 
onds. 

0069 Current heart rate and variability: heart rate is mea 
sured in beats perminute (bpm). Heart rate variability may be 
calculated by analyzing the time series of beat-to-beat inter 
vals. The amount of time between beats will be calculated to 
determine variability over multiple sessions of data. 
0070 Data evaluation and comparison of the registered 
waveforms to the reference waveform may be carried out in 
various ways by the analysis software. One method of com 
parison involves quantifying the differences between a 
selected one of the registered waveforms and the reference 
waveform. 

0071 Using this method, the difference in one or more of 
the individual signal elements or measurements described 
above (e.g. area, amplitude, slew, or impedance) between the 
reference waveform and the registered waveform is measured 
and used to assess heart function. The waveforms may also 
compared by measuring the total area of discrepancy between 
the waveforms and determining a comparison percentage 
match, as shown in FIG. 5, or by a point-to-point comparison, 
as shown in FIG. 6. 

0072 Alternatively, evaluation of the waveforms may be 
carried out based on a multivariable statistical analysis of 
shifts in the registered data. When the average registered 
waveforms are created, each new waveform, along with the 
values of all of its individual elements, becomes a member of 
a statistical population in a database. As rejection takes place, 
causing changes in the heart H, it is expected that the indi 
vidual waveform elements described above will change in 
different ways. For example, the R-wave upslope might 
increase while the peak-to-peak amplitude decreases. No one 
of these elements necessarily represents a simple rejection 
specific parameter, rather the aggregate difference, or certain 
combinations of changes, represents allograft rejection. 
However, the aggregate effect of these changes can be corre 
lated to the presence of rejection. 

0.073 Under either of the methods described above, a scale 
of rejection can be created. The greater the deviation from a 
nominal condition (determined either statistically or in terms 
of a scalar measurement), the more likely actual rejection is 
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taking place, or the greater the severity of rejection. FIG. 18 
illustrates an example of a possible scale of rejection, with 
numerical values ranging from 0 to 7. Each increasing num 
ber on the scale is indicative of greater deviation of the reg 
istered waveform data from the reference waveform. The 
numbers on the scale may be likened to “grades” of rejection. 

0074. It is also possible correlate the scale of rejection to 
clinical results (from biopsies, autopsies, etc.) and to estab 
lished “grades of myocardial allograft rejection. For illus 
trative purposes only, the scale of rejection is shown as being 
correlated to established prior art"grades” for cardiac biopsy, 
e.g. 0, 1, 1A, 1B, 2, 3, 3A, 3B, 4. It is noted that the first degree 
on the scale of rejection correlates to a biopsy grade of “0”. 
This is because the method described herein is able to detect 
very slight changes in the recorded data. As such, it is believed 
that changes in the heart H measurable on the scale of rejec 
tion will be present even if no rejection is yet observable in a 
contemporaneous biopsy. This can occur because the method 
described herein is sensitive to changes throughout the struc 
ture of the heart, while a biopsy may show negative results if 
it is not taken from a localized area that happens to site where 
rejection is just starting. The present method thus has the 
possibility of detecting rejection early enough so as to be 
“predictive' in nature when compared to biopsies. Early 
detection of rejection advantageously permits prompt initia 
tion of life Saving therapy. This early detection is especially 
important in immuno-compromised patients who are prone to 
rapid onset of acute rejection. 

0075. The figures and text herein describe methods and 
systems according to various aspects of the invention. It will 
be understood that each step described herein can be imple 
mented by computer program instructions. These computer 
program instructions may be loaded onto a computer or other 
programmable apparatus to produce a machine. Such that the 
instructions which execute on the computer or other program 
mable apparatus create means or devices for implementing 
the described functions or step(s). These computer program 
instructions may also be stored in a computer-readable 
memory that can direct a computer or other programmable 
apparatus to function in a particular manner. Such that the 
instructions stored in the computer-readable memory pro 
duce an article of manufacture, including instruction means 
or devices which implement the specified functions or step(s). 
The computer program instructions may also be loaded onto 
a computer or other programmable apparatus to cause a series 
of operational steps to be performed on the computer or other 
programmable apparatus to produce a computer implemented 
process Such that the instructions which execute on the com 
puter or other programmable apparatus provide steps for 
implementing the specified functions or step(s). 

0076. It will also be understood that each step or combi 
nations of steps described herein can be implemented by 
special purpose hardware-based computer systems which 
perform the specified functions or steps, or combinations of 
special purpose hardware and computer instructions. 

0077. The foregoing has described systems and methods 
for monitoring a patient's heart. While specific embodiments 
of the present invention have been described, it will be appar 
ent to those skilled in the art that various modifications thereto 
can be made without departing from the spirit and scope of the 
invention. Accordingly, the foregoing description of the pre 
ferred embodiment of the invention and the best mode for 
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practicing the invention are provided for the purpose of illus 
tration only and not for the purpose of limitation, the inven 
tion being defined by the claims. 

What is claimed is: 
1. A method of monitoring a transplanted heart, compris 

ing: 

(a) during a first data collection session occurring at a 
reference time, registering an electrical signal from a 
patient's heart, the electrical signal configured as a first 
series of waveforms; 

(b) generating from the first series of waveforms, a refer 
ence waveform representative of the average character 
istics of the waveforms collected during the first data 
collection session; 

(c) during a Subsequent data session occurring at a time 
Subsequent to the reference time, registering an electri 
cal signal from a patient's heart, the electrical signal 
configured as a second series of waveforms; 

(d) generating from the second series of waveforms, a 
registered waveform representative of the average char 
acteristics of the waveforms collected during the subse 
quent data collection session; and 

(e) comparing the registered waveform to the reference 
waveform to determine whether the heart is functioning 
properly. 

2. The method of claim 1 in which step (e) is carried out by: 
(a) measuring the difference between at least one element 

of the registered waveform and a corresponding element 
of the reference waveform; and 

(b) characterizing the difference in a scale of rejection in 
which a greater degree of difference corresponds to a 
greater degree of allograft rejection. 

3. The method of claim 1 further comprising repeating 
steps (c)-(d) at selected intervals after the reference time so as 
to generate a plurality of registered waveforms. 

4. The method of claim3 in which step (e) is carried out by: 
(a) adding the plurality of registered waveforms to a statis 

tical database to create a data population; 

(b) determining at least one difference between the regis 
tered waveforms and the reference waveform based on a 
statistical analysis of a plurality of elements of the reg 
istered waveforms and corresponding elements of the 
reference waveform; and 

(c) characterizing the difference in a scale of rejection in 
which a greater degree of difference corresponds to a 
greater degree of allograft rejection. 

5. The method of claim 1 further comprising: 
(f) prior to step (b), evaluating whether each of the wave 

forms in the first series is usable according to a prede 
termined Standard; 

(g) discarding waveforms from the first series which are 
not usable; and 

(h) storing the remaining waveforms of the first series in a 
database for use in generating the reference waveform; 

Jan. 10, 2013 

6. The method of claim 1 further comprising: 
(f) prior to step (b), evaluating whether each of the wave 

forms in the Subsequent series is usable according to a 
predetermined standard; 

(g) discarding waveforms from the Subsequent series 
which are not usable; and 

(h) storing the remaining waveforms of the Subsequent 
series in a database for use in generating the registered 
waveform; 

7. A method of monitoring a transplanted heart, compris 
ing: 

(a) during a data collection session, registering an electrical 
signal from a patient's heart, the electrical signal con 
figured as a series of waveforms; 

(b) evaluating whether each of the waveforms is usable 
according to a predetermined standard; 

(c) discarding waveforms which are not usable; 

(d) storing the remaining waveforms in a database for 
evaluation; and 

(e) comparing the stored waveforms to a reference wave 
form to determine whether the heart is functioning prop 
erly. 

8. The method of claim 7 further comprising: 

(a) incrementing a discard counter each time a waveform is 
discarded; 

(b) comparing the value of the discard counter to a prede 
termined limit; and 

(c) setting an error flag if the discard counter exceeds a 
predetermined limit. 

9. The method of claim 7 further comprising generating, 
from the remaining waveforms, an average waveform repre 
sentative of the average characteristics of all of the waveforms 
collected during the data collection session. 

10. The method of claim 7 further comprising: 
(f) storing a first set of waveforms according to steps (a)-(d) 

during a first data session occurring at a reference time; 
(g) generating from the remaining waveforms in the first 

data collection session, the reference waveform, 
wherein the reference waveform is representative of the 
average characteristics of the waveforms stored during 
the first data collection session; 

(h) storing a Subsequent set of waveforms according to 
steps (a)-(d) during a Subsequent data collection session 
occurring at a time Subsequent to the reference time; and 

(i) generating from the remaining waveforms in the Subse 
quent data collection session, a registered waveform 
representative of the average characteristics of the wave 
forms stored during the Subsequent data collection ses 
S1O. 

11. The method of claim 10 comprising repeating steps (h) 
and (i) at selected intervals after the reference time so as to 
generate a plurality of registered waveforms. 

12. The method of claim 10 wherein the reference time is 
shortly after the heart is transplanted into the patient. 
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13. A method of processing data for monitoring a patient's 
heart, comprising: 

(a) during a data collection session, registering an electrical 
signal from a patient's heart, the electrical signal con 
figured as a series of waveforms, wherein each of said 
waveforms represents a QRS complex of a myocardial 
electrogram including at least one upslope element 
extending to a peak; 

(b) establishing a minimum slope value; 
(c) comparing the actual slope value of each portion of the 

upslope to the minimum slope value; and 
(c) designating any point within the waveform in which the 

actual slope value is less than the minimum slope value 
to be a peak. 

14. The method of claim 13 further comprising: 
(a) establishing the time value at which the peak occurs; 
(b) applying a hysteresis band with predetermined upper 
and lower voltage limits to the waveform of the QRS 
complex: 

(c) calculating a Voltage-time slope for a segment of the 
upslope immediately preceding the peak; 

(d) using the calculated Voltage-time slope, linearly 
extrapolating the upslope to a point at which a Voltage 
value thereof intercepts the upper limit of the hysteresis 
band; and 

(e) establishing the time value at which the interception 
OCCU.S. 

15. A system for monitoring a patient's heart, comprising: 
(a) a registering unit structured to be implanted into the 

patient's body, the registering unit adapted to be con 
nected in electrical communication with the patient's 
heart and to register an electrical signal from the 
patient's heart; and 

(b) a local data unit in operable communication with the 
registering unit and adapted to receive data correspond 
ing to the registered electrical signal, the local data unit 
adapted to transmit data over a remote communications 
link to a computer. 
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16. The system of claim 15 wherein the registering unit 
further comprises an RF transmitter in operable communica 
tion with the local data unit. 

17. The system of claim 15 further comprising a relay unit 
adapted to be inductively coupled to the registering unit and to 
communicate with the computer, the relay unit adapted to 
receive data from the registering unit corresponding to the 
registered electrical signal and to transfer the received data to 
the local data unit. 

18. The system of claim 15 wherein the local data unit 
includes a data repository for storing data corresponding to 
the registered electrical signal. 

19. The system of claim 15 further comprising: 
(a) a computer including a database, the computer pro 
grammed to receive data from the local data unit and 
store the data in the database; and 

(b) a remote communications link interconnecting the local 
data unit and the computer; 

(c) wherein the computer is programmed to compare the 
data corresponding to the registered electrical signal to a 
reference electrical signal to determine whether the 
patient's heart is functioning properly. 

20. The system of claim 19 wherein the computer is a data 
server situated at a location remote from the local data unit. 

21. The system of claim 19 wherein the computer forms a 
part of the local data unit. 

22. A system according to claim 19 wherein: 
(a) the reference electrical signal is represented as a first 
waveform which is an average of a first plurality of 
recorded waveforms recorded at a first time; and 

(b) the registered electrical signal is represented as a sec 
ond waveform which is an average of a second plurality 
of recorded waveforms recorded at a second time after 
the first time. 

23. The system according to claim 22 wherein the refer 
ence and registered electrical signal are QRS complexes of an 
intracardiac electrogram, or portions thereof. 
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