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PhysioNet: A Web-Based
Resource for the Study of
Physiologic Signals

Free Access to a Signals Archive and a Signal Processing/
Analysis Software Library Fosters Online Collaboration

n August 1, 1999, researchers at

Boston’s Beth Israel Deaconess Med-
ical Center, Boston University, McGill
University, and MIT inaugurated a new
resource for the biomedical research
community, under the auspices of the Na-
tional Center for Research Resources of
the US National Institutes of Health. This
resource, intended to stimulate current
research and new investigations in the
study of complex biomedical signals, has
the following three closely interdepen-
dent components.

= PhysioNet is an online forum for dis-
semination and exchange of recorded
biomedical signals and open-source
software for analyzing them, by pro-
viding facilities for cooperative anal-
ysis of data and evaluation of
proposed new algorithms. In addition
to providing free electronic access to
PhysioBank data and PhysioToolkit
software via the World Wide Web
(http://www.physionet.org/),
PhysioNet offers service and training
via on-line tutorials to assist users at
entry and more advanced levels.
PhysioBank is a large and growing
archive of well-characterized digital
recordings of physiologic signals and
related data for use by the biomedical
research community.
PhysioBank currently includes data-
bases of multiparameter cardio-
pulmonary, neural, and other
biomedical signals from healthy sub-
jects and patients with a variety of
conditions with major public health
implications, including sudden car-
diac death, congestive heart failure,
epilepsy, gait disorders, sleep apnea,
and aging. These databases will grow
in size and scope and will eventually
include signals from selected in vitro
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and in vivo experiments, as developed
and contributed by members of the re-
search community.

PhysioToolkit is a growing library of
software for physiologic signal pro-
cessing and analysis, detection of
physiologically significant events
using both classical techniques and
novel methods based on statistical
physics and nonlinear dynamics, in-
teractive display and characteriza-
tion of signals, creation of new
databases, simulation of physiologic
and other signals, quantitative evalu-
ation and comparison of analysis
methods, and analysis of
nonequilibrium and nonstationary
processes. A unifying theme of the
research projects that contribute soft-
ware to PhysioToolkit is the extrac-
tion of “hidden” information from
biomedical signals, information that
may have diagnostic or prognostic
value in medicine, or explanatory or
predictive power in basic research.
All PhysioToolkit software is avail-
able in source form under the GNU
General Public License (http://www.
fsf.org/copyleft/gpl.html).

This article aims to introduce
PhysioNet as a resource to the biomedical
research community. After a capsule sum-
mary of its history and goals, we will dis-
cuss what PhysioNet offers to researchers,
describe some of the technology needed
to support these functions, and conclude
with observations gleaned from Physio-
Net’s first year of service.

Origins and Objectives
of PhysioNet
As noted elsewhere in this issue, the
authors have shared long-term interests in
understanding the dynamics of human
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physiology and the implications of dy-
namical change in diagnosis and treat-
ment of pathophysiology. Our research
has often required physiologic signal da-
tabases, and we have collected many such
databases, beginning in the 1970s. Recog-
nizing the importance and value of these
databases to others working in our field,
we distributed copies of them, beginning
with the MIT-BIH Arrhythmia Database
in 1980 [1-3].

During the past 25 years, as the tech-
nology supporting storage and transfer of
large data collections has evolved, we
shared our data using 8-inch diskettes
(1977-1981), quarter-inch cartridge tapes
(1978-1983), half-inch 9-track magnetic
tapes (1980-1989), CD-ROMs (1989 to
date), and CD-R (1994 to date). Our data
collections rapidly outgrew the capacities
of all of the physical media. As
high-speed access to the Internet became
more widely available, many researchers
who wished to use our data were able to
obtain samples of it, first using our anony-
mous FTP server (1991-1999), and then
via the World Wide Web (1995 to date). In
1997, the capacities of affordable disk
drives finally began once more to ap-
proach the size of our data collections, and
we began to contemplate the possibility of
creating a massive online resource of
physiologic signals and software for
studying them.

The National Institutes of Health’s Na-
tional Center for Research Resources (NIH
NCRR) agreed to fund the creation and
maintenance of PhysioNet as the major
public outreach component of the Re-
search Resource for Complex Physiologic
Signals [4], a multicenter collaboration led
by H. Eugene Stanley at Boston Univer-
sity, Leon Glass at McGill University, and
the authors. The creation of much of the
current contents of PhysioBank and
PhysioNet has been stimulated by research
within the Resource, which includes:

= assessment of signal quality in
multiparameter data (identification
of reliable and unreliable signals
based on their interrelationships);

« multivariate trend analysis and fore-
casting, with applications in inten-
sive care;

=« quantification of transient and local
properties of nonstationary physio-
logic signals;

=« quantification of cross interactions
among multiparameter signals;

= detection of changes that may pre-
cede the onset of catastrophic physi-
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ologic events, including epileptic
seizures and sudden cardiac death;

» quantification of the dynamics of
physiologic control;

« mathematical and physiological
modeling of physiologic control
mechanisms;

» identification of new measures re-
lated to nonlinear dynamics and
fractal scaling that have diagnostic or
prognostic use in life-threatening
cardiopulmonary pathologies.

Rigorous review of the data and soft-

ware available from PhysioNet is essen-
tial so that researchers can confidently
make use of these materials. For this rea-
son, we attempt to make explicit the ex-
tent to which all data and software have
been reviewed, by assigning each item to
one of the following three classes.

= Class 1 databases and software are

fully supported. Class 1 databases
have been carefully scrutinized and
are accompanied by comprehensive
sets of annotations that have been de-
rived by at least two experts working
independently, with all discrepancies
resolved either by consensus of the
original annotators, or by independ-
ent review of a third expert. Class 1
software has been extensively and
rigorously tested. We will correct
and document any remaining errors
and encourage users to bring these to
our attention.

Class 2 databases and software are
archival copies of materials that sup-
port published research, contributed
by authors or journals. We will main-
tain copies of the original data and
software together with corrections
submitted by the authors. We en-
courage users to report errors directly
to the authors.

Class 3 databases include collections
of data that may have been less thor-
oughly studied than those in class 1
but that may be of interest to the re-
search community. These databases
include works in progress, to which
users are invited to contribute. In
some cases, these databases may be
archived on their creators’ websites.
Class 3 software includes code that
may need further testing or develop-
ment; again, users are invited to dig
in and help their creators transform
these works in progress into robust
and useful tools for research.

PhysioBank

The PhysioBank archives currently
contain approximately 40 GB of digi-
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tized physiologic signals, most with an-
notations, organized into 21 major col-
lections (databases):

Multiparameter Databases
These databases include a variety of dig-
itized physiologic signals in each recording.

[Class 3] MIT-BIH Polysomnographic
Database [6]. This is a collection of re-
cordings of multiple physiologic signals
during sleep. Subjects were monitored in
the Sleep Laboratory at Boston’s Beth Is-
rael Hospital (BIH; now the Beth Israel
Deaconess Medical Center) for evalua-
tion of chronic obstructive sleep apnea
syndrome, and to test the effects of con-
stant positive airway pressure (CPAP), a
standard therapeutic intervention that
usually prevents or substantially reduces
airway obstruction in these subjects. The
database contains over 80 hours’ worth of
four-, six-, and seven-channel
polysomnographic recordings, each with
an ECG signal annotated beat-by-beat,
and EEG and respiration signals anno-
tated with respect to sleep stages and
apnea. Included is the [Class 2] Santa Fe
Time Series Competition [5] Data Set B
(data extracted from the MIT-BIH
Polysomnographic Database).

[Class 3] MIMIC Database [7]. This da-
tabase contains continuous recordings of
multiple physiologic signals gathered
from intensive care unit (ICU) monitors.
Currently, the PhysioBank archives con-
tain 72 complete records from this data-
base. Each contains one to three ECG
signals sampled at 500 Hz, together with
other monitored signals typically includ-
ing one or more blood pressure signals
(e.g., arterial blood pressure, pulmonary
arterial pressure, and central venous pres-
sure), and respiration sampled at 125 Hz.
The records also include measurements,
computed by the ICU monitors at inter-
vals of 1.024 s, of parameters such as heart
rate, systolic and diastolic blood pressure,
and respiration rate; these measurements
are now available for all 121 records of the
database, including multiple recordings
of some of the 90 subjects. The lengths of
these records vary but average nearly 40
hours each; the total length is approxi-
mately 4658 hours. The signals from the
remaining 49 records will be added to the
archives during 2001.

[Class 3] Apnea-ECG Database. This
database has been assembled for Com-
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PhysioNet is the major
public outreach
component of the
multicenter Research
Resource for Complex

Physiologic Signals.

puters in Cardiology Challenge 2000 (see
below). It consists of 70 ECG recordings,
each typically eight hours long, with ac-
companying sleep apnea annotations ob-
tained from study of simultaneously
recorded respiration signals, which are in-
cluded for eight of the recordings.

ECG Databases

[Class 1] MIT-BIH Arrhythmia Data-
base [1-3]. This database consists of 48
half-hour excerpts of two-channel ambu-
latory ECG recordings, obtained from 47
subjects studied by the BIH Arrhythmia
Laboratory between 1975 and 1979.
Twenty-three recordings were chosen at
random from a set of 4000 24-hour am-
bulatory ECG recordings collected from
a mixed population of inpatients (about
60%) and outpatients (about 40%); the
remaining 25 recordings were selected
from the same set to include less common
but clinically significant arrhythmias
that would not be well represented in a
small random sample. We have made ten
of the first group of records and 15 of the
second group (records 100-107,
118-119, and 201-219) available in their
entirety. The complete reference annota-
tion files and the first 10 min of the signal
files for each of the remaining records are
also available.

[Class 1] MIT-BIH Noise Stress Test
Database [8]. This consists of 12
half-hour records, consisting of two re-
cords from the MIT-BIH Arrhythmia Da-
tabase to which calibrated amounts of
noise have been added, for the purpose of
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assessing the noise tolerance of auto-
mated analyzers.

[Class 1] European ST-T Database
[9-10]. This standard database for evalu-
ation of algorithms for detection of ST
and T-wave changes consists of 90
two-hour recordings, with beat, rhythm,
signal quality, and ST and T-wave
change annotations. Forty-eight of the 90
recordings, and the complete set of 90
reference annotation files, have been
contributed to PhysioBank by the Euro-
pean Society of Cardiology and the cre-
ators of the Database.

[Class 2] QT Database [11]. This data-
base has over 100 15-minute two-lead
ECG recordings (many excerpted from
other databases), with onset, peak, and
end markers for P, QRS, T, and (where
present) U waves of 30-50 selected beats
in each recording.

[Class 2] Post-Ictal Heart Rate Os-
cillations in Partial Epilepsy [12].
This consists of seven annotated sin-
gle-lead ECG recordings, with times
of seizures indicated.

[Class 2] Exaggerated Heart Rate Os-
cillations During Two Meditation
Techniques [13], with additional data
from spontaneously and metronomically
breathing controls, and from highly
trained athletes. These data include times
of beat occurrence only (the original
ECGs are not currently available).

[Class 2] BIDMC Congestive Heart
Failure Database [14]. This contains 15
recordings, each about 20 hours long,
from subjects with severe congestive
heart failure (New York Heart Associa-
tion class 3-4).

[Class 3] Fantasia Database [15]. This
consists of heart-beat time series (no ECG
signals) from five young and five elderly
subjects, all healthy, in sinus rhythm dur-
ing a resting state (two hours each).

[Class 3] MIT-BIH Malignant Ventric-
ular Arrhythmia Database [16-17].
This consists of 22 excerpts of
two-channel ECG recordings, each 35
min in length, containing 89 episodes of
ventricular tachycardia, 60 episodes of
ventricular flutter, and 42 episodes of ven-
tricular fibrillation. This database con-
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tains thythm and signal quality annota-
tions only (no beat annotations).

[Class 3] Creighton University Ventric-
ular Tachyarrhythmia Database. This
database, collected by Floyd Nolle at the
Creighton University Cardiac Center, con-
tains 35 records, each of which shows the
onset of ventricular fibrillation. Most of
these records are original digital record-
ings from patient monitors; each is 8.5-min
long and contains one ECG signal.

[Class 3] MIT-BIH Supraventricular
Arrhythmia Database [18]. This con-
tains 78 excerpts of two-lead ECG record-
ings, each 30-min long, selected to
supplement the examples of supra-
ventricular arrhythmias in the MIT-BIH
Arrhythmia Database.

[Class 3] MIT-BIH Atrial Fibrillation
Database [19]. This database consists of
25 records, each ten-hours long, contain-
ing about 300 episodes of atrial fibrilla-
tion and 40 episodes of atrial flutter. The
ECG signals are currently available for
only one of the records; the others are
represented by annotation files only,
from which RR-interval time series can
be derived.

[Class 3] MIT-BIH ST Change Data-
base [20]. This contains 28 one- and
two-lead ECG recordings, mostly from
exercise stress tests.

[Class 3] MIT-BIH Normal Sinus
Rhythm Database. This database is 18
two-lead ECG recordings, each between
20 and 24 hours in length, from subjects
without diagnosed cardiac abnormalities,
with beat annotations. Also available are
two recordings that were excluded from
this database because of the presence of
occasional ectopic beats.

[Class 3] MIT-BIH ECG Compression
Test Database [21]. This database con-
tains a set of 168 short (20-s) records, ex-
hibiting a wide variety of arrhythmias,
conduction defects, and noise. Many re-
cords were chosen because characteristics
of the signal or noise may be expected to
pose a problem for an ECG compression
method that is not exactly invertible.

[Class 3] MIT-BIH Long-Term Data-

base. This database contains seven com-
plete long-term two- and three-lead ECG
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recordings, ranging in length from 14 to
24 hours.

Gait Databases

These databases contain walking stride
interval (gait cycle duration) time series.
[Class 2] Gait Maturation Database
[22]. This contains stride interval time se-
ries from 50 healthy children, ages 3-14,
walking at a self-determined normal pace
for 8 min around a 400-m running track.

[Class 2] Gait in Aging and Disease Da-
tabase [23-25]. This includes stride inter-
val time series from 15 subjects: five
healthy young adults (23-29 years old),
five healthy old adults (71 -77 years old),
and five older adults (60-77 years old)
with Parkinson’s disease. Data were col-
lected from the healthy subjects as they
walked in a roughly circular path for 15
min and from the subjects with Parkin-
son’s disease as they walked for 6 min up
and down a long hallway.

PhysioToolkit

The core of PhysioToolkit is the
WEDB (WaveForm DataBase) software
package, an open-source successor to ear-
lier software written by the first author for
use with the MIT-BIH Arrhythmia Data-
base. This package includes com-
mand-line tools for a wide variety of
classic signal-processing functions (e.g.,
filtering, sampling frequency conversion,
signal averaging, QRS detection, power
spectral density estimation), all written in
C and usable on Linux or MS-Windows
PCs and Unix workstations, among oth-
ers. Reference implementations of novel
algorithms for physiologic signal process-
ing, simulation and modeling, and
time-series analysis, such as applications
for deriving a respiration signal from one
or more ECG signals [26-27], and for
detrended fluctuation analysis [28-29],
are another major component of
PhysioToolkit.

WAVE is an extensible interactive
graphical environment for manipulating
sets of digitized signals with optional an-
notations, usable under Linux, Solaris,
and other environments supporting X11
and the open-source XView toolkit.
WAVE supports graphical annotation ed-
iting (we and others have used it exten-
sively for development of most of the
currently available annotated databases of
physiologic signals), high-quality print-
ing, flexible control of external sig-
nal-processing analysis programs (any
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such application can be made into a
plugin), and two-way communication
with web browsers (annotations can be
hyperlinks, and web browsers can use
WAVE as a viewer for annotated signal
files). A subset of the features of WAVEis
available in WVIEW, an interactive
viewer for MS-Windows.

All of this software uses a common li-
brary of functions (the WFDB library)
for reading and writing annotation and
signal files in a wide variety of supported
formats. Among the supported signal file
formats are 8-, 10-, 12-, and 16-bit signed
and unsigned binary formats (including
big- and little-endian formats and several
bit-packed formats); signals in separate
files, multiplexed files, or combinations
of both; and signals sampled at the same
or different sampling frequencies. Anno-
tations are typically stored in the com-
pact and extensible bit-packed format
first defined for the MIT-BIH Arrhyth-
mia Database and later used by most
other physiologic signal databases, in-
cluding the European ST-T Database and
the Massachusetts General Hospi-
tal/Marquette Foundation Waveform
Database, as well as in the format defined
for the AHA Database for Evaluation of
Ventricular Arrhythmia Detectors.
(Translators are provided for converting
binary signal and annotation files to text
and vice versa, and for converting be-
tween binary formats.) It is not necessary
for an application to be aware of the for-
mat of its input files, since all supported
formats are transparently converted into
a uniform representation by the library;
and applications that create signal or an-
notation files can similarly generate files
in any supported format simply by speci-
fying the format at the time the files are
created. User-written applications in C,
C++, or Fortran can be linked to the
WFDB library.

One of the most powerful features of
the WFDB library is that it permits input
not only from local files but also from re-
mote web servers. The library includes
HTTP and FTP client code, and when
communicating with web servers such as
Apache that support HTTP range re-
quests, it is possible for a WFDB applica-
tion such as WAVE to retrieve any desired
portion of a given file without having to
read all of it. The library finds its input
files by searching a user-defined path,
which may include any combination of lo-
cal directories and web or FTP server di-
rectories; thus, it is easy to keep a set of
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The PhysioBank
archives currently
contain approximately
40 GB of digitized
physiologic signals
organized into 21

major collections.

working files locally and still have access
to all of PhysioBank, simply by including
“http://www.physionet.org/physiobank/
database” in the search path following the
local directories. The low-level HTTP and
FTP client support is provided by the
World Wide Web Consortium’s free
libwww library (http://www.w3.org/Lib
rary/), which is linked to the WFDB li-
brary if available (this feature can be dis-
abled easily if desired).

Some PhysioToolkit software can be
run by users on the PhysioNet web servers
to provide analyses of their own locally
stored data. These services permit use of
the software without the need to install it
first. For example, a user may submit an
ECG recording to a QRS detector running
on PhysioNet to obtain an RR-interval
time series, a power spectrum of heart rate
variability, a detrended fluctuation analy-
sis, or a derived respiration signal.

PhysioNet on the World Wide Web

PhysioNet serves the research commu-
nity from a master server located at MIT
in Cambridge, Massachusetts, and a net-
work of mirror servers in Italy, Israel,
Spain, Slovenia, Taiwan, China, Brazil,
and at two other US locations (see
http://www.physionet.org/mirrors/ for a
complete list). The mirrors provide im-
proved access, especially where connec-
tions to the United States may be slow.
Additional mirror sites are welcome.

PhysioNet servers are typically 200
MHz or faster x86-compatible PCs, run-
ning the Apache web server under Linux.
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PhysioNet is fully indexed and search-
able, using a slightly customized version
of ht://Dig (http://www.htdig.org/). Mir-
roring is supported using rsync (http://
rsync.samba.org/). Application services
are provided using PhysioToolkit soft-
ware and additional custom CGI scripts.
All of the software used is freely available
and open-source.

During PhysioNet’s first year of ser-
vice, the PhysioNet master server pro-
vided over 150 GB of data to visitors from
over 15,000 locations in 90 countries.

The Future of PhysioNet

All data included in PhysioBank, and
all software included in PhysioToolkit,
are carefully reviewed. The classification
of each item reflects the extent to which
this review can be considered complete.
Generally, class 3 materials have been re-
viewed only by their creators and require
peer review, class 2 items may have re-
ceived peer review but may not yet have
stood the test of time, and class 1 data and
software have been studied by many re-
searchers over a period of years and may
be expected to have few if any remaining
flaws. As class 2 and 3 data and software
receive review and corrections, they may
be promoted to class 1 status following a
public comment period. We invite the re-
search community to participate in the on-
going review process. By sharing
common data sets, and software in source
form, the community benefits from access
to materials that have been rigorously
scrutinized by many investigators. We
further invite researchers to contribute
data and software for peer review and pos-
sible inclusion in PhysioBank and
PhysioToolkit.

PhysioBank is beginning to function
as a repository for selected physiologic
signals and time-series data from pub-
lished studies in peer-reviewed journals.
As this repository grows, PhysioBank will
increasingly serve as a “dynamical appen-
dix” for published articles, giving readers
access to the original data on which stud-
ies are based. A precedent for publication
of such primary datasets has already been
established by Nature and Science with
respect to high-resolution bio-molecular
structural data, which are now released at
or before the time of publication of the ar-
ticles describing these data.

Equally important is the development
of novel tools for data analysis, including
techniques for signal processing, and al-
gorithms for analyzing typically
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nonstationary and nonlinear data sets for
clinical or research purposes. An archive
of research software that is universally
available, immediately accessible, and
continuously refined through rigorous
peer review is an ideal complement to the
existing print media in which such algo-
rithms are published. Consider, for exam-
ple, the problem of errors in published
algorithms for nonlinear analysis. With-
out a forum such as PhysioNet to alert us-
ers to such problems and correct them
when they are discovered, progress in this
field has been hampered by the difficulty
of resolving differences in results that
may result from errors in interpretation of
algorithm descriptions, errors in algo-
rithm implementation, or fundamental er-
rors in algorithm design. Misleading and
erroneous analyses follow. The
open-source software development model
in general, and PhysioNet in particular,
offer an effective remedy for such prob-
lems and will also allow the developers
and users of new or established software
to let the community know promptly
about updates or refinements.

Between February and September
2000, PhysioNet hosted the Computers in
Cardiology Challenge 2000, an open
competition focusing on the problem of
detecting and quantifying sleep apnea us-
ing the ECG. We selected this topic for the
first in a planned series of challenges be-
cause chronic sleep apnea is a common
problem with major health implications,
because it is typically diagnosed using
techniques that are typically more cum-
bersome and expensive than ECG moni-
toring, and because studies during the past
15 years [26-27] have hinted at the possi-
bility of detecting sleep apnea using fea-
tures of the ECG.

The immediate goal of the challenge
was to demonstrate that apnea can be de-
tected reliably from the ECG in a large,
representative, and well-characterized set
of reference data. The use of a common
data set (the Apnea-ECG Database, see
above), consisting of ECG recordings that
have been extracted from manually anno-
tated polysomnograms and divided into
equal training and test sets, permits repro-
ducible evaluation and fair comparison of
different analysis methods. Apnea anno-
tations for the training set were made
available for study; those for the test set
were not released until the conclusion of
the competition.

Entrants competed in two events
(apnea screening, in which the object was
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to classify the test set recordings into
apnea and nonapnea categories; and quan-
tification, which required scoring each
minute of each recording for the presence
orabsence of apnea). A majority of the en-
trants in the screening event correctly
classified from 93% to 100% of cases;
scores in the quantification event ranged
from 75% to nearly 93%, a level compara-
ble to inter-observer variability in apnea
scoring based on the full set of signals nor-
mally available in polysomnograms, in-
cluding nasal airflow, respiratory effort,
and oxygen saturation signals. Details of
the methods used were presented by 12
entrants at Computers in Cardiology 2000
and appear in the proceedings of the con-
ference [30].

The more profound goal of this chal-
lenge is to leverage the opportunities pre-
sented by the PhysioNet resource to foster
rapid progress by a widely distributed
group of researchers on an important clin-
ical problem. A major benefit of a re-
search resource such as PhysioNet is to
create a meeting place for new data and
novel analytic methods. It is especially
significant that several of the most suc-
cessful entrants would not otherwise have
had access to the data necessary for study-
ing this topic. The spectacular success of
this challenge is among the clearest dem-
onstrations yet of how PhysioNet offers a
new paradigm for catalyzing advances in
subjects where access to data has tradi-
tionally been a barrier to entry.
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