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(57) ABSTRACT 

A method of monitoring pressure Within a medical patient, 
includes measuring an actual pressure in a medical patient in 
a ?rst time period; measuring an indicator of the actual 
pressure in the ?rst time period, Wherein the indicator is 
derived from an electrical signal of the patient’s heart; 
determining a correlative relationship between the actual 
pressure and the indicator, Wherein both the actual pressure 
and the indicator are obtained in the ?rst time period; 
measuring the indicator in a second time period; and deter 
mining the actual pressure in the second time period based 
on the correlative relationship obtained in the ?rst time 
period and the indicator obtained in the second time period. 
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Right Atrial Pressure Waveforms 

Low mean atrial pressure 

1. Hypovolemia _ 2. lm roperzeroing of the transducer 
Etevate mean atrial pressure 

1. intravascular volume overload states _ _ _ _ 
2. Rrght ventricular failure due to valvular disease (tricuspld or pulmonic 
stenosis or regurgrta’uon) _ _ _ 3._Rrght ventricuar failure due to myocardial disease (right ventricular 
ISQ emia, cardiom _opath(y) _ _ 

4. Rlght ventncular ailure us to left heart failure (mitral 
stegosis/gegurgitation, aortic stenosis/regurgitation, cardiomyopathy, 
ISC emia 

5. Right ventricular failure due _to increased pulmonary vascular resistance 
(pu monary embolism, chrome obstructive pulmonary disease, primary 
pulmonary hypertension) _ 

6. Pencardral e usion with tamponade physiology 
7. Obstructive atrial myxoma _ ' _ 

Elevated a vvave (any increase to ventricularfllling) 
1. Tricuspid stenosis _ _ _ _ 
2. Decreased ventricular compllance due_to ventncular failure, pulmonic 
valve stenosis, or pulmonary hypertension 

Cannona wave _ _ _ ' r 

1. Atrial-ventncular asynchrony (atria contractagainst a closed trlcuspld 
valve, as during complete heart block followtrig1 premature ventricular 
contraction, during ventricular tachycardia, wit ventricular pacemaker) 

Absent a wave _ _ _ 
1. Atrial fibrillation or atrial standstill 
2. Atrial flutter 

Elevated v vyave _ D 
1. Tricusprd regurgitation _ 
2. Right ventricular heart failure _ _ 
3. Reduced atrral compliance (restrictive myopathv) 
a wave equal to v wave 
1. Tamponade 
2. Constrictive pericardial disease 
3. ‘Hypervolemia 

Prominent x descent 
1. Tamponade _ _ _ _ _ _ 

2. Subacute constriction and possibly chronic constriction __ 
3. Right ventricular ischemia with preservatlon of atrial contractility 

Promment y descent ' _ 
1. Constrictive pericarditrs 
2. Restrictive myopathies 
3. Trrcuspld regurgitation 

Blunted x descent 
1. Atrial flbrlllatlon ' 
2. Right atrial ischemia 

Blunted y descent 
1. Tamponade _ _ 

2. Right ventncularlischemia 
3. Trlcuspid stenosls ' _ 

Miscellaneous abnormalities _ _ I _ 

1. Kussmaul's sign (inspiratory rise or_ lack of declineln r|ght_ atrial 
pressure)-constrictive pericarditis, right ventricular ischemia 

2. Equalization (55 mm Hg) of mean right atrial, right ventricular diastolic, 
pulmonaryartery diastolic, pulmonary capillary wedge, and pericardial 
pressures in tamponade _ _ _ _ _ _ _ 

3. M or W_patterns: ri ht ventricular ischemra, pericardial CO?Stl'lCtlOfl, 
congestive heart far ure _ _ _ _ 

4. Ventricularization of the right atrial pressure: severe tricusprd 
regur itation _ 

5. Saw opth pattern: atrial ?utter I _ ' _ 
6. Dissocliation between pressure recording and intracardlac ECG: Ebstein's 
anoma y 
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Left Atrial Pressure/Pulmonary Capillary Wedge Pressure Waveforms 
Low mean atrial pressure 

1. Hypovolemia I 
2. Improper zeroing of the transducer 

Elevated mean atrial pressure 

1. lntravascular volume overload states I I I 
2. Left ventricular failure due to valvular disease (mitral or aortic 
stenosis or regurgitation) I I _ 

3. LeftIventricular failure due to myocardial disease (ischemia or 
cardiomyoIpathy) I I I 

4. Left ventricular tailuredue to systemic hypertension 
5. Pericardial effusion with tamponade physiology 
6. Obstructive atrial myxoma 

Elevated a wave (any increase to ventricular ?lling) 
1. Mitral stenosis I I I I I 

2. Decreased ventricular coIm liance due to ventricular failure, aortic 
valve stenosis, or systemic ypertension 

Cannon a wave 

1. Atrial-ventricular asynchrony (atria contract against a closed mitral 
valve, as during complete heart block following1 premature ventricular 
contraction, during ventricular tachycardia, wit ventricular pacemaker) 

Absent a wave 

1. Atrial ?brillationdor atrial standstill 
2. Atrial ?utter 

Elevated v wave 

1. Mitral re ur itation 
2. Left ven ricu ar heart failure 
3. Ventricular septal defect 

a wave equal to v wave 

1. Tamponade 
2. Constn'ctiveIpericardial disease 
3. Hypervolemia 

Prominent x descent 

1. Tamponade 
2. SIubacute constriction and possibly chronIic constriction II 
3. Right ventricular ischemia with preservation of atrial contractility 

Prominent y descent 
1. Constrictive pericarditis 
2. Restrictive mI opathies 
3. Mitral regurgi ation 

Blunted x descent 
1. Atrial ?brillation 
2. Atrial ischemia 

Blunted y descent 
1. Tamponade I 
2. Ventricular ischemia 
3. Mitral stenosis 

Pulmonary capillary wedge pressure not equal to left ventricular 
end-diastolic pressure 

1. Mitral stenosis 
2. Left atrial rn xoma 

3. Cor triatriatuym I Fl 4. Pulmonary venous obstruction 
5. Decreased ventricular compliance 
6. Increased pleural pressure 
7. Placement of catheter in a nondependent zone of lung 
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Pulmonary Artery Pressure Waveforms 

Elevated systolic pressure 
1. Primary pulmonary hypertension 
2. Mrtral stenosas or re urgrtatron 
3. Con esftrve heart farure 
4. Res _r|_ctrve m opathles 
5. SI nlflcant le_ to right shunt _ I 
6.dF_’u mon)ary dlsease (pulmonary embolism, Cl'll'Ol'llC obstructrve pulmonary 

rsease 

Reduced systolic pressure 

1. Hypovolemia _ 2. Pu monary arte stenosls _ 
3. Sub- or suprava vular stenosrs 
4. Ebsteln‘s anomaly 
5. Tricuspid stenosis 
6. Trlcuspld atresra 

Reduced pulse pressure 

1. Right heartlischernia _ 
2. Right ventrrcular Infarction 
3. Pu monary embolism 
4. Tamponade 

Bifid pulmonary artery waveform 
1. Large left atrial v wave transmitted backward (i.e., MR) 

Pulmonary artery diastolic pressure greater than pulmonary capillary wedge 
pressure 

1. Pulmonary disease 
2. Pulmona embolus 
3. Tachycar ia 

FIG. 6C 
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SYSTEM FOR ESTIMATING CARDIAC PRESSURE 
USING PARAMETERS DERIVED FROM 
IMPEDANCE SIGNALS DETECTED BY AN 

IMPLANTABLE MEDICAL DEVICE 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

[0001] This application is a continuation of US. applica 
tion Ser. No. 11/520,454, ?led Sep. 13, 2006, Which claims 
priority from US. Provisional No. 60/716,611, ?led Sep. 13, 
2005, and Which is a continuation-in-part of US. application 
Ser. No. 10/698,031, ?led Oct. 29, 2003, Which claims 
priority from US. Provisional No. 60/470,468, ?led May 13, 
2003 and Which is a continuation-in-part of US. application 
Ser. No. 10/127,227, ?led Apr. 19, 2002, Which is a con 
tinuation of US. application Ser. No. 09/956,596, ?led Sep. 
19, 2001, noW abandoned, Which is a continuation of US. 
application Ser. No. 09/481,084, ?led Jan. 11, 2000, now 
US. Pat. No. 6,328,699, all of Which are hereby incorpo 
rated by reference. 

SUMMARY 

[0002] In one embodiment, the invention comprises a 
method of monitoring pressure in an individual. In one 
embodiment, the method comprises measuring a true or 
actual pressure in a patient, and measuring one or more 
indicators of that pressure. In some embodiments, the actual 
pressure may be dif?cult to assess or require invasive means. 

Thus, using an indicator of actual pressure (Which may be 
easier to determine or access) may facilitate determination 
of actual pressure. By correlating the indicators of actual 
pressure With the actual pressure during a ?rst given time 
period, an actual pressure determination in a second given 
time period can be made by relying solely on the indicator 
measurement. In this Way, actual pressure can be measured 
in a less-invasive and facile manner. 

[0003] In other embodiments, a pressure sensor is 
implanted in a patient. The pressure sensor may be suscep 
tible to drift or inaccuracy over time. By correlating the 
actual pressure (as determined by the implanted pressure 
sensor) and one or more indicators of pressure, a correlative 
relationship (or pre-determined relationship) betWeen the 
actual pressure and the indicator values may be established. 
Accordingly, this correlation can be used at a later time to 
determine if the pressure sensor requires calibration. Alter 
natively, this correlation can be used to determine actual 
pressure, even Without calibration. The pressure sensor may 
include the data processing system associated With the 
sensor. 

[0004] In one embodiment, a method of monitoring pres 
sure Within a medical patient is provided. In one embodi 
ment, the method comprises: measuring an actual pressure 
in a medical patient in a ?rst time period; measuring an 
indicator of the actual pressure in the ?rst time period, 
Wherein the indicator is derived from an electrical signal of 
the patient’s heart; determining a correlative relationship 
betWeen the actual pressure and the indicator, Wherein both 
the actual pressure and the indicator are obtained in the ?rst 
time period; measuring the indicator in a second time period; 
and determining the actual pressure in the second time 
period based on the correlative relationship obtained in the 
?rst time period and the indicator obtained in the second 
time period. 
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[0005] The ?rst time period and second time periods can 
include any interval of time. Any interval may be selected, 
such as minutes, hours, days, Weeks, months, and/or years, 
or a combination thereof. Thus, in one embodiment, data 
regarding actual pressure and indicator value are obtained in 
a ?rst time period for 1-20 Weeks to establish a correlative 
relationship. The correlation is used in a second time period, 
Which can include the folloWing hours, days, Weeks, months 
or years, after the ?rst time period to calculate an actual 
pressure based solely on one or more indicator values 
obtained during the second time period. Alternatively, the 
indicator data obtained in the second time period may be 
used to calibrate a pressure sensing device, Wherein said 
calibration can occur automatically or via patient instruc 
tions. 

[0006] The data obtained in the ?rst time period may be 
considered historical data, such as historical actual pressure 
data and historical indicator data. Data may include calcu 
lations and measurements obtained from one patient or a 
sampling of several patients. For example, in one embodi 
ment a patient’s actual pressure in the second time period is 
determined based on the relationship betWeen the actual 
pressure data and indicator data in the ?rst period, Wherein 
that ?rst period data is historical data obtained from one or 
more other patients. In another embodiment, the historical 
data is the patient’s oWn data. 

[0007] The indicator can be selected from a group con 
sisting of one or more of the folloWing: an a-Wave, a v-Wave, 
an X-descent, a y-descent, an echocardiogram Waveform, 
and an IEGM Waveform. The correlative relationship can be 
based at least in part on at least one of an amplitude and a 
timing parameter of the indicator, Wherein the indicator is an 
electrocardiogram signal. In addition, the correlative rela 
tionship can comprise an arti?cial neural network. The 
determining step can be performed Within the medical 
patient. 

[0008] In another embodiment, a method of monitoring 
pressure Within a medical patient, comprises: measuring an 
indicator of a pressure Within a medical patient, Wherein the 
indicator is related to an electrical signal generated by a 
patient; determining the pressure based at least in part upon 
the indicator and a pre-determined relationship betWeen the 
pressure and the indicator, Wherein the pre-determined rela 
tionship is determined from historical pressure data and 
historical indicator data of the patient; and providing an 
indication of the pressure. 

[0009] At least one of the historical pressure data and the 
historical indicator data can include data from only the 
medical patent. 

[0010] In another embodiment, a method of calibrating a 
pressure monitoring system, comprises: measuring an actual 
pressure Within the heart of a medical patient With a pressure 
monitoring system; measuring an indicator of the actual 
pressure, Wherein the indicator is related to a physiological 
parameter of the medical patient; calculating a pressure 
value indicative of the actual pressure based at least in part 
upon the indicator of the actual pressure and a pre-deter 
mined relationship betWeen the actual pressure and the 
indicator of the actual pressure, Wherein the pre-determined 
relationship is determined from historical pressure data and 
historical indicator data of the patient; determining an error 
value based upon the difference betWeen the measured 



US 2008/0033498 A1 

actual pressure and the calculated pressure value; and cali 
brating the pres sure monitoring system When the error value 
exceeds a predetermined threshold. 

[0011] The pre-determined relationship can include an 
arti?cial neural netWork. In another embodiment, the actual 
pressure is a left atrial pressure of a medical patient. In one 
embodiment, calibrating the pressure monitoring system 
comprises subtracting the error value from the measured 
pressure value. 

[0012] In another embodiment, the method further com 
prising generating an alert When the error value exceeds the 
predetermined threshold. In one embodiment, generating an 
alert comprises providing an instruction to the medical 
patient to perform a patient calibration procedure. The 
patient calibration procedure can include performing a Val 
salva maneuver. In one embodiment, the calculating is 
performed Within the medical patient. 

[0013] In yet another embodiment, a method of control 
ling delivery of a therapy delivered to a patient, comprises: 
measuring an indicator of an actual pressure Within a medi 
cal patient, Wherein the indicator corresponds to a physi 
ological parameter of the medical patient; determining the 
actual pressure based at least in part upon the indicator and 
a pre-determined relationship betWeen the actual pressure 
and the indicator, Wherein the pre-determined relationship 
comprises a neural netWork trained With historical pressure 
data and historical indicator data; and controlling a therapy 
based upon the determined pressure. 

[0014] In one embodiment, controlling a therapy com 
prises controlling at least one device selected from a group 
consisting of one or more of the folloWing: a cardiac rhythm 
management device, a de?brillator, a drug infusion system, 
an ultra?ltration system, an oral drug dose management 
device, and a diet and activity management device. In 
another embodiment, controlling a therapy is performed 
automatically. In yet another embodiment, controlling a 
therapy comprises providing instructions to a recipient, 
Which can be the medical patient. 

[0015] In one embodiment, the indicator is selected from 
a group consisting of one or more of the folloWing: an 
a-Wave, a v-Wave, an X-descent, a y-descent, a temperature, 
a pulmonary artery Waveform, a right atrial pressure Wave 
form, a left atrial pressure Waveform, an echocardiogram 
Waveform, and an IEGM Waveform. In yet another embodi 
ment, the historical pressure data and the historical indicator 
data are from the patient. 

[0016] In other embodiments, hemodynamic Waveform 
analysis systems and devices are provided to perform any of 
the methods described herein. In one embodiment, a hemo 
dynamic Waveform analysis device includes an implantable 
housing, an implantable lead in electrical communication 
With the housing, and a sensor in communication With the 
lead. The sensor can include a pressure sensor, an electrical 

sensor, such as an electrode, a thermometer, an accelerom 
eter, or a How rate sensor. 

[0017] In one embodiment, the housing includes a micro 
processor, a memory, a data acquisition circuit, and a telem 
etry circuit. In another embodiment, the housing further 
includes the circuitry of a pacemaker. 

[0018] In one embodiment, the microprocessor monitors 
pressure Within a medical patient. In one embodiment, the 

Feb. 7, 2008 

microprocessor is con?gured to measure an actual pressure 
in a medical patient in a ?rst time period; measure an 
indicator of the actual pressure in the ?rst time period, 
Wherein the indicator is derived from an electrical signal of 
the patient’s heart; determine a correlative relationship 
betWeen the actual pressure and the indicator, Wherein both 
the actual pressure and the indicator are obtained in the ?rst 
time period; measure the indicator in a second time period; 
and determine the actual pressure in the second time period 
based on the correlative relationship obtained in the ?rst 
time period and the indicator obtained in the second time 
period. 
[0019] In one embodiment, a method of monitoring pres 
sure Within a medical patient includes measuring a feature 
derived parameter of a pressure; providing an indication of 
the pressure based at least in part upon a relationship and the 
feature-derived parameter. The feature-derived parameter 
can be selected from the group consisting of: an a-Wave, a 
v-Wave, an X-descent, a y-descent, a temperature, a pulmo 
nary artery Waveform, a right atrial pressure Waveform, a 
left atrial pressure Waveform, an echocardiogram Waveform, 
and an IEGM Waveform. 

[0020] In some embodiments, the relationship is based at 
least in part on an amplitude of the feature-derived param 
eter, and in other embodiments, the relationship is based at 
least in part on a timing of the feature-derived parameter. 
The relationship can include an arti?cial neural netWork. 

[0021] In another embodiment of the present invention, a 
method of calibrating a pressure monitoring system 
includes: measuring a pressure With a pressure monitoring 
system; measuring a feature-derived parameter of the pres 
sure; and calibrating the pressure monitoring system based 
at least partially upon a relationship betWeen the pressure 
and the feature-derived parameter of the pressure. In one 
embodiment, the pressure is a left atrial pressure of a 
medical patient. 

[0022] In one embodiment, a system for remote calibra 
tion of an implantable medical device includes: a pressure 
sensor implanted Within a medical patient that provides 
pressure signals; and a processor that analyZes pressure 
Waveforms to determine a calibration based upon a relation 
ship betWeen the pressure signals and a feature-derived 
parameter of pressure. The feature-derived parameter can be 
selected from the group consisting of: an a-Wave, a v-Wave, 
an X-descent, a y-descent, a temperature, a pulmonary artery 
Waveform, a right atrial pressure Waveform, a left atrial 
pressure Waveform, an echocardiogram Waveform, and an 
IEGM Waveform. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0023] FIG. 1 is a graph of data acquired from an 
implanted pressure monitoring device in a patient With 
congestive heart failure; 

[0024] FIG. 2 is a graph of the correlation betWeen mean 
LAP and the y-descent; 

[0025] FIG. 3 is a graph of left atrial pressure data over 
about ten Weeks from the same patient; 

[0026] FIG. 4 is a graph of the difference betWeen each 
LAP and f-LAP reading over the ten-Week period post 
implantation; 
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[0027] FIG. 5 is a graph of mean LAP post implantation; 

[0028] FIGS. 6A-6C list examples of signals that may be 
interpreted to facilitate diagnosis, prevention, and treatment 
of cardiovascular disease; and 

[0029] FIG. 7 is a table of cardiac and non-cardiac diag 
nostic states derivable from hemodynamic measurements. 

DETAILED DESCRIPTION 

[0030] In one embodiment, Waveforms, including those 
indicative of various hemodynamic values and parameters, 
are used With therapeutic devices as calibration-independent 
parameters for diagnostic and surrogate measurements of 
left atrial pressure (“LAP”). These Waveforms can be useful 
in driving therapy. In other embodiments, devices using 
Waveform feature-derived parameters that are indicative of 
left atrial pressure and Which do not include patient signal 
ing elements drive therapy. 

[0031] In some embodiments, measurements of LAP are 
provided based on relative measurements of Waveform 
feature amplitude or timing, and do not use an external 
atmospheric pressure reference. In other embodiments, mea 
surements of LAP are provided based on relative measure 
ments of Waveform feature amplitude or timing, and do not 
calibrate a pressure sensor Zero offset. 

[0032] In one embodiment, Waveform feature-derived 
parameters or indicators of LAP (“f-LAP”) are used by an 
implantable system to drive or optimize therapy Without an 
external pressure reference. Therapies that can be bene? 
cially controlled include, but are not limited to: cardiac 
rhythm management, de?brillators, drug infusion systems, 
ultra?ltration, oral drug dose management, diet and activity 
management. In some embodiments, therapy is controlled 
automatically. In other embodiments, therapy is controlled 
by providing instructions to a patient, a doctor, a medical 
professional, or other caregiver. 

[0033] The term “derived,” is a broad term that is intended 
to have its ordinary meaning. In addition, the term 
“derived,” is intended to mean based upon, related to, comes 
from, or is otherWise produced as a result of. 

[0034] In one embodiment, a system for remote non 
invasive calibration of implantable medical devices analyZes 
uploaded pressure Waveforms to determine sensor calibra 
tion. In another embodiment, a system remotely monitors 
implantable medical devices by analyZing uploaded pressure 
Waveforms to detect either a change in a physiological 
condition or a miscalibration of a sensor. In yet another 

embodiment, a system analyZes multiple features of an LAP 
Waveform to provide a signal indicative of the condition of 
a heart. In one embodiment the system also provides an 
offset calibration of a pressure sensor. In one embodiment 
the system does not utiliZe or require an external pressure 
reference. 

[0035] In another embodiment, a classi?er, such as an 
arti?cial neural netWork, classi?es the condition of a heart 
based at least in part on the LAP Waveform. 

[0036] FIG. 1 shoWs data acquired from an implanted 
pressure monitoring device, such as a HeartPODTM, in a 
patient With congestive heart failure (“CHF”). Simultaneous 
intra-cardiac electrogram (“IEGM”) and LAP pressure 
Waveforms are shoWn at four different levels of mean LAP, 
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from 4 to 34 mmHg. Changes in features of the pressure 
Waveform are correlated With the mean pressure, demon 
strating that such feature changes are indicative of LAP. 
There is also a linear relationship betWeen the height of the 
y-descent and the mean LAP. This relationship is illustrated 
in FIG. 2 beloW. 

[0037] Pressure Waveforms are measured in any of a 
variety of Ways. For example, pressure Waveforms can be 
generated from pressure transducers that are temporarily 
positioned or permanently implanted Within the body. In 
some embodiments, pressure is measured With a pieZoelec 
tric sensor. In other embodiments, pressure is measured With 
a pressure transducer that is implanted Within a patient’s 
heart. Examples of pressure measuring devices are taught in 
Us. application Ser. No. 10/698,031, ?led Oct. 29, 2003, 
Ser. No. 10/127,227, ?led Apr. 19, 2002, Ser. No. 10/438, 
300, ?led May 13, 2003, Ser. No. 11/116,138, ?led Apr. 27, 
2005, and Ser. No. 11/015,336, ?led Dec. 17, 2004, Which 
are all incorporated by reference herein. 

[0038] FIG. 2 shoWs data acquired over the ?rst tWo Weeks 
after implantation of a left atrial pressure sensor in a patient 
With congestive heart failure. About four times per day, a 
15-second recording of the LAP Waveform Was acquired 
With a sampling rate of 200 HZ. For each acquired Wave 
form, the mean left atrial pressure is plotted versus the 
average height of the y-descent, demonstrating the high 
degree of correlation betWeen mean of the pressure Wave 
form and the height of one of its features. This high 
correlation is utiliZed in several embodiments of the current 
invention. Data can be acquired during any interval, such as 
minutes, hours, days, Weeks, months, and/or years, or a 
combination thereof. 

[0039] In one embodiment, the formula for the mean-LAP 
vs. y-descent regression line is used to compute an estimate 
of left atrial pressure from a measurement of the y-descent. 
It Will be clear to one skilled in the art that, unlike the mean 
LAP, the y-descent can be measured Without reference to the 
external atmospheric pressure. Thus, an index of left atrial 
pressure based on a relative measurement of a Waveform 
feature, such as the height of the y-descent, has the advan 
tage that it does not require measurement of an external 
atmospheric pressure reference. 

[0040] Another advantage of an index of left atrial pres 
sure based on a relative measurement of Waveform features 
is that such measurements are independent of sensor offset 
calibration. Thus, feature-based relative measurements 
indicative of left atrial pressure are advantageously unaf 
fected by sensor offset drift. A method and device for 
measuring left atrial pressure that does not require an 
atmospheric pressure reference and Which is unaffected by 
pressure sensor drift is particularly advantageous for a 
permanently implantable pressure measurement system. 

[0041] In one embodiment of the present invention, a 
feature-based index of LAP is used as a substitute for mean 
LAP to diagnose and drive therapy for Worsening congestive 
heart failure. In another embodiment, a feature-based index 
of LAP is used together With a direct measurement of mean 
LAP. In one embodiment, the relationship betWeen LAP and 
f-LAP is used to detect a change in the absolute calibration 
of the sensor. 

[0042] The relationship betWeen LAP and the feature 
based index (or indicator) of LAP is sometimes referred to 
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as a “correlative relationship,” Which is a broad term, 
intended to have its ordinary meaning. In addition, a cor 
relative relationship can include any relationship, such as a 
formula, a graph, a curve, a linear relationship, a non-linear 
relationship, a neural netWork, a classi?er, or any other 
relationship that provides a value of one variable When 
presented With the value of another variable. 

[0043] In one embodiment, the difference betWeen LAP 
and f-LAP is averaged over an interval to determine an offset 
calibration for the direct LAP measurements. In one embodi 
ment, sudden changes in the relationship betWeen f-LAP and 
LAP is detected and analyZed. In one embodiment, a sudden 
change in this relationship is an indication of a change in a 
physiological condition. 

[0044] The f-LAP is fundamentally different from other 
methods and parameters for estimating LAP. For example, 
f-LAP depends on relative measures of the LAP Waveform, 
and is therefore independent of barometric pressure and 
sensor o?fset calibration. Unlike other devices and methods, 
utiliZing f-LAP need not measure pressure relative to a 
barometric pressure at a speci?c time in the RV Waveform. 
In addition, in many embodiments, devices and methods 
utiliZing f-LAP do not utiliZe an atmospheric pressure ref 
erence and a sensor With knoWn Zero-pressure o?fset. 

[0045] FIG. 3 shoWs left atrial pressure data over about 10 
Weeks from the same patient. The square symbols are direct 
measurements of mean LAP obtained by averaging sensor 
output for 15 seconds. The diamonds are feature-based 
estimates of LAP calculated using a formula that describes 
the relationship betWeen the height of the y-descent to LAP. 
The ?rst tWo Weeks includes the same data as in FIG. 2, 
Which Was used to determine the relationship betWeen LAP 
and y-descent in the patient. It is clear that the f-LAP tracks 
the daily variations in LAP, but that over time the LAP 
readings can drift higher relative to the f-LAP readings. 

[0046] FIG. 4 shoWs the difference betWeen each LAP and 
f-LAP reading over the 10 Weeks after implant, clearly 
shoWing this drift. On 4/28 Valsalva calibration Was per 
formed to determine true LAP. Calibration using a Valsalva 
maneuver is described in detail in Us. application Ser. No. 
10/438,309, ?led May 13, 2003, and Us. application Ser. 
No. 10/438,300, ?led May 13, 2003, both of Which are 
incorporated by reference herein. The data in FIGS. 3 and 4 
both shoW that this recalibration brings LAP and f-LAP back 
into agreement, demonstrating that f-LAP accurately pre 
dicts mean LAP, and that the difference betWeen mean LAP 
and f-LAP is an accurate measure of LAP sensor o?fset, 
Which may be referred to as an error value. 

[0047] In one embodiment of the present invention, the 
difference betWeen LAP and an f-LAP is used to perform 
sensor calibration. In one such embodiment, the difference is 
averaged over a number of measurements or over an interval 

of time to derive an offset correction. In one embodiment the 
interval of time is one Week, and an offset correction is 
applied to the sensor LAP readings each Week. In another 
embodiment, the interval is one month, or some other 
interval that may be chosen by the patient’s physician. In 
another embodiment, the interval is one Week, and a neW 
calibration is applied each day based on the most recent 
seven-day average difference. Any interval may be selected, 
such as minutes, hours, days, Weeks, months, and/or years, 
or a combination thereof. 
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[0048] It is knoWn to those of skill in the art that the 
relationship betWeen a mean cardiac pressure measurement 
and a Waveform feature measurement also may be affected 
by physiological changes. A list of examples of pressure 
Waveform features and corresponding physiological condi 
tions is provided in FIGS. 6A-6C. Examples of cardiac and 
non-cardiac diagnostic states derivable from measurements 
at the intra-atrial septum are shoWn in FIG. 7 of the same 
application. 
[0049] In several embodiments of the present invention, 
the systems, devices and methods employed distinguish 
betWeen a change in physiological condition and a change in 
sensor calibration. In one embodiment of the present inven 
tion, the difference betWeen LAP and an f-LAP is monitored 
as described above to derive an offset correction, but the 
offset correction is not alWays automatically applied. 
Instead, a calibration alert is generated Whenever the cor 
rection derived from the LAP versus f-LAP di?ference 
exceeds a predetermined threshold. In one embodiment, the 
interval of time is one Week and an offset correction is 
calculated once a Week. In another embodiment, the interval 
is one Week and the offset correction is calculated each day 
based on the most recent seven-day average difference. In 
another embodiment, the interval is one month. Any interval 
may be selected, such as minutes, hours, days, Weeks, 
months, and/or years, or a combination. 

[0050] In one embodiment, the alert includes an instruc 
tion to the patient to perform a calibration, such as a Valsalva 
calibration. In one embodiment, the patient is further 
instructed to contact his or her physician if the calibration, 
such as a Valsalva calibration, does not bring LAP and 
f-LAP into agreement. In another embodiment, the alert 
includes an instruction to the patient to go to the physician’s 
of?ce to perform a calibration so that the physician can 
evaluate Whether the discordance betWeen LAP and f-LAP 
is physiological or sensor drift. In another embodiment, tWo 
or more LAP feature parameters are analyZed, and the 
combination of parameters is used to distinguish betWeen 
various physiological changes (such as those as shoWn in 
FIG. 7), and betWeen physiological changes and sensor 
calibration changes using this approach. 
[0051] Although it is knoWn in the art to recogniZe various 
conditions of a heart based on parameters of left atrial 
pressure (such as the conditions and parameters described in 
FIG. 7), a more comprehensive classi?cation of Waveform 
morphologies according to corresponding physiological 
conditions can be achieved by training an arti?cial neural 
netWork (ANN) to do the classi?cation. 

[0052] As is knoWn in the ANN arts, an ANN generally 
includes one or more training sets of input/output pairs. In 
one embodiment, the training sets include Waveforms and 
knoWn corresponding physiological conditions. The training 
sets can include the entire Waveform, or one or more 

parameters derived from the Waveform, such as the height of 
the y-descent discussed above. In one embodiment, the ANN 
is provided or trained With both an LAP Waveform and an 
IEGM Waveform. In another embodiment, the ANN is 
provided or trained With parameters of the IEGM, for 
example the heart rate and the p-r interval, and the relative 
pressure values and timing of the maxima and minima in the 
corresponding LAP Waveform. 

[0053] In one embodiment the ANN output includes a 
mean LAP and a physiological condition. In one embodi 
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ment the physiological condition is one of: tamponade, 
mitral regurgitation, atrial ?brillation, constrictive pericardi 
tis, as Well as all of the conditions listed in FIGS. 6A-6C and 
FIG. 7. 

[0054] In one embodiment, an ANN is trained using 
Waveforms and conditions for a single patient and is used to 
analyZe the data from only that patient. Such a restriction 
improves the accuracy of the ANN for a given number of 
training pairs because of the reduced variability in input 
Waveforms from a single patient. In another embodiment, an 
ANN is trained and used for classifying Waveforms from 
any patient, or from any of a particular group or class of 
patient. 

[0055] In one embodiment of the present invention, the 
analysis required to calibrate an implanted pressure sensor 
based on LAP Waveform parameters includes identifying the 
relevant feature or features Within the LAP pressure Wave 
form, measuring the appropriate feature parameter or param 
eters, and computing the f-LAP from the feature parameters, 
and subtracting the f-LAP values from the mean LAP to 
derive the offset calibration. In one embodiment, this analy 
sis is performed by an external patient advisory module 
(“PAM”). 
[0056] In another embodiment, the analysis is performed 
by a computer, Which is particularly advantageous When the 
algorithms for identi?cation of features and/or measurement 
of parameters are complex. In one embodiment, Waveforms 
stored in the PAM are uploaded to a computer, Which can be 
located in the patient’s home. If the calculated o?fset cali 
bration differs from the current calibration, in one embodi 
ment the computer doWnloads the neW calibration to the 
PAM. In another embodiment the patient is noti?ed to 
calibrate, and the patient may be instructed to contact the 
physician, or the patient may be instructed to perform a 
Valsalva calibration as described above. 

[0057] In another embodiment, the computer is located in 
the doctor’s o?ice, and Waveforms from the patient’s PAM 
are uploaded, and a neW calibration is doWnloaded, such as 
during an o?ice visit. In another embodiment, the computer 
performing the Waveform analysis may be remote from the 
patient, and the patient uploads data from the PAM tele 
metrically, for example via a telephone modem or an internet 
connection, as is Well knoWn to those skilled in the art. In 
such embodiments, the remote computer can be located at 
the doctor’s of?ce, or at a central site con?gured to receive 
and process calibration data from multiple patients’ 
implanted devices. 

[0058] In one embodiment, the uploaded data includes raW 
LAP Waveform data, simultaneously acquired IEGM Wave 
forms, and current calibration factors. The remote computer 
performs f-LAP analysis to determine a neW calibration. If 
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the PAM requires a calibration change, the neW calibration 
based on the parameters of the telemetrically uploaded 
Waveforms may be doWnloaded telemetrically to the PAM, 
providing a system for remote calibration of implanted 
medical devices. In another embodiment, the patient and/or 
the doctor are noti?ed that a re-calibration is required. 

What is claimed is: 
1. A system for estimating cardiac pressure Within a 

patient using an implantable medical device, the system 
comprising: 

an electrical ?eld application system operative to apply an 
electrical ?eld to tissues of the patient including cardiac 
tissues; 

a measurement unit operative to measure a parameter 
in?uenced by the electrical ?eld, the parameter being 
affected by cardiac pressure; and 

a cardiac pressure estimation unit operative to estimate 
cardiac pressure Within the patient by applying prede 
termined conversion factors to the measured parameter. 

2. The system of claim 1 Wherein the electrical ?eld 
application system includes an impedance detection pulse 
generation system. 

3. The system of claim 1 Wherein the measurement unit 
includes: 

an electrical impedance (Z) detector operative to detect an 
electrical impedance (Z) signal Within the patient along 
a sensing vector Wherein impedance is affected by 
cardiac pressure; and 

a parameter determination unit operative to derive the 
parameter from the electrical impedance (Z) signal. 

4. The system of claim 1 further including a heart failure 
detection system operative to detect heart failure based on 
estimated cardiac pressure. 

5. The system of claim 1 further including an implantable 
Warning device operative to generate a Warning upon detec 
tion of heart failure. 

6. A system for estimating cardiac pressure Within a 
patient using an implantable medical device, the system 
comprising: 
means for applying an electrical ?eld to tissues of the 

patient including cardiac tissues; 

means for measuring a parameter in?uenced by the elec 
trical ?eld, the parameter being affected by cardiac 
pressure; and 

means for estimating cardiac pressure Within the patient 
by applying predetermined conversion factors to the 
measured parameter. 

* * * * * 


