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Abstract

We presentthe Long Term ST Database a collection
of eighty 24-hour two and three lead ECG recods
from amhulatory subjects with transient ST segment
abnormalities. The databaseprovides a compehensive
standad reseach resouce for quantitativelyassessinghe
performanceof automatedietectos of transientischemia,
and for supporting basic reseach into the metanisms
and dynamicsof transient ischemia. Recods of the
databasecontain annotatedsignificanttransientischemic
ST episodesnon-ishemic ST episodescausedby heart-
rate related changes, non-ishyemic ST eventsdue to axis
shiftsor QRSconductionchanges,andindividual QRSand
rhythmannotationsall madeby humanexperts.

1. Intr oduction

Developmentof the Long Term STDatabasgLTSTDB)
startedin January1995 under the joint project between
the FCIS (Ljubljana) and MIT (Boston) sponsoredby
the U.S.-Sloenian Scienceand Technology Joint Fund
Secretariatvhich yieldedin a databasef eleven 24-hour
annotatedamhulatory records. In 1997, Medtronic, Inc.
agreedo sponsorfurther developmentof the databaseAt
that time, the researchgroupsfrom ICP (Pisa), BIDMC
(Boston)and UMC (Ljubljana) joined to the project. In
1999, Zymed, Inc. agreedto additionaly sponsorthe
project in order to add a set of three lead amhulatory
records. Goals of the LTST DB are to representthe
wide variety of “real-world” datawith mary examplesof
significantnon-ischemicST eventsto gain developmentof
improved algorithmsto differentiateischemicST episodes
from non-ischemi&T events to includevarietyof temporal
patternsin ST level on long run to enableresearchers
to study lengthly physiologic mechanismsand dynamics
of ischemia,to include variety of rhythm abnormalities

to enablestudieson their correlationswith ischemicST

episodesandto permitmorereliable predictionof clinical

performancdrom thefirst-orderperformancestatisticsdue

to long duration records. In our previous report, we

explainedaspectandreasongor developmenof theLTST

DB, andreportedcurrentstatusof protocolsandannotating
of transientST events[1]. As the pool of collectedand

annotatedecordshasgrown, thecharacteristicsf transient
ST eventsbecamemoreclear It wasnecessaryo enhance
definitions of transientST events as well as annotation
protocolto accuratelycover all possiblecharacteristicend

originsof ST events. The aim of this paperis to reportthe

final designand constructionof the database We present
the selection criteria for records, improved annotation
protocolwith definitionsof significanttransientST events,
annotatingprocedure jmproved tools to identify, classify

and semiautomaticaljannotateST events,and presentthe

contentof therecordsof thedatabase.

2. The LTST database

The LTST DB contains 24-hour amhulatory records
selectedrom Holterrecordingobtainedn routineclinical
practicesettingsn Europeandin theUnited Statesdetween
1994and2000. Contributionsweremadefrom the BIDMC,
ICP, Brigham and Womens Hospital (Boston),and Duke
University Medical Center(Durham). The recordswere
collectedto modelreal-world clinical conditionsasfar as
possiblewith or without known coronary artery disease
while containing significant number of ischemic and
non-ischemicST events. Analog records were made
using standardAECG recorders. Since AECG recorders
preseresfrequeny contentin the signalstypically up to
30 Hz, or to 45 Hz in bestcaseswe digitized the records
at 128 or 250 samplesper secondper channeldepending
on the scanning system (Marquette MARS, ICR7200,
Oxford Medilog 4-24, REMCO LP 103, ZYMED) with
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Figure 1. Representationf annotationprotocol,definition
of significant ST shift and significant ST episode,and
schematicrepresentationof annotating. ST deviation
function is obtainedas changein ST level function from
which the ST referencefunction is subtracted. For the
legendreferto tablel.

the resolutionof 12 bits. After resamplingthe records
to uniquesamplingfrequeny of 250 samplesper second
and adjustingamplitudescaleto 200 ADC units per mV,
the recordswere preprocessefil]. Trendsof the derived
features, original ECG data and clinical informations
formedthe basisfor selectingthe records. Eachselected
record containssignificanttransientST segmentepisodes
correspondingo known ischemia(ischemicST episodes),
significant non-ischemic heart-raterelated transient ST
episodes significantnon-ischemicST eventsdue to axis
shifts (posturalchanges),or significantnon-ischemicST
eventsdue to changesn QRS conduction. Someof the
recordscontainarrhythmiassuchas atrial and ventricular
ectopy, atrial fibrillation, and/or atrio-ventricular and
intraventricular conductiondefects. Other recordswere
selectedo include examplesof baselineST displacement
resultingfrom conditionssuchashypertensionyentricular
dyskinesiaandeffectson medicationsWe alsoincludeda
numberof 24-hourrecordswith proven acutemyocardial
ischemia such as effort, resting, unstable, mixed, or
Prinzmetals anginaoriginally recordedat the ICP from
which the 2-hour excerptsin the EuropeanSociety of
Cardiology ST-T Database(ESC DB) were obtained.
The LTST DB containssixty-five 24-hour two lead and
fifteen three lead amhulatory records with significant
ST events annotatedby human experts. The records
also provide individual QRS and rhythm annotations

made by an expert Holter scanningtechnicianusing a
MarquetteMARS system. Eachrecordis accompanied
with detailed and compactclinical summaryincluding:
age and sex; Holter report; report on other clinical
investigations(if performed) such as ventriculography
ECG stresstest, thallium positron emissiontomography
echocardiography stress echo, coronary angiography;
relevant information on patient conditionswhat includes
history, medications, history of arterial hypertension,
previous myocardialinfarction, left ventricular function,
cardiomyopathy valve disease,electrolyte disturbances,
hypercapnia,intraventricular conduction block, baseline
ECG, final diagnosis;andtechnicalinformationaboutthe
recordincluding recorder leads,dateand startingtime of
recording.

During developmentf the LTST DB, it becamepbvious
that non-ischemicST events such as suddenaxis shifts,
slow changedn QRS axis, QRS conductionchangesand
slow drifts of ST level in generalappeawithout regularity,
and are thus forming mixtures of non-ischemic ST
events.For thesereasonsthe expertannotatorestablished
improvedannotatiorprotocol. ST eventsweredefinedand
annotatedindependentlyin each channel. Initially, the
protocol requiresmanualidentification of the isoelectric
and J points simultaneouslyin all ECG leadsthroughout
the records. The basisfor annotatingST eventsin each
ECG leadwasthe ST level function (seefigure 1), which
wasdefinedaschangeof ST seggmentamplitudeover time
measure®@0 msaftertheJpoint, or 60 msafterif heartrate
exceeds120 bpm. ST segmentamplitudemeasurements
and positionsof the isoelectricand J point were obtained
ontime-averaged 16 secondsheartbeatsderivedfor each
“clean” beatwhich passedthe preprocessinghase. ST
level function typically varieswidely in amplitudedueto
drifts, positionchangesghangesn conductionjntermittent
QRSconductionchangesheartratechangesandischemia.
Sincenon-ischemicST eventscould also causesignificant
(> 50 uV) shifts in ST level function, the annotating
cardiologistsmanually tracked the ST segment level to
eliminate thesenon-ischemicST changes. The resultant
STrefelencefunction(definedaspiecavise linear function
betweerthe knot pointsasannotatedhroughoutherecord
by local-referenceannotationsin the ST level function)
approximatesthe ST referencelevel and was after that
subtractedrom the original ST level function to form the
STdeviation function To successfullyannotateST events,
annotatorgonsideredT level andST deviation functions,
original ECG signals,time seriesof QRScomplex andST
segment KL coeficients, and clinical information about
the patient (final diagnosis,other investigations,patient
history). Annotatorsalso establishedfew characteristic
catgyoriesrelating to time-domainST seggmentand QRS
complex morphology describing their temporal change,
origin or nature:
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Figure2. Exampleof trackingthe ST sgmentlevel in theleadO of patientsb0047.The ST level functionandST reference
function (piecaviselinear)areshavn higher(resolution100 4V perunit). Instantaneoukeartratefunctionis lower ([bpm]).
Two significantST shifts dueto shiftsin the electricalaxis of the heart(AX) areannotatedat approximateimes14:24:30
and14:32:0.They wereboundedandtracked out by local referencegLR). A significantischemicST episode(Bl, XIL, El)

is alsoboundedyy two local references.

¢ Chang in QRS complex morpholayy due to slow or
sudden (postural - axis shifts) changesin the cardiac
electrical axis characterizedby changein the Q, R or S
wave amplitude or dueto right or left bundlebranchblock,
or otherslow or suddenintraventricularconductiondefects
characterizedby bizarreandwider QRScomplex.

« Non-ishemic change in ST sgment morpholayy due
to simultaneousslow or suddenchangesin the cardiac
electrical axis, due to simultaneousslow or sudden
conduction defects, or due to slow drifts. Drifts are
characterizedy slow and persistenihon-ischemiachange
in ST segmentslopeand shapewithin longer period, and
may or may not be accompaniedy changein heartrate.
Cateory of drift includesheart-rateelateddiurnalchanges
andeffectsof medicationon repolarization.

« Non-ishemic heart-rate related change in ST segment
morpholayy characterizedy changein heartrate and by
non-ischemicchangein ST segment morphology within
shorter period (J-point depressionwith positive slope,
parallelshift of ST sgmentcomparedo referenceor basal
ST sggment).

« Ischemicchangein STsegmentmorphola@ycharacterized
by ischemicchangdan ST sggmentmorphology(flattening,
down sloping, changingshape,scooping, elevation) and
may or may notbeaccompanietby changan heartrate.

« Noisy ST interval characterizedby consecutie ST
segmentswhich cannotbe evaluatedby annotatordecause
of noises.

During establishinghe ST referencdevel, the annotators
first set simultaneouslyfor each ECG lead the global
refeence annotation(for the annotationcodessee table
1) representingthe first stable five-minute interval after
the beginning of the recordwithout significantvariationin
the ST level (basalinternval). Annotatorstracked the ST
segmentlevel by a sequenceof local refeences They
tracked everything but ischemicand heart-raterelatedST
episodesandchangesiueto noises Individual ST episodes
of both types, or salos or sequence®f theseepisodes,
were precededand endedby a local reference. The ST
segmentlevel was tracked in the casesof drift, or in the
casesof non-ischemiachangein ST segmentmorphology

which had to be accompaniedby simultaneouschange
in QRS complex morphology and also evident in the
time courseof QRS complex KL coeficients. Changes
of ST level function tracked were significant (> 50uV)
or not. Any significantsudden-steghangeof ST level
functionwhich wasaccompaniedby simultaneousudden-
stepchangen QRScomplex morphologywasboundedby
alocal referencebeforeandafter the stepchangeandwas
annotatedassignificantaxis shift or significantconduction
change accordingto its nature.Figure2 shovs anexample
of trackingthe ST segmentlevel whentwo significantST
shifts and significant ST episodeare present. Other ST
eventswereannotatedn theST deviationfunction. In order
to be annotatedtransientST episodehadto be significant
satisfyingfollowing criteria:

« An episode beggins when the magnitude of the ST
deviation functionfirst exceed50uV;

« The deviation mustreach75uV or more throughouta
continuousnterval of atleast30 seconds;

« The episodeendswhen the deviation becomessmaller
than 50uV, provided that it doesnot exceed50uv in the
following 30 seconds;

Significant ST episodesaccompaniedby non-ischemic
heart-raterelatedchangein ST segmentmorphologywere
annotatedas significant heart-rate related ST episodes
while those accompaniedby ischemic changein ST
segmentmorphologyas significantischemic ST episodes
Sometimessignificant axis shifts or conductionchanges
appearedwvithin significantST episodes. In thesecases,
they were not tracked out, but annotatedwithin the
episodes. Sometimessignificant ST episodesappeared
due to noisy ST intervals as bumps of ST deviation
function. Thoseshorterwere annotatedas noisy eventsat
their extrema, while thoselongeras unreadableintervals
Longer intervals with all heart beats rejected during
preprocessingas noisy were annotatedas unreadable
intervalsaswell.

Annotatingprocedureconsistedrom threephases.The
first phase consistedfrom deriving ST level functions
on the basis of manually adjusted positions of the
isoelectriclevel andJ pointin time-areraged16 seconds)



heart beats which correspondedto frequent manually
set “dummy” annotationsalong the records[1]. These
positionsestimateccorrectpositionsof the isoelectricand
J point for the correspondingheart beatsin the centers
of averagingwindows. The positionsof the isoelectric
level and J point for the rest of clean heart beatswere
calculatedby interpolatingthe two positions at dummy
annotationsalong the records. In the second phase,
annotatorsset local referencesto estimateST reference
functions and set annotationsindicating significant ST
shifts. During the third phase the ST referencefunctions
were reviewed/corrected,significant ST episodeswere
annotatedautomaticallyin the ST deviation function, and
after that manuallyverified/corrected Annotatorsreached
theagreemenbn the annotationgluringjoint meetings.
Identificationandclassificationof transientST episodes
was accomplishedby expert cardiologistsusing SEMIA
(semiautomatic),version 3.0 (mainly developed by the
fifth author), a specialpurposegraphic event-driven user
interfaceand signal-processingpol designedspeciallyfor
this project. It providesdetailedinsightsinto the dataat
multiple resolutions,examinesdataat any point, presents
the real ECG waveforms and trends of ST and QRS
functions, and supportsmanualand automaticannotation
of the recordsby cardiologistsat differentsitesinteracting
via the Internetand without papertracings. New features
of version 3.0, as comparedto previous version[1], are
following: up to threeECG channelsuserselects‘lead”,
“data” and “KL” windows to form his/herown interface,
dynamicmenusnot permittinganannotatoto go out of the
requiredprotocol and stay consistent,several fast modes
simplifying repeatableoperationsmemorizingoperations
in the mouse buttons, and enhancedmenus regarding
automatiodeletionandchangingattributesof annotations.
The LTST DB record files are in the WFDB format
and containdetailedclinical informationfor the subjects,
waveformdata,true QRSannotationsand ST annotations.
Eachrecordis composedy headeffile sNxxxxhea(where
N is 2 or 3 describingthe numberof ECG signalsandxxxx
is therecordnumber) signalfile sNxxxxdat, ARISTOTLE'S
QRSannotatiorfile sNxxxxari, QRSannotatiomatruthfile
sNxxxxatr, ST annotationatruthfile, SNxxxxsta, and ST
segmentmeasuremeniatruthfile sNxxxx16a Headeffiles
describetheformatof the signalfiles andcontaintechnical
information about the records, comments of expert
annotators,and detailedand compactclinical summaries
for the subjects. ARISTOTLE'S QRS annotationfiles
containautomaticallyderived QRS annotationsand heart-
beatfiducial pointswhich were usedduring preprocessing
and annotatingthe records. QRS annotationatruth files
contain individual QRS and rhythm annotationsmade
by expert Holter scanningtechnician. ST annotation
atruthfiles containST annotationgseetable 1), while ST
measurementstruthfile containmeasuremenisbtainedon

Code Meaning

GRSTn Globalrefeence
LRSTn =l Localrefeence
s[cc] stn SignificantSTshift

([rt] stn=+ dddd
alrt] stn + dddd
[rt] stn = dddd)

Beginning of significantSTepisode
Extremaof significantSTepisode
Endof significantSTepisode

noi n + dddd Noise
(urdn Beginning of unreadablenterval
urdn) Endof unreadableinterval

Tablel. ST annotationcodesusedfor the LTST DB. [cc]:
type of ST shift (none: axis shift, cc: conductionchange),
[rt]: type of ST episode(none: ischemic,rt: heart-rate
related),n: leadnumber(0, 1 or 2), llll: ST level in pV,
dddd ST deviationin pV.

averageheartbeats. Thesemeasurementgere attached
backto individual heartbeatsin the centersof averaging
windows. An annotationcorrespondgo eachcleanbeat
and contains: ST amplitude measurementat the points
J+80(60)ms,J+0ms, J+20ms,J+40ms,J+60ms,J+80ms,
J+100ms,and J+120ms;positionsof the isoelectriclevel

andJ point relative to the ARISTOTLE’s fiducial point; and
the numberof heartbeatsleft andright to the centerbeat
includedinto the averagebeat.

3. Discussionand conclusions

Databasealevelopmentwascomple, resourcentensie,
and time consuming. Semiautomatidanteractive graphic
toolswerecritical. They allowed usto work paperlesand
facilitated internationalcooperationvia Internet. Project
benefitedfrom the expertise, resourcesand experiences
of the researchgroups. Samplesof the databasewill be
available on http://wwwphysionet.ay, while the database
will be publishedon CD-ROMs andwill bereleasedn the
springof 2001.
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