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(57) ABSTRACT 

A system and method for cardiovascular analysis includes an 
implantable medical device capable of generating hemody 
namic pressure waveform databased upon sensed pressure. 
Hemodynamic waveform data is analyzed to identify artifac 
tual data represented in the hemodynamic waveform. 
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SYSTEMAND METHOD FOR DETECTING 
ARTIFACTUAL, HEMODYNAMIC 

WAVEFORMIDATA 

RELATED APPLICATION 

0001. This application is a divisional of U.S. patent appli 
cation Ser. No. 11/044,618, filed Jan. 27, 2005, entitled 
SYSTEMAND METHOD FOR DETECTING ARTIFAC 
TUAL HEMODYNAMIC WAVEFORM DATA, herein 
incorporated by reference in its entirety. 

BACKGROUND OF THE INVENTION 

0002 The present invention relates to a system and 
method for detecting and handling artifactual data in hemo 
dynamic waveforms. 
0003. It is possible to obtain cardiovascular data, for 
healthcare and research purposes, using an implantable medi 
cal device (IMD) such as an implantable hemodynamic moni 
tor (IHM), together with a pressure sensor lead that senses 
blood pressure within a heart chamber and an electrogram 
(EGM) of the heart. The IHM senses absolute blood pressure 
values, and the patient is also provided with an externally 
worn atmospheric pressure reference monitor record contem 
poraneous atmospheric pressure values. 
0004. A cardiovascular analysis system using the IHM can 
be programmed to sense and calculate various hemodynamic 
parameters. The IHM is programmed and interrogated 
employing an external programmer or a PC to accumulate 
trend data at a programmable resolution. 
0005. The memory buffers of the IHM and the atmo 
spheric pressure reference monitor can transmit by telemetry 
the sensed and stored pressure and other data, thereby emp 
tying the buffers, to a nearby interactive remote monitor for 
temporary storage of the data. The interactive remote monitor 
periodically transmits accumulated data to a remote data pro 
cessing center that can process the data to develop trend data 
that the attending physician can review, along with other 
patient data derived in patient examinations and interviews, to 
assess cardiovascular health. 
0006 Such an IHM system implanted in patients suffering 
from adverse cardiovascular health conditions can accumu 
late date-stamped and time-stamped blood pressure data that 
can be of use in determining the condition of the heart and or 
vascular system over an extended period oftime and while the 
patient is clinically tested or is engaged in daily activities. 
Various other IHM functions and uses of EGM, pressure and 
other parameter data accumulated in an IHM are disclosed in 
U.S. Pat. Nos. 5,368,040, 5,417,717, 5,564,434, 6,104,949, 
6,155,267, 6,280,409, 6,275,707, 6,309,350, and 6,438,408, 
and U.S. Pat. App. Ser. Nos. 2003/0199779 and 2004/ 
O16741O. 
0007 Data collected by an IHM system may contain 
undesired artifactual data, in addition to desired data. Gener 
ally, artifactual data is any data corresponding to an inaccu 
rate observation, effect, or result, especially one resulting 
from characteristics of the IHM system used in gathering the 
data or due to data collection error. 

BRIEF SUMMARY OF THE INVENTION 

0008. The present invention relates to a cardiovascular 
analysis system that includes an implantable medical device 
that generates hemodynamic pressure waveform databased 
upon the hemodynamic pressure sensed. Hemodynamic 
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waveform data is analyzed to identify artifactual data repre 
sented in the hemodynamic waveform, so that the artifactual 
data does not result in an inaccurate representation of a 
patient's health. 
0009. The invention also includes a method of hemody 
namic waveform data analysis that includes sensing a hemo 
dynamic pressure for a pulse cycle using an implantable 
medical device, generating hemodynamic pressure waveform 
data that represents the hemodynamic pressure as a function 
of time for the pulse cycle, and analyzing the hemodynamic 
pressure waveform data to determine if artifactual waveform 
data is present in the hemodynamic waveform data. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0010 FIG. 1 is a block diagram of a cardiovascular analy 
sis system. 
0011 FIG. 2 is a diagram showing examples of waveforms 
of cardiovascular data obtainable from the cardiovascular 
analysis system of FIG. 1. 
0012 FIG. 3 is a graph of a hemodynamic pressure wave 
form for a cardiovascular pulse cycle. 
0013 FIG. 4 is a graph of a hemodynamic pressure wave 
form containing spiky artifactual data. 
0014 FIG. 5 is a graph of a hemodynamic pressure wave 
form containing downward drift artifactual data. 
0015 FIG. 6 is a graph of a hemodynamic pressure wave 
form containing upward drift artifactual data. 
0016 FIGS. 7 and 8 are graphs of hemodynamic pressure 
waveforms containing clipping artifactual data. 
0017 FIGS. 9A and 9B are graphs of hemodynamic pres 
Sure waveforms containing respiratory-related artifactual 
data. 
(0018 FIG. 10 is a flow chart of a device-level algorithm 
for identifying artifactual data in hemodynamic waveforms. 
0019 FIG. 11 is a flow chart of an external computer-level 
algorithm for identifying artifactual data in hemodynamic 
waveforms. 
0020 FIG. 12 is a flow chart of another algorithm for 
identifying artifactual data in hemodynamic waveforms. 
0021 FIG. 13 is a flow chart of an information network 
level algorithm for identifying artifactual data in hemody 
namic waveforms. 

DETAILED DESCRIPTION 

0022 FIG. 1 is a block diagram of cardiovascular analysis 
system 16, which senses hemodynamic pressures in a 
patient's heart and analyzes sensed hemodynamic pressure 
data to assess health conditions of the patient. System 16 
includes sensor lead 17 (carrying hermetically sealed pres 
sure sensor 18 and electrogram (EGM) sense electrode 20), 
implantable hemodynamic monitor (IHM) 22 (including 
input circuit 23, device processor 24 and memory 25, atmo 
spheric pressure reference monitor (PRM) 26, computer 28, 
and information network 29. 

0023. In one embodiment, the IHM 22 is a 
CHRONICLE(R) Model 9520 IHM, described in commonly 
assigned U.S. Pat. No. 5,368,040. In other embodiments, 
hemodynamic data can be sensed and recorded by an IMD 
that also functions as a pacemaker, cardioverter, defibrillator, 
and/or drug pump. The sensor lead 17 can be a Medtronic R. 
Model 4328A, and the PRM 26 can be a Medtronic R. Model 
2955HF, both available from Medtronic, Inc., Minneapolis, 
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Minn. Computer 28 can be a Medtronic R. Model 9790 pro 
grammer or a PC with CHRONICLER software. 
0024. Hemodynamic data can include indicators of 
mechanical heart function, for example, hemodynamic pres 
Sures at various cardiovascular locations, such as in the right 
Ventricle, left ventricle, right atrium, left atrium, pulmonary 
arteries, and systemic arteries. Input circuit 23 is a signal 
processing circuit that receives a pressure signal representa 
tive of blood pressures in the heart (e.g., in the right ventricle) 
from pressure sensor 18 and an electrical signal representa 
tive of the electrical activity of the heart from EGM sensor 20. 
Input circuit 23 may sample, demodulate or otherwise pro 
cess the signals received from pressure sensor 18 and EGM 
sensor 20. 
0025 Device processor 24 derives hemodynamic pressure 
waveform data and hemodynamic parameters from the pro 
cessed pressure and electrical signals received from input 
circuit 23. The hemodynamic waveform data and hemody 
namic parameters are stored in memory 25 on a beat-by-beat 
basis, minute-to-minute basis, hour-to-hour basis, or on some 
other basis. 
0026. Because IHM 22 senses absolute blood pressure 
values, the patient is also provided with externally worn 
PRM. Contemporaneous atmospheric pressure values pro 
duced by PRM 26 are communicated to computer 28 along 
with data from IHM 22. 
0027 Computer 28 accumulates trend data that is stored in 
a memory at a programmable resolution. System 16 can be 
connected to information network 29, which includes an 
Internet-accessible database of cardiovascular information 
obtained using system 16. Information network 29 can be 
used to provide patient information to computers and medical 
personnel located remotely from the patient. 
0028. In operation, when accumulating hemodynamic 
data, it is possible for undesirable artifactual data to be 
recorded by system 16. Artifactual data is problematic, 
because unidentified artifactual data represents unreliable, 
aberrant data in a hemodynamic data set and can affect analy 
ses of health conditions. System 16 analyzes hemodynamic 
waveform data to detect, identify and handle artifactual data 
that may be present. Once identified, artifactual data can be 
labeled, excluded from stored hemodynamic waveform data, 
or otherwise identified or adjusted. This analysis and han 
dling can be performed at various locations in System 16. Such 
as at IHM 22, at computer 28, and at a processing node on 
information network 29. 
0029 FIG. 2 is a diagram showing examples of waveforms 
of cardiovascular data obtainable from system 16. The wave 
forms relate to, without limitation, electrical activity (i.e., 
EGM)76, right ventricle (RV) pressure 78, pulmonary artery 
pressure 80, the first derivative (dP/dt) of RV pressure 82, and 
the second derivative (d2P/dt2) of RV pressure 84. Hemody 
namic parameters are sampled at a sampling rate of about 256 
samples per second (256 Hertz), digitized and stored in 
memory registers. The data can be stored as waveforms by 
system 16. 
0030 IHM 22 is programmed to sense and calculate, for 
example, RV systolic pressure 88 (i.e., a maximum or peak 
pressure in a sampling window), RV diastolic pressure 90 
(i.e., a first pressure sample in a sampling window), pulse 
pressure (where pulse pressure=RV systolic pressure-RV 
diastolic pressure), pre-ejection interval (PEI) 92, systolic 
time interval (STI)94, peak positive change in pressuredP/dt 
max 96 (synonymously called +dP/dtmax), peak negative 
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change in pressure dP/dtmin 98 (synonymously called -dP/ 
dtmax), estimated pulmonary artery diastolic pressure 
(ePAD) 100, R-waves 102, patient activity level, and heart 
rate. Other waveform parameters can be obtained. Such as 
inflection point 104 corresponding to the closing of the pull 
monary valve, point 106 where the dP/dt 82 first reaches a 
negative value, and points 108 and 110 where the d2P/dt2 84 
becomes negative and then becomes positive again. Pulse 
width 112, measured between dP/dtmax 96 and dP/dtmin98, 
is also identified. 
0031. Additional cardiovascular information can be 
derived from the hemodynamic values identified above. For 
instance, times at which the pulmonary valve opens and 
closes during a cardiovascular pulse cycle can be estimated as 
times 96 and 98 when dP/dtmax and dP/dtmin occur, respec 
tively. 
0032 FIG. 3 is a graph of hemodynamic pressure wave 
form 200 for a cardiovascular pulse cycle. Cardiovascular 
data samples are generally taken in a sampling window cor 
responding to a cardiovascular pulse cycle. That sampling 
window is a time interval for hemodynamic sensing of 
approximately 500 milliseconds (ms) that begins following 
electrical activation of the heart. In one embodiment, IHM 22 
is programmed so that sampling windows occur every four 
days during times when a patient’s activity levels are low 
(e.g., when sleeping). Sampling windows can occur at any 
other desired periodicity. In addition, periods of increased 
sampling resolution can be activated, such as while an acute 
event relating to cardiovascular health is occurring. 
0033. There are a number of general categories or groups 
of artifacts in hemodynamic pressure waveforms that can be 
detected and identified by system 16. These categories 
include spiky artifacts, drift artifacts, clipping artifacts, res 
piratory-related artifacts, and other artifacts. These categories 
of artifactual data are each discussed in turn. 
0034 FIG. 4 shows hemodynamic pressure waveform 210 
containing spiky artifactual data that is represented, at least in 
part, at region 212. Spiky artifacts in a hemodynamic pressure 
waveform generally correspond to relatively large changes in 
pressure over relatively short periods of time. Region 212 of 
waveform 210 corresponds to a relatively large change in 
pressure (about 10 mmHg) over a relatively short period of 
time (about 10 msec), which indicates spiky artifactual data. 
0035. There are numerous causes of spiky artifacts. It is 
possible that a spiky artifact will appear in a hemodynamic 
pressure waveform if sensor lead 17 is improperly placed in 
the heart. Moreover, if sensor lead 17 is loosened, it may 
move or “whip” within the right ventricle during systole and 
produce a narrow-width, high pressure spike in a correspond 
ing hemodynamic pressure waveform. Also, possible contact 
(e.g., bumping, bouncing, banging, and Sustained contact) 
between sensor lead 17 and inner tissue or valves of the heart 
increases a likelihood that a spiky artifact will appear during 
waveform capture. The amplitude of the spike may vary 
depending on an extent of sensor lead 17 dislodgement or 
contact with tissue of the heart. Spiky artifacts tend to affect 
all hemodynamic parameters sensed by IHM 22, except dias 
tolic pressure (Pdias). Spiky artifacts generally increase sys 
tolic pressure (Psys), ePAD, PEI, dp/dtmax, and dP/dtmin 
values, which can produce a cumulative increase in trend data 
obtained from a series of hemodynamic pressure waveforms. 
In addition, spiky artifacts generally decrease STI values, 
with corresponding effects on trend data. The spiky artifac 
tual data shown in FIG. 4 is significant enough to affect 
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hemodynamic pressure waveform parameters such as PsyS, 
pulse pressure (Ppulse), ePAD, dP/dtmax, dP/dtmin, PEI and 
STI. 

0036 Certain criteria can be used by system 16 to detect 
spiky artifacts in hemodynamic pressure waveforms. Hemo 
dynamic pressure waveforms having a dP/dtmax greater than 
a predetermined value are identified as likely containing 
spiky artifactual data. That predetermined value can be a 
generalized value, such as about 512 mmHg/sec. or can be a 
value individualized for the patient, such as a value deter 
mined based upon previously-gathered non-artifactual 
patient data. In addition, any hemodynamic pressure wave 
form having a pulse width less than a predetermined value, 
Such as about 74.2 milliseconds (msec) or a patient-specific 
value, are identified as likely containing spiky artifactual 
data. 
0037 FIGS. 5 and 6 are representations of hemodynamic 
pressure waveforms 220 and 222 containing drift artifactual 
data. Waveforms containing drift artifacts generally have 
shapes that appear normal, but quantitative values of hemo 
dynamic pressure parameters are too high or too low to be 
credible. Drift artifacts result in a shift from normal hemody 
namic pressure values, and can be downward or upward. 
Hemodynamic pressure waveform 220, shown in FIG. 5, 
relates to downward drift artifactual data, and hemodynamic 
pressure waveform 222, shown in FIG. 5, relates to upward 
drift artifactual data. Pressure values of hemodynamic pres 
sure waveform 220 shown in FIG. 5 have negative values, 
which indicates the presence of artifactual data. In FIG. 5, 
pressure values of hemodynamic pressure waveform 222 are 
all greater than or equal to about 50 mmHg, which indicates 
the presence of artifactual data. 
0038. Downward drift artifactual data, such as that shown 
in FIG. 5, can occur for a number of reasons including, 
without limitation, non-physiological causes such as sensor 
failure and a patient traveling to a high altitude location (i.e., 
a low atmospheric pressure location) without PRM 26. Sen 
sor failure can occur when sensor lead 17 begins to lose 
hermaticity, which can be reflected in a hemodynamic pres 
Sure waveform with pressure values that decrease to a Zero 
value. Traveling without PRM 26 affects hemodynamic pres 
sure values because IHM 22 records absolute pressure values, 
and trend data from a series of hemodynamic pressure wave 
forms is affected by changes in atmospheric pressure in the 
absence of proper atmospheric correction using data from 
PRM 26. When downward drift artifacts occur, ePAD, Psys, 
Pdias, and Ppulse values generally decline, whereas dP/dt 
max, dp/dtmin, PEI and STI values generally remain unal 
tered. 
0039 Artifacts caused by a patient traveling without PRM 
26 will typically show an abrupt change in hemodynamic 
parameters. In contrast, sensor failure is a progressive event 
that normally takes a substantial number of days before 
hemodynamic parameters decline. 
0040. Non-physiological downward drift artifactual data 
can generally be identified where an average pressure value of 
a hemodynamic pressure waveform is negative (i.e., when the 
average pressure value is below zero mmHg) or below a value 
individualized for the patient. If overall values of a hemody 
namic pressure waveform decrease gradually, a downward 
drift artifact is grouped as a sensor failure artifact. Ifan overall 
value of a hemodynamic pressure waveform decreases 
abruptly, a downward drift artifact is grouped as one induced 
by a patient traveling to high altitudes without PRM 26. 
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0041. Upward drift artifactual data, such as that shown in 
FIG. 6, can occur, for example, when a patient travels to a low 
altitude location (i.e., a high atmospheric pressure location) 
without PRM 26. Upward drift artifacts generally cause an 
increase in ePAD, Psys, Pdias, and Ppulse values, and gener 
ally have no effect on dP/dtmax, dP/dtmin, PEI and STI 
values. 

0042. Non-physiological upward drift artifactual data can 
generally be identified where a hemodynamic pressure wave 
form has a Pdias value greater than a predetermined value, 
such as about 50 mmHg or a value individualized for the 
patient. 
0043 FIGS. 7 and 8 are representations of hemodynamic 
pressure waveforms 230A and 230B containing clipping arti 
facts. Hemodynamic pressure waveforms containing clipping 
artifacts are generally characterized as having Substantially 
constant pressure values through one or more intervals of 
waveform data collection. Typically, IHM 22 is programmed 
to sense pressure data at a certain range of atmospheric pres 
sures (e.g., from 700 to 760 mmHg). If a patient travels to 
either an extremely high or extremely low altitude location, 
the atmospheric pressure may be outside the programmed 
range of IHM 22. Atmospheric pressure reference data from 
PRM26 typically cannot overcome the problem of exceeding 
the programmed range of IHM 22. Clipping artifacts result 
from reaching an upper or lower threshold of pressure sensing 
for IHM 22. In that way, clipping artifacts are distinguishable 
from drift artifacts because clipping artifacts cause a signifi 
cant change in a shape of hemodynamic waveforms, unlike 
drift artifacts. Clipping artifacts can significantly affect 
ePAD, Psys, Pdias, Ppulse, dP/dtmax, dP/dtmin, PEI and STI 
values. 

0044 Because clipping artifacts can occur regardless of 
use of PRM 26, deviations in hemodynamic parameters due 
to clipping artifacts can be large. Indeed, because PRM 26 
typically has a far greater capture range than IHM 22, PRM 26 
can accurately record atmospheric pressure while IHM 22 
simultaneously overestimates hemodynamic pressure values. 
0045 Clipping artifacts can be identified where a hemo 
dynamic pressure waveform has a Substantially constant pres 
Sure value for longer than a predetermined time during a 
designated period of pressure sensing is categorized as con 
taining artifactual data. For instance, hemodynamic pressure 
waveforms having a substantially constant pressure value for 
longer than about 78 msec during the first 150 msec of pres 
Sure sensing for a cardiac pulse cycle (see, e.g., region 232A 
in FIG. 7) can be categorized as containing clipping artifac 
tual data. Also, hemodynamic pressure waveforms having a 
Substantially constant pressure value for longer than about 
150 msec during a period from about 200 msec to about 400 
msec of pressure sensing for a cardiac pulse cycle (see, e.g., 
region 232B in FIG. 8) can be categorized as containing 
clipping artifactual data. Alternatively, clipping artifactual 
data can be identified based upon the presence of a Substan 
tially constant pressure value for intervals that are patient 
specific. 
0046 FIGS. 9A and 9B represent hemodynamic pressure 
waveforms 240A and 240B containing respiratory-related 
artifacts. Respiration cycles can cause baseline fluctuations in 
hemodynamic pressure waveforms. In general, respiration 
causes a cycling of intrathoracic pressures in patient's chest, 
which in turn affects hemodynamic pressures, such as those 
in the heart H. In addition, respiratory disturbances, such as 
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coughing, yawning and Snoring, can lead to artifactual data in 
hemodynamic pressure waveforms. 
0047 For example, respiration produced significant base 
line fluctuations between first samples 242A and 242B and 
last samples 244A and 244B in the hemodynamic pressure 
waveforms shown in FIGS. 9A and 9B. In FIG. 9A, first 
sample 242A has a significantly greater pressure value than 
last sample 244A, by a difference of about 30 mmHg. The 
relatively high first sample 242A is due to exhalation, which 
generally causes an increase in intrathoracic pressure. In FIG. 
9B, last sample 244B has a significantly greater pressure 
value than first sample 242B, by a difference of about 30 
mmHg. The relatively low first sample 242B is due to inha 
lation, which generally causes a decrease in intrathoracic 
pressure. 

0048 Respiratory-related artifactual data can be identified 
where a first sample and a last sample of a sampling window 
of a hemodynamic pressure waveform for a cardiovascular 
pulse cycle have pressure values that differ by more than a 
predetermined value, such as about 30 mmHg or a value 
individualized for the patient. 
0049 Respiratory-related artifactual data is not necessar 

ily erroneous data. However, when analyzing hemodynamic 
waveform data for a particular cardiovascular pulse cycle in 
isolation, unidentified respiratory-related artifactual data can 
distort hemodynamic parameters. 
0050. Other artifactual data may be present in hemody 
namic pressure waveforms. For instance, artifactual data can 
result from conditions affecting pressure sensor 18, Such as 
contact with valves or tissues of the heart. Moreover, tissue 
overgrowth over sensor 18 can affect hemodynamic pressure 
parameters derived by IHM 22. These other types of artifac 
tual data may or may not manifest themselves in ways similar 
to the categories of artifacts previously discussed, but still 
result in unreasonable deviations from reasonable hemody 
namic pressure waveform parameters. They are identified by 
detecting significant deviations from normal parameters. 
0051 Table 1 summarizes, by way of example and not by 
limitation, how selected artifact categories relate to selected 
hemodynamic parameters. Artifact categories that have a sig 
nificant effect on particular hemodynamic parameters are 
marked “Yes”, while hemodynamic parameters not signifi 
cantly affected by those categories are marked “No”. 

TABLE 1. 

Artifact Categories 

Hemodynamic Downward Upward Respiratory 
Parameter Spiky Drift Drift Clipping Related 

ePAD Yes Yes Yes No Yes 
Psy's Yes Yes Yes Yes Yes 
Podias No Yes Yes Yes Yes 
Ppulse Yes Yes No Yes Yes 
dPdtmax Yes No No Yes No 
dPidtmin Yes Yes No Yes No 
PEI Yes No No Yes No 
STI Yes Yes No Yes No 

0052 System 16 detects and handles artifactual data in 
hemodynamic pressure waveforms by comparing character 
istics of sensed waveforms to characteristics of waveforms 
known to be reliable. Once detected, system 16 can handle the 
artifactual data in a number of ways to increase a likelihood 
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that only reliable hemodynamic data is used for any ultimate 
healthcare and research analyses for which the data was col 
lected. 
0053 FIG. 10 is a flow chart of a device-level algorithm 
for identifying artifactual data in hemodynamic waveforms. 
As shown in FIG. 10, data analysis occurs within IHM 22. 
Sensor lead 17 produces a sensed pressure signal that is sent 
to low pass filter 300, and a sensed EGM signal that is ana 
lyzed by threshold detector 302 to trigger waveform capture 
(e.g., with a marker) following electrical activation of the 
heart. Other signal processing, such as demodulation, takes 
place, though not specifically shown in FIG. 10. The filtered 
pressure signal is sampled and digitized to produce pressure 
waveform data from which computed parameters 304 are 
calculated. Computed parameters 304 include any or all 
hemodynamic parameters corresponding to a recorded hemo 
dynamic pressure waveform (e.g., heart rate, ePAD, PsyS, 
Pdias, Ppulse, dP/dtmax, dP/dtmin, PEI and STI). This can 
include generating plots of first and second derivatives of the 
recorded hemodynamic pressure waveform. Range setup 305 
is a determination of non-artifactual values for the parameters 
analyzed, and can include a determination of individualized, 
patient-specific values. Artifact detection sub-algorithm 306 
analyzes hemodynamic pressure waveforms and correspond 
ing hemodynamic parameters to determine whether or not 
artifactual data is present in each of the hemodynamic pres 
sure waveforms (step 307). Sub-algorithm 306 can incorpo 
rate any or all of the criteria described above to detect spiky 
artifacts, drift artifacts, clipping artifacts, and respiratory 
related artifacts. Sub-algorithm 306 operates as IHM-based 
software in the embodiment illustrated in FIG. 10. 
0054 If no artifacts are present in a hemodynamic pres 
Sure waveform, then the waveform data is sent to a temporary 
histogram 308, which collects hemodynamic data for a pro 
gram storage interval (e.g., five minutes). Representative val 
ues of the hemodynamic data collected during the storage 
interval can then be communicated for storage in a database, 
for example. For each hemodynamic parameter, representa 
tive values can include values indicative of a range of values 
collected during the storage interval. Such as a median value, 
a sixth percentile value, and a ninety-fourth percentile value. 
Waveform data (or representative values) are accumulated as 
trend data 310 for a series of hemodynamic pressure wave 
forms. 
0055. If artifacts are detected, then artifact types are 
reported 312. Information regarding the artifactual data (e.g., 
artifact type, and date and time of occurrence) is reported to 
information network 29, which can include a database and 
can incorporate Internet-based access features. Generally, 
only non-artifactual data is stored for analysis by information 
network 29. 

0056 Although artifact detection can occur within IHM 
22, though limited battery life generally associated with 
IMDS raises a concern with conducting extensive processing 
operations with IHM22. Therefore, where battery life of IHM 
22 is a concern, it is preferred to analyze and process wave 
form data externally, where possible. 
0057 FIG. 11 is a flow chart of an external computer-level 
algorithm for identifying artifactual data in hemodynamic 
waveforms. In FIG. 11, analysis of hemodynamic pressure 
waveforms to detect artifactual data occurs in computer 28, 
externally of IHM 22. Cardiovascular data is gathered by 
IHM device 22 and is transmitted to a telemetry unit 48, 
which is operatively connected to computer 28. Computed 
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parameters 304 are then calculated from the data transmitted 
by IHM 22, and range setup 305 is conducted. Computed 
parameters 304 are analyzed by artifact detection sub-algo 
rithm 306, which is similar to that described with respect to 
FIG 10. 
0058 If no artifacts are present in the waveform (step 
307), then the waveform is labeled (step 316) (i.e., flagged, 
marked or otherwise identified) as having no artifacts present. 
If an artifact is detected (step 307), then the waveform is 
labeled (step 318) as having an artifact present. Labeled 
waveform data can be stored in a database, and can be dis 
played with labels that indicate the presence of any artifacts 
(step 320). 
0059 Analysis of waveforms in computer 28 can be 
accomplished using commercially available software such as 
MATLAB software, available from Mathworks, Inc., Natick, 
Mass. In other embodiments, analysis can be incorporated 
using custom Software used in conjunction with 
CHRONICLER software, available from Medtronic, Inc., 
Minneapolis, Minn. 
0060 FIG. 12 is a flow chart of another algorithm for 
identifying artifactual data in hemodynamic waveforms. In 
FIG. 12, detection artifactual data can occur in IHM 22, in 
computer 28, or elsewhere within system 16. This embodi 
ment is generally similar to those discussed above with 
respect to FIGS. 10 and 11 in generating computed param 
eters 304 and conducting range setup 305. In this embodi 
ment, computed parameters 304 are analyzed with artifact 
detection sub-algorithm 306 to determine if artifactual data is 
present (step 307). Hemodynamic data determined not to 
contain artifactual data (step 307) is accumulated intrend data 
310. Where the presence of artifactual data is detected (step 
307), the portion representing artifactual data is identified 
(step 322) and only non-artifactual data is reported (step 324) 
for inclusion in the trend data 310 compiled from a series of 
waveforms. Because certain categories of artifacts affect only 
certain hemodynamic parameters, unaffected parameters are 
reported in trend data 310 while parameters affected by the 
presence of artifactual data are excluded. 
0061 FIG. 13 is a flow chart of an information network 
level algorithm for identifying artifactual data in hemody 
namic waveforms. In FIG. 13, detection of artifactual data 
occurs prior to storing data in database 326. Analysis of 
hemodynamic pressure waveforms to detect artifactual data 
can occur on any computer with access to information net 
work 29. The algorithm shown in FIG. 13 can be used in 
conjunction with other processing algorithms, such as those 
shown and described with respect to FIGS. 10-12, to provide 
additional functionality not shown in FIG. 13. 
0062 Data from database 326 that does not contain arti 
facts can be displayed as trend data 328. Data containing 
artifacts can be displayed with indications as to the date and 
time of the artifactual data 330. 
0063. In addition to automated and computerized methods 
of artifact detection, visual inspection (i.e., manual inspec 
tion) of waveforms can be conducted. Visual inspection is 
conducted at a computer with access to information network 
29 by looking at displayed individual waveforms to deter 
mine whether artifactual data is present. 
0064. By detecting and handling artifactual data that may 
be present in hemodynamic data sets (i.e., hemodynamic 
pressure waveforms), an increase in the reliability of cumu 
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lative trend data can beachieved. That is desirable in increas 
ing reliability of diagnosis, monitoring, and treatment of car 
diovascular conditions. Data that has been analyzed for the 
presence of artifactual data is more reliable for further analy 
ses, and therefore the present invention can be used in con 
junction with further cardiovascular data analysis processes, 
as desired. 
0065. Although the present invention has been described 
with reference to preferred embodiments, workers skilled in 
the art will recognize that changes may be made in form and 
detail without departing from the spirit and scope of the 
invention. For instance, while reference has been made to 
analysis of waveforms, it will be recognized that analysis of 
raw data corresponding to that represented in hemodynamic 
pressure waveforms can also be analyzed while remaining 
within the scope of the present invention. 

We claim: 
1. A cardiovascular analysis system, comprising: 
a sensor adapted to sense a hemodynamic pressure over 

time in cooperation with a transmitter, 
an implantable medical device for generating hemody 

namic pressure waveform databased upon the hemody 
namic pressure sensed; and 

means for analyzing the hemodynamic waveform data to 
identify artifactual data represented in the hemodynamic 
waveform data. 

2. A system according to claim 1, wherein the means for 
analyzing the hemodynamic waveform data is contained in 
the implantable medical device. 

3. A system according to claim 1 and further comprising 
means for generating trend data based upon the hemody 
namic waveform data. 

4. A system according to claim3, wherein the trend data is 
filtered based upon artifactual data identified in the hemody 
namic pressure waveform data. 

5. A method of hemodynamic waveform data analysis, the 
method comprising: 

sensing a hemodynamic pressure for a pulse cycle using an 
implantable medical device; 

generating hemodynamic pressure waveform data based 
upon the hemodynamic pressure sensed; and 

analyzing the hemodynamic pressure waveform data for 
the presence of artifactual waveform data. 

6. A method of hemodynamic waveform data analysis, the 
method comprising: 

sensing hemodynamic pressure for a pulse cycle using an 
implantable medical device; 

generating hemodynamic pressure waveform data based 
upon the hemodynamic pressure sensed; and 

compiling trend databased upon the hemodynamic wave 
form data adjusted according to a presence of artifactual 
data, when artifactual data is present in the hemody 
namic pressure waveform data. 

7. The method of claim 6, wherein the trend data is adjusted 
to exclude all hemodynamic pressure waveform data for a 
cardiovascular pulse cycle that contains artifactual data. 

8. The method of claim 6, wherein the trend data is adjusted 
to identify a presence of artifactual data. 
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