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The las two decades have witnessed the recognition of a signifredetionship between the
autonomic nervous system and cardiovascular mortafigiuding sudden cardiac dedttt. 2 #
Experimental evidencéor an association between propensity for lethal arrhythamassigns of
either increased sympathetic or reduced vagal actimasyspurred efforts for the development of
guantitative markersf autonomic activity.

HRV represents onef @ahe most promising such markers. The apparerdly derivation of this
measure has popularized its use. As maoynmercial devices now provide an automated
measurement of HRV, theardiologist has been provided with a seemingly simple ftvoboth
resarch and clinical studiesHowever, the significancand meaning of the many different
measures of HRV are more comptean generally appreciated, and there is a potdotiahcorrect
conclusions and for excessive or unfounded extrapolations.

Recognition of these problems led the European Society of Cardiatajyhe North American
Society of Pacing and Electrophysioldgyconstitute a Task Force charged with the resibdity

of developing appropriate standards. The specific goals oT #sik Force were to (1) standardize
nomenclature and develop definitionflsterms, (2) specify standard methods of measurement, (3)
define physiological and pathophysiological correlst (4) describe currenthppropriate clinical
applications, and (5) identify areas for futteeearch.

To achieve these goals, the members of the Task Force werefdvawthe fields of mathematics,
engineering, physiology, ardinical medicine. Thestandards and proposals offered in tieist
should not limit further development but should allow appropricdenparisons, promote
circumspect interpretations, and leaduidher progress in the field.

Background

The phenomenon that is the focus of tieigort is the oscillatiom the interval between consecutive
heartbeats as well as tbscillations between consecutive instantaneous heart Yelesrt rate
variability" has become the conventionally acceptedn to describe variations of both
instananeous heart rai@nd RR intervals. To describe oscillation in consecutive camjieles,
other terms have been used in the literature, for examoypiée length variability, heart period
variability, RR variability,and RR interval tachogram, and theyrmappropriately emphasitee
fact that it is the interval between consecutive beatdshming analyzed rather than the heart rate
per se. Howevethese terms have not gained as wide acceptance as HR\Wyé¢hws| use the term
HRYV in this document.

The clinical relevance of HRV was first appreciated in 1@88&n Hon and Léenoted that fetal
distress was preceded by alterationmterbeat intervals before any appadxe change occurread
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heart rate itself. Twenty years ago, Sayensd others? 12 focused attention on the existence of
physiological rhythmsmbedded in the bedb-beat heartate signal. During the 19708wing et
al! devised a number of simple bedside tests of skam RR differences to detect autonomic
neuropathy in diabetic patient§he association of higher risk of postinfarction mortality with
reduced HRV was first shown by Wolf et%in 1977. In 1981Akselrod et &f introduced power
spectral analysis of hearate fluctuations to quantitatively evaluate bwabeat cardiovascular
control.

These frequency domain analyses contributed to the understah@agnomidoackground of RR
interval fluctuations in the hearate record® 1> The clinical impotance of HRV became
appreciatedn the late 1980s, when it was confirmed that HRV was a stamagindependent
predictor of mortality after an acute myocardiafarction® ¥’ 8 With the availability of new,
digital, high-frequency, 24our, multichannel ECGecorders, HRV hathe potential to provide
additional valuable insight into physiologicahd pathological conditions and to enhance risk
stratification.

Measurement of HRV

Time Domain Methods

The variations in heart rate may be evaluated by a nuofberethodsPerhaps the simplest to
perform are the time domain measuresh&se methods, either the heart rate at any point in time or
the intervals between successive normal complexes are deterinireedontinuous ECG record,
each QRS complex is deted, andthe soecalled normako-normal (NN) intervals (that is, all
intervals between adjacent QRS complexes resulting from sinus node depolarizatiotis)
instantaneous heart rate is determined. Simple time doraaables that can be calculatedlute
the mean NN intervathe mean heart rate, the difference between the longest and shNdtest
interval, the difference between night and day heart rate,sanébrth. Other time domain
measurements that can be used are variatioimstantaneous hdarate secondary to respiration,
tilt, Valsalvamaneuver, or phenylephrine infusion. These differences cated®ibed as either
differences in heart rate or cycle length.

Statistical Methods

From a series of instantaneous heart rates or cycle intepaatecularlythose recorded over longer
periods, traditionally 24 hourmore complex statistical time domain measures can be calculated.
Thesemay be divided into two classes: (1) those derived from direct measureshehes NN
intervals or instantanes heart rate and (2) thoserived from the differences between NN
intervals. These variablesay be derived from analysis of the total ECG recording or lbeay
calculated using smaller segments of the recording périallatter method allows comparisoh

HRV to be made duringarying activities, for example, rest, sleep, and so on.

The simplest variable to calculate is the standard deviatidre NN intervals (SDNN), that is, the
square root of varianc8&ince variance is mathematically equal toltpawer of spectral analysis,
SDNN reflects all the cyclic components responsible for variahiityre period of recording. In
many studies SDNN is calculateder a 24hour period and thus encompasses steorh HF
variationsas well as the lowedtequency components seen in a-f2durperiod. As the period of
monitoring decreases, SDNN estimasésrter and shorter cycle lengths. It also should be noted
thatthe total variance of HRV increases with the length of analye=stding® Thus, on arbitrarily
selected ECGs, SDNN is natwelkdefined statistical quantity because of its dependenctne
length of recording period. In practice, it is inappropriamtecompare SBIN measures obtained
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from recordings of differentlurations. On the contrary, durations of the recordings tsed
determine SDNN values (and similarly other HRV measustesiild be standardized. As discussed
further in this documenshortterm Sminute reordings and nominal 2dour longtermrecordings
appear to be appropriate options.

Other commonly used statistical variables calculated from segmethts tuftal monitoring period
include SDANN, the standard deviatiohthe average NN intervals calctdd over short periods,
usually5 minutes, which is an estimate of the changes in heartluatdo cycles longer than 5
minutes, and the SDNN index, timeean of the &ninute standard deviations of NN intervals
calculatedver 24 hours, which measures tagiability due to cycleshorter than 5 minutes.

The most commonly used measures derived from interval differences iRME8D, the square
root of the mean squared differences of succesdiantervals, NN50, the number of interval
differences of suassiveNN intervals greater than 50 ms, and pNN50, the proportion deoied
dividing NN50 by the total number of NN intervals. All of theseasurements of shedrm
variation estimate higfrequencyariations in heart rate and thus are highly corrdl@ég1+).
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Geometric Methods

Theseries of NN intervals also can be converted into a geometric paitdrras the sample density
distribution of NN interval durationsample density distribution of differences between adjacent
NN intervals, Lorenz plot of NN or RR intervals, and satipand a simple formula is used that
judges the variability orthe basis of the geometric and/or graphics properties ofethdting
pattern. Three general approaches are used in geomethods: (1) a basic measurement of the
geometric pattern (foexample, the width of the distribution histogram at the specléedl) is
converted into the measure of HRV, (2) the geomeaitern is interpolated by a mathematically



defined shape (foexample, approximation of the distribution histogram by a triarggle
approximation of the differential histogram by an exponeantiale) and then the parameters of this
mathematical shape aused, and (3) the geometric shape is classified into sepagtalnbased
categories that represent different classe$iR¥V (for example, elliptic, linear, and triangular
shapes otorenz plots). Most geometric methods require the RR (or iNfgjval sequence to be
measured on or converted to a discsatale that is not too fine or too coarse and permits the
constructiorof smodhed histograms. Most experience has been obtainedheitength of the bins

of approximately 8 ms (precisely 7.8125 ms=1/4@8onds), which corresponds to the precision of
current commerciaquipment.

The HRV triangular index measurement is the irae@f thedensity distribution (that is, the
number of all NN intervalsdivided by the maximum of the density distribution. Using a
measurement of NN intervals on a discrete scale, the maasapproximated by the value (total
number of NN intervals)fumberof NN intervals in the modal bin), which is dependent on the
length of the bin, that is, on the precision of the diseetée of measurement. Thus, if the discrete
approximation othe measure is used with NN interval measurement on adffatent from the
most frequent sampling of 128 Hz, the sigk the bins should be quoted. The triangular
interpolation ofNN interval histogram (TINN) is the baseline width of the distributr@asured as

a base of a triangle approximating the NN intediatribution (the minimum square difference is
used to finduch a triangle). Details of computing HRV triangular indied TINN are shown in Fig
2+. Both these measures express ovétRY measured over 24 hours and are more influenced by
the lowerthan by the higher frequenci€sOther geometric methods aséll in the phase of
exploration and explanaticiZ
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distribution D. The HRYV triangular index is the value obtained by dividing the area ir
of D by the maximunY. When the distribution D with a discrete scale is construatethe
horizontal axis, the value is obtained according to the formula HRV index=(total nun
all NN intervals)¥. For the computation of the TINN measure, the valNesnd M are
established on the time axis and a multilinear function q constructadtsatcq(t)=0 forZN
and £M and g¥K)=Y, and such that the integt@*x’ (D(t)-q(t))? dt is the minimum among ¢
selections of all values andM. The TINN measure is expressed in méiends and give
by the formula TINN#-N. Also see Table <.
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The major advantage olfi¢ geometric methods lies in their relative insensitiiatyhe analytical
quality of the series of NN interva#$$The major disadvantage of the geometric methods isebe

for a reasonable number of NN intervals to construct the georpattarn. In practice, recordings
of at least 20 minutes (bpteferably 24 hours) should be used to ensure the correct perforaiance
the geometric methods; that is, the current genmetethodsare inappropriate to assess stertn
changes in HRV.

Summary and Recommendations

The variety of time domain measures of HRV is summarize@lalle . Since many of the
measures correlate closely with othdhge following four measures are recommended for time
domainHRYV assessment (1) SDNN (estimate of overall HRV), (2) HRAhgularindex (estimate

of overall HRV), (3) SDANN (estimate of lorgrm component®f HRV), and (4) RMSSD
(estimate of shoiterm components ¢fRV).

Table 1.Selected Time Domain Measures of HRV

Variable Units Description

Statistical Measures

SDNN ms Standard deviation of all NN intervals

SDANN ms Standard deviation of the averages of NN intervals in-alifiute segmen
of the entire recording

RMSSD ms The square root of the mean of the sum of the squares of diffe

between adjacemMN intervals

SDNN index ms Mean of the standard deviations of all NN intervals for alnifute
segments of the entire recording

SDSD ms Standard deviation of differences between adjacent NN intervals

NN50 count Number of pairs of adjacent NN intervalgfering by more than 50 ms
the entire recording; three variants are possible counting all suc
intervals pairs or only pairs in which the first or the second interval is |

PNN50 %  NN5O0 count divided by the total number of all NN intervals

Geometric Measures

HRV Total number of all NN intervals divided by the height of the histogre
triangular all NN intervals measured on a discrete scale with bins of 7.8125 ms
index seconds) (details in Fig 2)

TINN ms Baseline width of theninimum square difference triangular interpolatio

the highest peak of the histogram of all NN intervals (details in Fig 2)
Differential ms Difference between the widths of the histogram of differences be

index adjacent NN intervals measured alested heights (eg, at the levels of 1
and 10 000 samplé€s)

Logarithmic Coefficient ¥of the negative exponential curve k “‘ewhich is the be

index approximation of the histogram of absolute differences between ac

NN intervalg?!
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Two estimates of the overall HRV are recommended becauddRWetriangular index permits
only casual preprocessing of tBEG signal. The RMSSD method is preferred to pNN50 and NN50
because it has better statistical properties.

The methods expressing overall HRV and its loargd shodterm componentsannot replace each
other. The selection of rtteod used shouldorrespond to the aim of each particular study. Methods
that mightoe recommended for clinical practices are summarized in "Clideabf HRV."

Distinction should be made between measures derived from direct measumiistervalsor
instantaneous heart rate and from the differebetgeen NN intervals.

It is inappropriate to compare time domain measures, espeitialg expressing overall HRV,
obtained from recordings of different durations.

Other practical recommendations &sted in "Recording Requirementsggether with suggestions
related to the frequency analysfsHRV.

Frequency Domain Methods

Various spectral methotfsfor the analgis of the tachograimave been applied since the late 1960s.
Power spectral densitpSD) analysis provides the basic information of how power (variance)
distributes as a function of frequency. Independent of the mesext only an estimate of the true
PSD of the signal can be obtainaggproper mathematical algorithms.

Methods for the calculation of PSD may be generally classiBetbnparametric and parametric. In
most instances, both methopovide comparable results. The advantages of the nonpaiame
methods are (1) the simplicity of the algorithm used (fast Fouweasform [FFT] in most of the
cases) and (2) the high processspgeed, while the advantages of parametric methods are (1)
smootherspectral components that can be distinguished emlignt ofpreselected frequency
bands, (2) easy postprocessing of spectrum with an automatic calculation of loand high
frequency power components with an easy identification of the cerftedjuency of each
component, and (3) an accurate estimatifoRSD even on a small number of samples on which the
signalis supposed to maintain stationarity. The basic disadvantagarafetric methods is the
need of verification of the suitabiligf the chosen model and of its complexity (that is, the afler
the model).

Spectral Components

Short-term recordingsThree main spectral components are distinguighadspectrum calculated
from shortterm recordings of 2 & minute$12331224: LF, LF, and HF components. The
distributionof the power and the central frequency of LF and HF aréxaat but may vary in
relation to changes in autononmmdulations oheart period> %2 The physiological explanation
of theVLF component is much less defined, and the existence of a specific physigiogoess
attributable to these heart period changes might lee@uestioned. The nonharmonic component,
which does not havaherent properties and is affected by algorithms of bas®liimend removal,
is commonly accepted as a major constitoéMLF. Thus, VLF assessed from shtgtm
recordings £5 minutes)s a dubious measure and should be avoided when the PSD eteshort
ECGs is interpreted.

The measurement of VLF, LF, and HF power components is usuallig in absolute values of
power (milliseconds squared). l#hd HFmay also be measured in normalized uhits, which
represent the relative value ofchapower component in proportioa the total power minus the
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VLF component. The representatiohLF and HF in normalized units emphasizes the controlled
and balanced behavior of the two branches of the autonomic nesymiiem. Moreover, the
normalization tends to minimize the effect the changes in total power on the values of LF and HF
componentgFig 2+). Nevertheless, normalized units should always be quatadabsolute values

of the LF and HF power in order to describ@mpletely the distribution of power in spectral
components.
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Long-term recordings.Spectral analysis alsoay be used tanalyze the sequence of NN intervals
of the entire 24our periodThe result then includes a ULF component, in addition to VEi-and
HF components. The slope of thel2dur spectrum alscan be assessed on a-log scale by linear
fitting the spectralalues. Table 2lists selected frequency domain measures.

Table 2.Sekcted Frequency Domain Measures of HRV

Variable Units Description Frequency
Range

Analysis of Shorterm Recordings (5 min)




5-min tota ms’ The variance of NN intervals over the temporal segm ~<0.4 Hz
power

VLF ms® Power in VLF range <0.04 Hz

LF ms® Power inLF range 0.040.15 Hz
LF norm nu LF power in normalized units LF/(total pow®LF)x100

HF ms® Power in HF range 0.150.4 Hz
HF norm nu HF power in normalized units HF/(total pow&LF)x100

LF/HF Ratio LF [m$]/HF[ms?]

Analysis of Entire 24 Hors

Total power ms Variance of all NN intervals =<0.4 Hz

ULF ms® Power in the ULF range <0.003 Hz

VLF ms® Power in the VLF range 0.0030.04 Hz

LF ms® Power in the LF range 0.040.15 Hz

HF ms® Power in the HF range 0.150.4 Hz

o Slope of the linear interpolation of the spectrum in a ~<0.04 Hz
log scale

The problem of "stationarity” is frequently discussed with ron recordings. If mechanisms
responsible for heart period modulati@isa certain frequency remain unchanged during the whole
periodof recording, the corgponding frequency component of HRV nieeyused as a measure of
these modulations. If the modulatica® not stable, the interpretation of the results of frequency
analysis is less well defined. In particular, physiologmathanisms of heart period mdations
responsible for LF anHF power components cannot be considered stationary duririg-theur
period?® Thus, spectral analysis performed on ¢héire 24hour perod as well as spectral results
obtained fronshorter segments (5 minutes) averaged over the entine@eriod (the LF and HF
results of these two computations aat differenf® 2/ ) provide averages of the modulations
attributableto the LF and HF components (Fiz)4Such averages obscure tieailed information
about autonomic modulation of RR intervéist is available in shorter recordirfgst should be
rememberedhat the components of HRV provide measurement of the dedreitonomic
modulations rather than of the level of autonomoice?® and averages of modulations do not
represent an averagkedel of tone.
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Technical Requirements and Recommendations
Because of the important differences in the interpretatitimeafesults, the spectral analyses of
shortterm and longermECGs should always be strictly distinguesl, as reported ifable z.

The analyzed ECG signal should satisfy several requireritentder to obtain a reliable spectral
estimation. Any departufeom the following requirements may lead to unreproducible rethats
are difficult to interpret.

To attribute individual spectral components to wdfined physiologicaimechanisms, in
mechanisms modulating the heart rate showtd change during the recording. Transient
physiological phenomenmaay perhaps be analyzed by specific methods that currently conatitute
challenging research topic but are not yet ready to beinusggliedresearch. To check the stability
of the signal in termsf certain spectral components, traditional statistical teatsbe useé’

The sampling rate must be properlyosbn. A low sampling ratmay produce a jitter in the
estimation of the Rvave fiducialpoint, which alters the spectrum considerably. The optimal range
is 250 to 500 Hz or perhaps even higRamhile a lower samplingate (in any casz100 Hz) may
behave satisfactorily only &n algorithm of interpolation (parabolic) is used to refime Rwave

fiducial point3 32

Baseline and trend removal (if used) may affect the lower coemein the spectrum. It is
advisable to check the frequency resparfstne filter or the behavior of the regression algorithm
andto verify that the spectral components of interest are not significifelsted.

The choice of QRS fiducial point may loeitical. It is necessario use a weltested algorithm
(derivative plus threshold, templatmrrelation method) to locate a stable and noidependent
reference point A fiducial point localized far within th®RS complex may also be influenced by
varying ventricular conductiasisturbances.

Ectopic beats, arrhythmic events, missing data, and noise afiegtalter the estimation of the
PSD of HRV. Proper interpdian (or linear regression or similar algorithms) on
preceding/successilmats on the HRV signal or on its autocorrelation function degyease this
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error. Preferentially, sheterm recordings thatre free of ectopy, missing data, and noise should be
used.In some circumstances, however, acceptance of only edtegishortterm recordings may
introduce significant selection bialn such cases, proper interpolation should be used and the
possibilityof the results being influenced by ectopy shouldcbesidered” The relative number
and relative duration of RR intervals tare omitted and interpolated should also be quoted.

Algorithmic Standards and Recommendatios

The series of data subjected to spectral analysis can be oleadiierent ways. A useful pictorial
representation of thatata is the discrete event series (DES), that is, the plgRof iRterval versus
time (indicated at Roccurrence), whichsian irregularly timesampled signal. Nevertheless, spectral
analysiof the sequence of instantaneous heart rates has also beenmaeg studie$®

The spectrum of #nHRYV signal is generally calculated eitfrem the RR interval tachogram (RR
durations versus number pfogressive beats; see Fig+38 or by interpolating the DES$hus
obtaining a continuous signal as a function of timdyyocalculating the spectrum of the cotints
unitary pulsesas a function of time corresponding to each recognizB$ @omplex Such a
choice may have implications on the morphology, tteasurement units of the spectra, and the
measurement of theelevant spectral parameters. To stdize the methods usdtie use of RR
interval tachogram with the parametric methardthe use of the regularly sampled interpolation of
DES with the nonparametric method may be suggested; nevertheless, regdanpled
interpolation of DES is also saibtle for parametriomethods. The sampling frequency of
interpolation of DES mudte sufficiently high that the Nyquist frequency of the specticumot
within the frequency range of interest.
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Standards for nonparametric methods (based on the FFT algostould include the values
reported in Table £, the formula ofDES interpolation, the frequency of sampling the DES
interpolation, thenumber ofsamples used for the spectrum calculation, and the speatcddw
used (Hann, Hamming, and triangular windows are most freques#d)®® The method of
calculating the pwer in respect ahe window also should be quoted. In addition to requirements
described in other parts of this document, each study tlsngonparametric spectral analysis of
HRYV should quote athese parameters.

Standards for parametric methods Isihalude the values reported Table &, the type of the
model used, the number of sples, thecentral frequency for each spectral component (LF and HF),
andthe value of the model order (numbers of parameters). Furtherstatistical figures must be
calculated in order to test theliability of the model. The prediction error whitenésst (PEWT)
provides information about the goodness of the fitting m&dehile the optimal order test (OOT)
checks the suitability ahe order of the model usédiThere are different possibilitie$ performing
OOT that include final prediction error and Akaikdéormation criteria. The following operative
criterion forchoosing the omer P of an autoregressive model might be propotiealorder shall be

in the range of 8 to 20, fulfilling the PEWdst and complying with the OOT teBmin[OOT]).

Correlation and Differences Between Time and Frequency Domain Measures

In the analysis of stationary shaerm recordings, more experierared theoretical knowledge exist
on physiological interpretatiasf the frequency domain measures compared with the timeidoma
measures derived from the same recordings.

On the contrary, many time and frequency domain variables measuretheventire 2our
period are strongly correlated with eaxther (Table ¥). These strong correlations exist because of
bothmathematical and physiological relationships. In additionpthesiological interpretation of
the spectral components calculateer 24 hours is difficult, namely because of reasons mentioned
above (see "Longerm recordings"”). Thus, unless special investigatawasperformed that use the
24-hour HRV signal to extract informatiather than the ust&requency components (for example,
thelog-log slope of spectrogram), the results of the frequelmegain analysisre equivalent to
those of the time domain analysis, whickasier to perform.

Table 3. Approximate Correspondence of Time Domain aneljiency Domain Methods Applied
to 24Hour ECG Recordings

Time Domain Variabl Approximate Frequency Domain Correl

SDNN Total power

HRV triangular index Total power

TINN Total power

SDANN ULF

SDNN index Mean of 5minute total power
RMSSD HF

SDSD HF

NN5O0 count HF

pPNN50 HF

Differential index HF
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Logarithmic index  HF

See Table 1 for explanation of time domain variables.

Rhythm Pattern Analysis

As illustrated in Fig ¢, the time domain and spectral methstisre limitations imposed by the
irregularity of the RR serie€learly different profiles analyzed by these techniques gieg
identical results. Trends of decreasing or increasing &etgh are in reality not symmettc as
heart rate acceleratiomse usually followed by a faster decrease. In spectral reduigdends to
reduce the peak at the fundamental frequemedto enlarge its basis. This leads to the idea of
measuring blockef RR intervals determined by properties of the rhythm and investigéiteng
relationship of such blocks without considering the interaahbility.

Figure 6. Example o

. IMJHH | # (a] four synthsized time
“ i series with identice
_ﬁ_________#:’

T means, standa
deviations, an
1 — (b) ranges. Series (c) a

T T - : T T (d) also have identic

- autocorrelatiol
jWWV’MW\MW () functions ant

r r ' s therefore identice
] power spectrs
:”WWNWW (d) Reprinted witt
i . . : . , . permissiort>
0 500 1000

Approaches derived from the time domain and the frequency ddwaénbeen proposed in order to
reduce these difficulties. Theterval spectrum and spectrum of counts methods lead to equivalent
results (Fig 6#) and are well suited to investigate the relationbeifween HRV and the variability

of other hysiological measures. Theterval spectrum is well adapted to link RR intervals to
variablesdefined on a bedb-beat basis (blood pressure). The spectofimmounts is preferable if

RR intervals are related to a continusignal (respiration) or to theccurrence of special events
(arrhythmia).

The "peakvalley" procedures are based either on the detecfiche summit and the nadir of
oscillation4? *2 or on thedetection of trends of heart réfeThe detection may be limited short

term change¥ but it can be extended to longer variatiosscond and thirdorder peaks and
trough$® or stepwise increasef a sequence of consecutive increasing or decreasing cycles
surrounded by opposite trentfsThe various oscillations cdre characterized on the basisthe
heart rate acceleratiar slowing, the wavelength, and/or the amplitude. In a majofighort to
mid-term recordings, the results are correlateith frequency components of HRY.The
correlations, however, tentd diminish as the wavelength of the oscillations and the recording
duration increase. Complex demodulation uses the techrifjirgerpolation and detrendiffgand
provides the time resolutiorecessary to detect shéerm heart rate changes as weltasdescribe

the amplitude and phase of particular frequarmyponents as functions of time.

Nonlinear Methods
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Nonlinear phenomena are certainly involved in the genesidR¥. They are determined by
complex interactions of hemodynamic, electrophysiologarad, humoral variables as well as by the
autonomic and centrakrvous regulations. It has been speculated thiysasafHRV based on the
methods of nonlinear dynamics might eli@uable information for physiological interpretation of
HRV and for the assessment of the risk of sudden death. The paratnatdrave been used to
measure nonlinear properties of HRMIudel/f scaling of Fourier spectfa® H scaling exponent,

and Coars&raining Spetral Analysis (CGSA$2 For data representatioRpincaré sections, low
dimension attractor plots, singukalue decomposition, and attractor trajectories have been used.
For other quantitative descriptions, the, Dorrelation dimensionLyapunov exponents, and
Kolmogorov entropy have been uséd.

Although in principle, these techniques/edeen shown to lpowerful tools for characterization of
various complex systemsap major breakthrough has yet been achieved by their applidation
biomedical data including HRV analysis. It is possible thiggral complexity measures are not
adequat¢ to analyze biological systen@sd thus are too insensitive to detect the nonlinear
perturbationsof RR interval, which would be of physiological or practigalportance. More
encouraging results have been obtained udiiifigrential rather than integrabmplexity measures,
for examplethe scaling index methad.>! However, no systematistudyhas been conducted to
investigate large patient populatiomsh the use of these methods.

At present, the nonlinear methods represent potential toolsiRM assessment. Standards are
lacking, and the full scope tfiese methods cannot be asses8edances in technology aribe
interpretation of the results of nonlinear methods are neleefede these methods are ready for
physiological and clinicadtudies.

Stability and Reproducibility of HRV Measurement

Multiple studies have demonstrated thlabdrtterm measuresf HRV rapidly return to baseline after
transient perturbationsmduced by such manipulations as mild exercise, administraficahort
acting vasodilators, and transient coronary occluditere powerful stimuli, such as maximum
exercse or administratiomf long-acting drugs, may result in a much more prolonged interval
before return to control values.

There are far fewer data on the stability of ldagn measuresf HRV obtained from 2our
ambulatory monitoring. Nonetheledbe imited data available suggest great stability of HRV
measuresierived from 24nhour ambulatory monitoring in both normal subjéct§ and in the
postinfarctior® and ventricular arrhythm?apopulations. There also exist some fragmentary data to
suggesthat stability of HRV measures may persist for periods of mantdsyears. Because -24
hour indices appear to be stable and &kplacebo effect, they may be ideal variablesassess
interventiortherapies.

Recording Requirements

ECG Signal

The fiducial point recognized on the ECG tracing that iden&fi@RS complex may be based on
the maximum or baricentrum tife complex, on the determination of the maximum of an
interpdatingcurve, or found by matching with a template or other event mafketecalize the
fiducial point, voluntary standards for diagno®(€G equipment are satisfactory in terms of signal
to-noise ratio, commomode rejection, bandwidth, and so fotttAn upperband frequencyutoff
substantially lower than that established for diagnespicpment£200 Hz) may create a jitter in
the recognition othe QRS complex fiducial point, introducing an error of meadeRdhtervals.
Similarly, limited sampling rate induces an eirothe HRV spectrum that increases with
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frequency, thus affectingore highfrequency component$ An interpolation of the undersampled
ECG signsgl may decrease this error. With proper interpolai@m a 10Hz sampling rate can be
sufficient>

When solidstate storage recorders are used, data compression techmigsede carefully
considered in terms of both the effective sampiatg and the qualitof reconstruction methods
that may yield amplitudand phase distortiot.

Duration and Circumstances of ECG Recording

In studies researching HRV, the duration of reaug is dictatedyy the nature of each investigation.
Standardization is needed particulaity studies investigating the physiological and clinical
potentialof HRV.

Frequency domain methods should be preferred to the time donethods when shetérm
recordings are investigated. The recordshguld last for at least 10 times the wavelength of the
lower frequency bound of the investigated component, and, in ordersiare the stability of the
signal, should not be substantially extendduls, recordig of approximately 1 minute is needed to
assesshe HF components of HRV, while approximately 2 minutes are ndedaddress the LF
component. To standardize different studies investigatiogtterm HRV, 5minute recordings of a
stationary system apeeferred unless the nature of the study dictates another design.

Averaging of spectral components obtained from sequential pefidoise is able to minimize the
error imposed by the analysi$ very short segments. Nevertheless, if the nature and defyree
physiological heart period modulations changes from one sbgmient of the recording to another,
the physiological interpretationof such averaged spectral components suffers from the same
intrinsic problems as that of the spectral analysis of 4tmmgn recordingsaand warrants further
elucidation. A display of stacked sermssequential power spectra (for example, over 20 minutes)
mayhelp confirm steady state conditions for a given physiological state.

Although the time domain methods, especidlg SDNN and RMSSD methodsan be used to
investigate recordings of short durations, fileguency methods are usually able to provide results
that aremore easily interpretable in terms of physiological regulationgeneral, the time domain
methods a ideal for the analysisf longterm recordings (the lower stability of heart rate
modulations duringongterm recordings makes the results of frequency metlhests easily
interpretable). The experience shows that a substgral of the longerm HRV value is
contributed by the dagight differences. Thus, the lortgrm recording analyzed by the time
domain methods should contain at least 18 hours of analyZ&lfledata that include the whole
night.

Little is known about the effects of the environmhétype andnature of physical activity and
emotional circumstances) duriigng-term ECG recordings. For some experimental designs,
environmental variableshould be controlled and in each study, the character cdnfieonment
should always be descrihe@he design of investigatioredso should ensure that the recording
environment of individuadubjects is similar. In physiological studies comparing HRifferent
well-defined groups, the differences between underhjiegrt rate also should be prdger
acknowledged.

Editing of the RR Interval Sequence

The errors imposed by the imprecision of the NN interval sequenkaasa to affect substantially
the results of statistical time domand all frequency domain methods. It is known that casual
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editng of the RR interval data is sufficient for the approximate assessrhe¢otal HRV by the
geometric methods, but it is not known hprecise the editing should be to ensure correct results
from other methods. Thus, when the statistical time domain afrdguency domain methods are
used, the manual editing of tlRRR data should be performed to a very high standard, ensuring
correct identification and classification of every QRS compfaxomatic “filters" that exclude
some intervals from the originBR sequence (for example, those differing by more than 20% from
the previous interval) should not replace manual editing beddese are known to behave
unsatisfactorily and to have undesiragfiects leading potentially to errots.

Suggestions for Standardization of Commercial Equipment

Standard measurement of HRMCommercial equipment designed to analghertterm HRV
should incorporate nonparametric and preferaldly parametric spectral analysis. To minimize the
possibleconfusion imposed by reporting the components of the cardiidased analysis in time
frequency components, the analysis basedegular sampling of the tachograms should be offered
in all casesThe nonparametric spectral analysis should use at leastublizeferably 1024 points
for 5-minute recordings.

Equipment designed to analyze HRV in letegm recordings shouldnplement time domain
methods, including all four standard measyi®@®NN, DANN, RMSSD, and HRV triangular
index). In additionto other options, the frequency analysis should be perfoimégminute
segments (using the same precision as with the analfys®ortterm ECGs). When spectral
analysis of the total nomina#-hour record is performed to compute the whole range of IHF,
VLF, and ULF components, the analysis should be performigd a similar precision of
periodogram sampling as suggedtdhe shorterm analysis, for example, usintf Points.

The strategy of olbining the data for the HRV analysis should cthygydesign outlined in Figs7
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Precision and testing of commercial equipmento ensure the qualitgf different equipment
involved in HRV analys and to findan appropriate balance between the precision essential to
research andlinical studies and the cost of the equipment required, indepetedimy of all
equipment is needed. Because the potential eofaifse HRV assessment include ina@mies in
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the identification ofiducial points of QRS complexes, the testing should incalidihe recording,
replay, and analysis phases. Thus, it seems idest various equipment with signals (that is,
computer simulatedpf known HRV properties ther than with existing databases alfeady
digitized ECGs. When commercial equipment is usedtuidies investigating physiological and
clinical aspects of HRVindependent tests of the equipment used should always be required. A
possible strategy for $éing of commercial equipment is proposed’Appendix B." Voluntary
industrial standards should be developed adoftisgr similar strategy.

Summary and Recommendations

To minimize the errors caused by improperly designed or incorreszly techniges, the following
points are recommended.

The ECG equipment used should satisfy the current volumdnstrial standards in terms of
signatto-noise ratio, commomode rejection, bandwidth, and so forth.

Solid-state recorders used should allow signaetonstruction withoutamplitude and phase
distortion.

Long-term ECG recorders using analogue magnetic media should accothgaiynal with phase
locked time tracking.

Commercial equipment used to assess HRV should satisfy the technical requirestezhts
"Standard measurement of HRV," and its performahoeld be independently tested.

To standardize physiological and clinical studies, two tgbescordings should be used whenever
possible: (a) shoierm recordings of 5 minutes made under phiggiaally stable conditions
processed by frequency domain methods and/or (b) nomirab@4ecordings processed by time
domain methods.

When longterm ECGs are used in clinical studies, individual subjglutsild be recorded under
fairly similar conditons and in &irly similar environment.

When statistical time domain or frequency domain methodssa@d the complete signal should be
carefully edited using visuahecks and manual corrections of individual RR intervals QR&
complex classification Automatic "filters" based on hypothesas the logic of RR interval
sequence (for example, exclusioh RR intervals according to a certain prematurity threshold)
should not be relied on when the quality of the RR inteseglience is ensured.

Physiological Correlates of HRV

Physiological Correlates of HRV Components

Autonomic Influences of Heart Rate

Although cardiac automaticity is intrinsic to various pacemaker tiskeast rate and rhythm are
largely under the control of the autonommiervous gstem®? The parasympathetic influence on
heart ratas mediated via release of acetylcholine by the vagus nktuscarinic acetylcholine
receptors respond to this releasestlyby an increase in cell membrané gonductancé? & %
Acetylcholinealso inhibits the hyperpolarizatiactivated "pacemaker” curretft®®  The "Ik
decay" hypothes?s proposes that pacemaldgpolarization results from slow deactivation of the
delayd rectifier current, Ik, which, due to a tinmedependent backgrounkdward current, causes
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diastolic depolarizatiof? ® Converselythe "If activation" hypothest suggests that after action
potential termination, If provides a slowly activating inwardrentpredominating over decaying
Ik, thus initiating slow diastolidepolarization.

The sympathetic influence on heart rate is mediated by redé@genephrine and norepinephrine.
Activation of RRadrenergicreceptors results in cAMPediated phosphoryian of membrane
proteins and increases in ICland in If*° The end resuls an acceleration of the slow diastolic
depolarization.

Under resting conditions, vagal tone prevdind variationsn heart period are largely dependent
on vagal modulatiof? The vagal and sympathetic activity constantly interact. Bectssinus
node is rith in acetylcholinesterase, the effect afiy vagal impulse is brief because the
acetylcholine is rapidlyhydrolyzed. Parasympathetic influences exceed sympathetic effects
probably through two independent mechanisms: (1) a cholinergicadlyced reductionof
norepinephrine released in responseytopathetic activity and (2) a cholinergic attenuation of the
response to a adrenergic stimulus.

Components of HRV

The RR interval variations present during resting conditions repradaerd tuning of the bedo-
beat control mechanism$ Vagal afferent stimulation leads to reflex excitatidrvagalefferent
activity and inhibition of sympathetic efferent activiThe opposite reflex effects are mediated by
the stimulatiorof sympathetic afferent activity. Efferent vagal activityalso appears to be under
“tonic" restraint by cardiac afferesympathetic activity’ Efferent sympathetic and vagal activities
directedto the sinus node are characterized by discharge largely synchmitbusach cardiac
cycle that can be modulated by central (vasomatod respiratory centers) and peripheral
(osdllation in arterialpressure and respiratory movements) oscill&fbihese oscillators generate
rhythmic fluctuations in efferent neural discharge that maraeshortand longterm oscillation in
the heart period. Analys these rhythms may permit inferences on the state and furdti@)
the central oscillators, (b) the sympathetic and veffatent activity, (c) humoral factors, and (d)
the sinus node.

An uncerstanding of the modulatory effects of neural mechan@mmsghe sinus node has been
enhanced by spectral analysisHRRV. The efferent vagal activity is a major contributor to ke
component, as seen in clinical and experimental observatioastonomé maneuvers such as
electrical vagal stimulatiomuscarinic receptor blockade, and vagotdfy.2 More controversial

is the interpretation of the LF component, which is consideyedomé* 8 2 8 a5 a marker of
sympathetic modulation (especiallshen expressed in normalized units) and by otfiéfsas a
parametethat includes both sympathetic and vagal influences. This discregadag to the fact
that in some conditions associated with sympatleatittation, a decrease in the absolute power of
the LF compaentis observed. It is important to recall that during sympathestiovation the
resulting tachycardia is usually accompangda marked reduction in total power, whereas the
reverse occurduring vagal activation. When the spectral components are ssqoiia absolute
units (milliseconds squared), the changes in fmdaler influence LF and HF in the same direction
and preventhe appreciation of the fractional distribution of the enef@is explains why in supine
subjects under controlled respiratj@tropine reduces both LF and ¥iand why during exercise
LF is markedly reducetf This concept is exemplified in Figs3showingthe spectral analysis of
HRV in a normal suject during controbupine conditions and 90° heag tilt. Because of the
reductionin total power, LF appears as unchanged if considered in absoitge However, after
normalization an increase in LF becomes evidgintilar results apply to the LF/Hfatio 2


http://circ.ahajournals.org/cgi/content/full/93/5/1043#R65#R65
http://circ.ahajournals.org/cgi/content/full/93/5/1043#R66#R66
http://circ.ahajournals.org/cgi/content/full/93/5/1043#R67#R67
http://circ.ahajournals.org/cgi/content/full/93/5/1043#R68#R68
http://circ.ahajournals.org/cgi/content/full/93/5/1043#R69#R69
http://circ.ahajournals.org/cgi/content/full/93/5/1043#R70#R70
http://circ.ahajournals.org/cgi/content/full/93/5/1043#R71#R71
http://circ.ahajournals.org/cgi/content/full/93/5/1043#R72#R72
http://circ.ahajournals.org/cgi/content/full/93/5/1043#R73#R73
http://circ.ahajournals.org/cgi/content/full/93/5/1043#R74#R74
http://circ.ahajournals.org/cgi/content/full/93/5/1043#R75#R75
http://circ.ahajournals.org/cgi/content/full/93/5/1043#R76#R76
http://circ.ahajournals.org/cgi/content/full/93/5/1043#R77#R77
http://circ.ahajournals.org/cgi/content/full/93/5/1043#R24#R24
http://circ.ahajournals.org/cgi/content/full/93/5/1043#R13#R13
http://circ.ahajournals.org/cgi/content/full/93/5/1043#R14#R14
http://circ.ahajournals.org/cgi/content/full/93/5/1043#R24#R24
http://circ.ahajournals.org/cgi/content/full/93/5/1043#R24#R24
http://circ.ahajournals.org/cgi/content/full/93/5/1043#R78#R78
http://circ.ahajournals.org/cgi/content/full/93/5/1043#R79#R79
http://circ.ahajournals.org/cgi/content/full/93/5/1043#R80#R80
http://circ.ahajournals.org/cgi/content/full/93/5/1043#R13#R13
http://circ.ahajournals.org/cgi/content/full/93/5/1043#R81#R81
http://circ.ahajournals.org/cgi/content/full/93/5/1043#R14#R14
http://circ.ahajournals.org/cgi/content/full/93/5/1043#R24#R24
http://circ.ahajournals.org/cgi/content/full/93/5/1043#R82#R82

Spectral analysis of 2dour recordingd 2 shows that imormal subjects, LF and HF expressed in
normalized units exhibd circadian pattern and reciprocal fluctuations, with hightres of LF in

the daytime and of HF at night. These patt&etme undetectable when a single spectrum of the
entire 24hourperiod is used or when spectra of subsequent shorter segreenteraged. In loRg
term recordings, the HF and LF componeadsount for only approximately 5% of total power.
Although theULF and VLF components account for the remaining 95% of {wdater, their
physiological correlates are still unknown.

LF and HF can increase under different conditions. An incrdds¢elxpressed in normalized units)
is observed during 9Gflt, standing, nental stress, and moderate exercise in healibjects, and
during moderate hypotension, physical activapd occlusion of a coronary artery or common
carotid arteriesn conscious dog& “® Conversely, an increase in HF is induced by controlled
respiration, cold stimulation of the face, and rotational stifffi.

Summary and Recommendations for Interpretation of HRV Components
Vagal activity is the major contributor tbe HF component.

Disagreement exists in respect to the LF component. Some studies shafgelst when expressed
in normalized units, is a quantitative markérsympathetic modulations; other studies view LF as
reflecting bothsympathetic activity andagal activity. Consequently, the LF/HF rasoconsidered
by some investigators to mirror sympathovagal balante reflect the sympathetic modulations.

Physiological interpretation of lowdrequency components bRV (that is, of the VLF and ULF
conmponents) warrants furthelucidation.

It is important to note that HRV measures fluctuations in autonomic itpthe heart rather than
the mean level of autonomic inputs. Thiosth autonomic withdrawal and saturatingly high level of
sympathetiénputlead to diminished HR

Changes of HRV Related to Specific Pathologies

é reduction of HRV has been reported in several cardiologitéinoncardiological diseas@<? 8!

Myocardial Infarction

Depressed HRYV after Ml may reflect a decrease in vagal activity directbd heart, which leads
to prevalence of sympathetic mechanismd o cardiac electrical instability. In the acute phase of
MlI, the reduction in 2dhour SDNN is significantly related to left ventriculdysfunction, peak
creatine kinase, and Killip cla&s.

The mechanism by which HRV is transiently reduced after Mlgnaihich a depressed HRV is
predictive of the neural response acute MI is not yet defined, but it is likely to involve
derangements in the neural activity of cardiac arigdne hypothesis involves cardiocardiac
sympathosympathefit & and sympathovagal refle¥ésand suggests that the changes in the
geometry of a beatinigeart due to necratiand noncontracting segments may abnorniadlsease

the firing of sympathetic afferent fibers by mechanitisiortion of the sensory endings® 2 This
sympathetigexcitation attenuates the activity of vagal fibers directethéosinus node. Another
expanation, especially applicable toarked reduction of HRV, is the reduced responsiveness of
sinusnodal cells to neural modulatioffs®®
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Spectral analysis of HRV in patients surviving an acute MI reveateduction in total and in the
individual power of spectral componefitddowever, when the power of LF and HF was calculated
in normalizedunits, an increased LF and a diminished HF were observed dusthgresting
controlled conditions and 2dour recordings analyzesver multiple 5minute periodS? * These
changes may indicaee shift of sympathovagal balance toward a sympathetic piedoseand a
reduced vagal tone. Similar conclusions were obtdyecbnsidering the changes in LF/HF ratio.
The presence of alteration in neural control mechanisms was also reflectélaeblylunting of the
day-night variations of RR intervdl andLF and HF spectral componeHts? present in a period
rangingfrom days to a few weeks after the acute event. In-ldbgiatientswith a very depressed
HRV, most of the residual energy is distribubedhe VLF frequency range below 0.03 Hz, with
only a small repirationrelatedHF 2° These characteristics of the spectral profile are simailtirose
observed in an advanced cardiac failure or after catdiasplant and are likglto reflect either a
diminished responsivenestthe target organ to neural modulatory inftits a saturatinqnfluence
on the sinus node of a persistently high symgtittone

Diabetic Neuropathy

In neuropathy associated with diabetes mellitus charactdrzetteration of small nerve fibers, a
reduction in time domaiparameter®f HRV seems not only to carry negative prognosticie but
also to precede the clinical expression of autonomic neuropathy”® 2’ In diabetic patients
without evidence bautonomicneuropathy, reduction of the absolute power of LF and HF during
controlled conditions was also reporf8dHowever, when theF/HF ratio was considered or when
LF and HF were analyzed in normalizexits, no significant difference in comparison to normal
subjectswas present. Thus, the initial manifestation of this neuropathikely to involve both
efferent limbs of the autonomic nervaystent?® %8

Cardiac Transplantation

A very reduced HRV with no definite spectral components was reporieatients with a recent
heart transplartt 2 1% The appearancef discrete spectral components in a few patients is
consideredo reflect cardiac reinnervatidff: This reinnervation mapccur as early as 1 to 2 years
after transplantation and issually of sympathetic origin. Indeed, the correlation betwéen
respiratory rate and the HF component of HRV observedome transplanted patients also
indicates that a nonoeal mechanisnmay contribute to generate a respiratietated rhythmic
oscillation!®® The initial observation of identifying patients developiag allograft rejection

according to changes in HRV coulddfeclinical interest but needs further confirmation.

Myocardial Dysfunction

A reduced HRV has been observed consistently in patientsaritiac failure? 28 81 102 103 104 105

1% |n this condition characterizesy signs of sympathetic activation such as faster heartaates
high levels of circudting catecholamines, a relation betwekanges in HRV and the extent of left
ventricular dysfunctiomnvas reported® 1% In fact, whereas the reduction in timemain measures

of HRV seemed to parallel the severity of theease, the relationship between spectral components
and indiceof ventricular dysfunction appears to be more plax. In particularjin most patients
with a very advanced phase of the diseasewatida drastic reduction in HRV, an LF component
could not bedetected despite the clinical signs of sympathetic activalibos, in conditions
characterized by a markeddaunopposegersistent sympathetic excitation, the sinus node seems to
drasticallydiminish its responsiveness to neural inptits.

Tetraplegia
Patients with chronic amplete high cervical spinal cord lesions havact efferent vagal and
sympathetic neural pathways directedhe sinus node. However, spinal sympathetic neurons are
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deprivedof modulatory control and in particular of baroreflex supraspinal inhibitgyts. For this
reason, these patients represent a unique climodkl to evaluate the contribution of supraspinal
mechanism# determining the sympathetic activity responsible for LF oscillatddrt$RV. It has
been reported’ that no LF could be detectedtetraplegic patients, thus suggesting the critical role
of supraspinal mechanisms in determining the 0.1 Hz rhythm. r€aent studies, however, have
indicated tlat an LF componergtlso can be detected in HRV and arterial pressure variabdities
some tetraplegic patients 1% While Koh et al®® attributedthe LF component of HRV to vagal
modulations, Guzzetti et*8f attributed the same component to sympathetic activity becéulse
delay with which the LF component appeared after sg@etion, suggesting an emerging spinal
rhythmicity capable aihodulating sympathetidischarge.

Modifications of HRV by Specific Interventions

The rationale for trying to modify HRV after Ml stems from the multiphservations indicating
that cardiac mortality is higher among th@astM| patients who have a more depressed HRV.
9The inferencés that interventions that augment HRV may be protective agairdiacmortality
and sudden cardiac death. Although the ratioflehanging HRV is sound, it also contains the
inherent dangeof leading to the unwarranted assumption that modificatio”RiRY translates
directly into cardiac protection, which may rm the aset! The target is the improvement of
cardiac electricastability, and HRV is just a marker of autonomic activity. Des{bite growing
consensus that increases in alagctivity can bebeneficial**? it is not as yet known how much
vagal activity(or its markers) has to increase in order to provide adeprattztion.

3-Adrenergic Blockade and HRV

The data on the effect of-Bockers on HRV in pos¥l patientsare surprisingly scaft® 1%
Despite the observation of statisticatlignificant increases, the actual changes are very modest.
However,it is of note that fblockade prevents the rise in thE component observed in the
morning hours* In consciougpostMI dogs, Bblockers do not modify HRVA The unexpected
observation that before MB-blockade increases HRV oritythe animals destined to be at low risk
for lethal arrhythmiaafter M2 may suggest novel approaches to fdbtisk stratification.

Antiarrhythmic Drugs and HRV

Data exist for several antiarrhythmic drugs. Flecainide and propaféubmet amiodarone were
reported to decrease time domain measwksHRV in patients with chronic ventricular
arrhythmiat®® In another study’ propafenone reduced HRV and decreadsednuch more than
HF, resulting in a significantly safler LF/HFratio. A larger stud¥® confirmed that flecainide, also
encainideand moricizine, decreased HRV in pd4k patients but foundo correlation between the
charge in HRV and mortality durinfpllow-up. Thus, some antiarrhythmic drugs associated with
increasednortality can reduce HRV. However, it is not known whether thkaages in HRV have
any direct prognostic significance.

Scopolamine and HRV

Low-dose musarinic receptor blockers, such as atropine and scopolammag, produce a
paradoxical increase in vagal efferent activity,suggested by a decrease in heart rate. Different
studies examinetthe effects of transdermal scopolamine on indices of vagaitgétiypatients with

a recent M¥2120121122 9 with congestivieart failure® Scopolamine markedly increases HRV,
which indicates that pharmacological modulation of neural actiwith scopolamine may
effectively increase vagal activity. Howevére efficacy during longerm treatment has not been
assessed-urthermore, lowdose scopolamine does not prevent ventricfitaillation caused by
acute myocardial ischemia in pdgt dogs**
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Thrombolysis and HRV

The effect of thrombolysis on HRYassessed by pNN50) was reporite®5 patients with acute
MI.22 HRV was higher 90 minutesfter thrombolysis in the patients with patency of the infarct
relatedartery. However, this difference was no longer evident wkiem entire 24 hours were
analyzed.

Exercise Training and HRV

Exercise training may decrease cardiovascular mortality saiden cardiac deat® Regular
exercise training is alsthought capable of modifying the autonomic balaffée?® A recent
experimental study designed to assess the effeeseofise training on markers of vagal activity
has simultaneouslgrovided information on changes in cardiac electrical stabffitonscious
dogs documented to be at high risk by the prevamesirrence of ventricular fibrillation during
acute myocardial ischemvaere randomly assigned to 6 weeks of either daily exetcaningor
cage rest followed by exercise trainiig After training,HRV (SDNN) increased by 74%, and all
animals survived a neuwschemic test. Exercise training catso accelerate recovenf the
physiological sympathovagal interaction, as showgostMI patientst>

Clinical Use of HRV

Although HRV has been the subject of numes clinical studies investigatirrgwide spectrum of
cardiological and noncardiological diseasg®l clinical conditions, a general consensus of the
practical usef HRV in adult medicine has been reached only in two clinical scenBrépsessed
HRV canbe used as a predictor of risk after acuteakidl as an early warning sign of diabetic
neuropathy.

Assessment of Risk After Acute Ml

The observatioH that in patients vih an acute MI the abseno&respiratory sinus arrhythmias is
associated with an increase "in-hospital” mortality represents the first of a large numidfer
reports® 2 131 that have demonstrated the prognostic valuassessing HRV to identify higfisk
patients.

Depressed HRYV is a powerful predictor of mortality and of arrhythmic complicdfmmexample,
symptomatic sustained ventricular tachycardim)patients after acute M 3! (Fig &). The
predictive valueof HRV is independent of other factors established for postinfarcigin
stratification, such as depressed left ventricular ejedtiaction, increased ventricular ectopic
activity, and presenagf late pdaentials. For prediction of attause mortality, thealue of HRV is
similar to that of left ventricular ejectidimaction. However, HRV is superior to left ventricular
ejection fractionin predicting arrhythmic events (sudden cardiac death and ventricular
tachycardia}! This permits speculation that HRV is a strongedictor of arrhythmic mortality
rather than nonarrhythmroortality. However, clear differences betwedRYV in patientsuffering
from sudden and nonsudden cardiac death after Bidutave not been observed. Nevertheless, this
also might beelated to the nature of the presently used definition of sutiteiac death®? which

is bound to include not only patierstsffering arrhythmiaelated death but also fatal reinfarctions
and other cardiovascular events.
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The value of both conventional time domain and frequency domain pararnasetseen fully
assessed in several independent prospectudiesBecause of using optimized cutoff values
defining normal andepressed HRV, these studies may slightly overestimate the predaitieeof
HRV. Nevertheless, the confidence intervals of such cutdifes are rather narrow because of the
sizesof investigated population¥hus, the observed cutoff values of-2dur measures of HRV,
that is, SDNN <50 ms and HRV triangular index <15highly depressed HRV, or SDNN <100 ms
and HRV triangulaindex <20 for moderately depressed HRYV, are likelyabrbadly applicable.

It is not known whether different indices of HRV (assessmehtthe short and longterm
components) can be combined in a multivarfahion in order to improve postinfarction risk
stratification.There is a general consensus, beer, that combination of othereasures with the
assessment of overall -2ur HRV is probablyedundant.

Pathophysiological Considerations

It has not been established whether depressed HRV is padhte omechanism of increased
postinfarction mortalityor is merelya marker of poor prognosis. The data suggest that depressed
HRV is not a simple reflection of sympathetic overdrive angégal withdrawal due to poor
ventricular performance but th#t also reflects depressed vagal activity, which has angtr
association with the pathogenesis of ventricular arrhythamidsudden cardiac dedtf.

Assessment of HRV for Risk Stratification After Acute Ml

Traditionally, HRV used for risk stratification after Ml h&agen assessed from-Bdur recordings.
HRV measured from sheterm ECG recordings also provides prognostic information for risk
stratification after Ml but whether it is as powerful as fnamn 24-hour recordigs is uncertaif
134135 HRV measuredtom shortterm recordings is depressed in patients at tiggh the predictive
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value of depressed HRYV increases with increéesgth of recording. Thus, the use of nominal 24
hour recordings maye recommendefbr risk stratification studies after MI. Qhe other hand, the
assessment of HRV from shaerm recordinggan be used for initial screening of survivors of
acute MI¥® Such an assessment has similar sensitivity but lower specificipredicting patients
at high risk compared with 2dour HRV.

Spectral analysis of HRV in survivors of Ml suggested that the &Hd=VLF components carry the
highest predictive valu¥ Becaus¢he physiological correlate of these components is unknown and
because these components correspond to up to 95% of theoteé&al which can be easily assessed
in the time domain, these of individual spectral components of HRV for risk stratificagiber M|

is not more powerful than the use of those time domaitmods that assess overall HRV.

Development of HRV After Acute Ml

The time after acute MI at whidihe depressed HRV reaches the higpestictive value has not
been investigated comprehensively. Nevertheld®ws,general consensus is that HRV should be
assessed shorthefore hospital discharge, that is, approximately 1 week after infiggtion. Sich

a recommendation also fits well into the common practideospital management of survivors of
acute Ml.

HRYV is decreased early after acute Ml and begins to reeatl@n a few weeks; it is maximally
but not fully recoveretly 6 to 12 months after M* £’ Assessment of HRV at bothe early stage

of MI (2 to 3 days after acute Mfjand beforelischarge from the hospital (1 to 3 weeks after acute
MI) offers important prognostic information. HRV measured late (1 ye#er acute MI also
predicts furher mortality*>® Data fromanimal models suggest that the speed of HRV recovery after
MI correlates with subsequent riSR.

HRV Used for Multivariate Risk Stratification

The predictive value of HRV alone is modest. Combination with d#wmiques substantially
improves the positive predictive accurasfyHRV over a clinically impodnt range of sensitivity
(25% to75%) for cardiac mortality and arrhythmic events (Fsg 9
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Improvements of the positive predictive accuracy over the rangensttivities have been reported
for combinations of HRV withmean heart rate, left ventricular ejection fraction, frequency of
ventricular ectopic @ivity, parameters of high resolutidBCGs (presence or absence of late
potentials), and clinicassessmert® However, it is not known which other stratificatitactors

are the most practical and most feasible to be combividd HRV for multifactorial risk
stratification.

Systematic multivariate studies of pdét risk stratificationare needed before a consensus can be
reached and before it ctwe recommended howe ttombine HRV with other variables of proven
prognostic importance. Many aspects that are not relevaatuoivariate risk stratification need to
be examined: It is natbvious whether the optimum cutoff values of individual risk fadtamsvn

from univaiate studies are appropriate in a multivarssing. Different multivariate combinations
are probably needddr optimizing predictive accuracy at different ranges of sensitivity. Stepwise
strategies should be examined to identify optimum sequeh@esforming individual tests used in
multivariate stratification.

Summary and Recommendations for Interpreting Predictive Value of Depressed HRV After Acute Mi
The following facts should be noted when HRV assessment is exploitdidical studies and/or
trials involving survivors of acutayocardial infarction.

Depressed HRV is a predictor of mortality and arrhythmic complicationssthatlependent of
other recognized risk factors.

There is a general consensus that HRV should be measured approxiinatetk after index
infarction.
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Although HRV assessed from sheetm recordings provides prognosticformation, HRV
measured in nominal 2dour recordings is stronger risk predictor. HRV assessed from starn
recordingsnay be used for initial seening of all survivors of an acu.

No currently recognized HRV measure provides better prognostic inforniadiorthe time domain
HRV measures assessing overall HRV (SDNNHRYV triangular index). Some other measures, for
exampleULF of entire 24hour spectral analysis, perform equally wallhigh-risk group may be
selected by the dichotomy limits 8DNN <50 ms or HRV triangular index <15.

For clinically meaningful ranges of sensitivity, the predictiiadue of HRV alone is modest,
although it ishigher than thadf any other recognized risk factor. To improve the predictalee,
HRV may be combined with other factors. However, an optinsgh of risk factors and
corresponding dichotomy limits hamet yet been established.

Assessment of Diabeti Neuropathy

As a complication of diabetes mellitus, autonomic neurop@&hgharacterized by early and
widespread neuronal degeneratadnsmall nerve fibers of both sympathetic and parasympathetic
tracts+? Its clinical manifestations are ubiquitous witmctional impairment and include postural
hypotension, persistetdachycardia, gustatory sweating, gastroparesis, bladder atwhyyocturnal
diarrhea. Once clinicainanifestations of diabetiautonomic neuropathy (DAN) supervene, the
estimated 5year mortalityis approximately 50%-* Thus, early subclinical detectiaf autonomic
dysfunction is important for risk stratificati@and subsequent management. Analyses of -s&iort

and/or longtermHRYV have been proven useful in detecting DEN2 143 144145146 147

For the patient presenting with a real or suspected DAN, #nerthree HRV methods from which
to choose: (1) simple bedsi&®R interval methods, (2) loAgrm time domain measures tlzae
more sensitive and more reproducible thandherttermtests, and (3) frequency domain analysis
performed under shetermsteady state conditions, which is useful in separating sympatitoetic
parasympathetic abnormalities.

Long-term Time Domain Measures

HRV computed from 2hour Holter recordsra more sensitive thaimple bedside tests (Valsava
maneuver, orthostatic test, addep breathirg ) for detecting DAN. Most experience has been
obtained with the NN5§* and SDSD (see Tables)t*> methodsWhen the NN50 count is used,
where the lower 95% confidenicgerval for total counts range from 500 to 2000, depenadimthe
age, abat half of diabetic patients demonstrate abnormlally counts per 24 hours. Moreover,
there is a strong correlatitietween the percentage of patients with abnormal counthearmcktent

of autonomic neuropathy determined from conventioredsures.

Besides their increased sensitivity, theseh®ir time domaimethods are strongly correlated with
other established HRV measuremeand have been found to be reproducible and stable over time.
Similar to survivors of MI, patients with DAN are also predigmb® poor outcomes such as
sudden death, but it remains to tetermined whether the HRV measures confer prognostic
informationamong diabetics.

Frequency Domain Measures
The following abnormalities in frequency HRV analysis are assocuiitd DAN: (1) reduced

power in all spectral bands, whichtie most common findind, 146247148 (2) failure to increaskeF
on standing, which is a reflection of impaired sympathetssponse or depressed baroreceptor
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sensitivity?® 14/ (3) abnormally reduced totglower with unchanged LF/HF rati§,and (4) a
leftward shiftin the LF central frequency, the physiological meaning of wimebkds further
elucidation**

In advanced neuropathic states, the resting supine power spedftamreveals extremely low
amplitudes of all spectral componemtsking it difficult to separate signal from noe#° 4|t is
therefore recommended that an intervention such as staordiitigoe included. Another method to
overcome the low signdb-noise ratios to introduce a coherence function that utilizes the total
powercoherent with one or the other frequgmand*®

Other Clinical Potential

Selected studies investigating HRV in other cardiological diseasbstagein Table ¢ 190102104110

149150151152 153 154 155156 157 158 159 160 161 162 163 164 165 166 167

Table 4. Summary of Selected Studies Investigating Clinical Value of HRV in Cardiological
Diseases Otherhan Myocardial Infarction

Disease State  Author  of Population (Nc Investigatior Clinical Finding Potential Value
Study of Patients) Parameter

Hypertension Guzzetti € 49 hypertensiv Spectral AR TTLF  found ir Hypertension i
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Langewitz 41  borderlint Spectral FF Reduced Support the us

et al hypetensive 3. parasympatheti of
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normals patients therapy 0
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that fivagal ton
(eg, exercise)

CHF Saul et a 25 chronic CHI Spectral YSpectral powe In CHF, there i
19881 NYHA IIIIV Blackman all frequencie: $vagal bu
21 normals Tukey 15 especially >0.0 relatively
min Hz in CHF preserved
acquisition patients sympathetic
modulation 0o
HR
Casolo et a 20 CHF NYHA Time Low HRV Reduced vag
19892 1,10,V 20 domain RF activity in CHF
normals intervd patients
histogram
with  24-h
Holter

Binkley e 10 dilate( Spectral FF 4HF powe Withdrawal o
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ACE indicates angiotensiconverting enzyme; AR, autoregressive; CA, cardarest; CAD,
coronary artery disease; CHF, congestive heart failure; EF, ejection fraction; FFT, fast Fourier
transform; HCM, hypertrophic cardiomyopathy; HF, high frequency; HRV heart rate variability;
LF, low frequency; MVP, mitral valve prolapse; NYHANew York Heart Association
classification; SD, sudden death; SVT, supraventricular tachycardia; VF, ventricular fibrillation;
and VT, ventricular tachycardia.

Future Possibilities

Development of HRV Measurement

The currently available time domain metlsopredominantly useib assess lonterm profile of
HRYV probably are sufficient fahis purpose. Their improvements are possible, especiakyrrs

of numerical robustness. The contemporary nonparamatrit parametric spectral methods
probably are stitient to analyzeshortterm ECGs without transient changes of heart period
modulations.

Apart from the need to develop numerically robust technicuetable for fully automatic
measurement (the geometric methads only one possibility in this direoti), the following three
areas deserve attention.

Dynamics and Transient Changes of HRV

The present possibilities of characterizing and quantifyingyhamics of the RR interval sequence
and transient changestdRV are sparse and still under mathenstaevelopment. Moreovat,is
plausible to assume that proper assessment of HRV dynaiiitsad to substantial improvement
in our understanding oboth the modulations of heart period and their physiologarad
pathophysiological correlates.

It remans to be seen whether the methods of nonlinear dynamildse most appropriate for the
measurement of transient changdsRR intervals or whether new mathematical models and
algorithmicconcepts will be needed to tailor the principles of measuremera closely to the
physiological nature of cardiac periodogramsany case, the task of assessing transient changes in
HRV seemgo be more important than further refinements of the cuteehhology used to analyze
stable stages of heart period modwlas.

PP and PR Intervals

Little is known about the interplay between the PP and PR autormaodalations. For these
reasons, the sequence of PP intervalssiieald be studiet?® Unfortunately, a precise location af
P-wave fiducial point is almost impossible to achieve in surtaC&s recorded with the current
technology. However, developmentsthe technology should allow PP interval and PR interval
variabilityto be investigated in future studies.

Multisignal Analysis

The modulations of heart periods are naturally not the only manifestatidhe autonomic
regulatory mechanisms. Currently, commercialsemicommercial equipment exists that enables
simultaneousearding of ECG, respiration, blood pressure, and so feldnever, despite the ease
with which the signals can be recorded, widely accepted method exists for comprehensive
multisignalanalysis. Each signal can be analyzed separately, for examiplgarametric spectral
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methods, and the results of the analgsimpared. Analysis of coupling between physiological

signalsallows the properties of the coupling to be meastifed?t 17213178

Studies Needed to Improve Physiological Understanding

Efforts should be made to find the physiological correlatesthe biological relevance of various
HRV measures currentlysed. In some cases, for example, the HF component, thibelkas
achieved. In other cases, for example, the VLF and téirRponentsthe physiological correlates
are still largely unknown.

This uncertain knowledge limits the interpretation of associations betivesa variables and the
risk of cardiac events. The use of mark&rautonomic activity is very attractive. However, gde
atenable mechanistic link between these variables and cardiac svEniad, there is an inherent
danger of concentrating therapeufforts on the modification of these mark&rs*? This may
lead to incorrect assumptions and serious misinterpretations.

Possibilities of Future Clinical Utility

Normal Standards

Large prospectie population studies with longitudinal follewp are needed to establish normal
HRV standards for various agmd sex subsets® Recently, investigators from the Framiam
Heart Study reported on the time and frequency domain meagurV in 736 elderly subjects
and the relationship of these HRiveasures to alfause mortality during 4 years of follewp1™
These investigators concluded that HRV offers prognostic informetttapendent of and beyond
that provided by traditional ridiactors. Additional populatichased HRV studies involving tifiel

age spectrum in male and femaigjects need to be performed.

Physiological Phenomena

It would be of interest to evaluate HRV in various circadian patt®uch as normal dayight
cycles, sustained reversed daghtcycles (eveningiight shift work), and transiently altered day
night cycles such as might occur with international travel. The autonfimciwations occurring
during various stages of sleep includragid eye movement (REM) sleep have been studied in only
a fewsubjects. In normal subjects, the HF vagal component opdiagerspectrum is augmented
only during noRREM sleep, whereas in pelstl patients, this increase in HF is abs¥fit.

The autonomic nervous system response to athieticing and rehabilitativexercise programs
after various disease states is thouglitet@ conditioning phenomenon. HRV data should be useful
in understandinghe chronological aspects of training and the time to optooadlitioning as it
relates to th autonomic influences on the healso, HRV may provide important information
about deconditioning witlprolonged bed rest and with weightlessness and zero gridnaty
accompany space flight.

Pharmacological Responses

Many medications act directly ardirectly on the autonomic nervosigstem, and HRV can be used

to explore the influence of various agemssympathetic activity and parasympathetic activity. It is
knownthat parasympathetic blockade with fdthse atropine producesarked diminution oHRV.
Low-dose scopolamine has vagotomfiuences and is associated with increased HRV, especially
in the HF range. {Adrenergic blockade was observed to increB$®/ and to reduce the
normalized units of the LF componériConsiderably more research is needed to understand the
effectsand clinical relevance of altered vagotonic and adrenergicaionietal HRV power and its
various components in health afidease.
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At present, few data exist on the effects of calcium channel blockedstives, anxiolytics,
analgesics, anesthetics, antiarrhythragents, narcotics, and chemotherapeutic agents such as
vincristineand doxorubicin on HRV.

Risk Stratification

Both time andrequency measures of HRV calculated from longh2drand short 2to 15minute
ECG recordings have been used to prethee to death after Ml as well as the risk ofeduse
mortalityand sudden cardiac death in patients with structural heart di&é&5€” and a number of
other pathophysiological conditiohs.With diagnostic instruments that can measure HRV together
with the frequency and complexity of vemlar arrhythmias, signalveragedeCG, SFsegment
variability, and repolarization heterogeneiiy, should be possible to markedly improve the
identificationof patients at risk for sudden cardiac death and arrhytbweiots. Prospective studies
are neede to evaluate the sensitivitgpecificity, and predictive accuracy of combined testing.

Fetal and neonatal HRV is an important area of investigatiahit might provide early information
about fetal and neonatdiktress and identify those at risk gurdden infant deayndrome. Most of
the preliminary work in this field was carriedt in the early 1980s before the more sophisticated
power spectralechniques became available. Insight into autonomic maturatitre developing
fetus also might be gsible through the propapplication of these techniques.

Disease Mechanisms

A fertile area of research is the use of HRV techniques to explomeléhef autonomic nervous
system alterations in disease mechanisms, espethale conditions in whiclsympathovagal
factors are thought tplay an important role. Recent work suggests that alteratioagtonomic
innervation to the developing heart might be responéilsome forms of long QT syndrom#.
Fetal HRV studies in pregnamtothers with this disorder is certainly feasible and might be very

informativel’®

The role of the aownomic nervous system in essential hypertenssoan important area of
investigation®® The question regardintpe primary or secondary role of enhanced sympathetic
adivity in essential hypertension might be answered by longitudinal stofiggbjects who are
initially normotensive. Does essential hypertensasult from augmented sympathetic activity with
altered responsivenestneural regulatory mechanisms?

Seveal primary neurological disorders including Parkinsaiease, multiple sclerosis, Guillain
Barre syndrome, and orthostaligpotension of the Shprager type are associated with altered
autonomic function. In some of these disorders, changes ini&\be an early manifestation of
the condition and may be usefinlquantitating the rate of disease progression and/or the eféi€acy
therapeutic interventions. This same approach may also be usdéfi@ evaluation of secondary
autonomic neurological distgers thataccompany diabetes mellitus, alcoholism, and spinal cord
injuries.

Conclusions

HRV has considerable potential to assess the role of autonomic nepsies fluctuations in
normal healthy individuals and in patientsth various cardiovasculaand noncardiovascular
disordersHRV studies should enhance our understanding of physiological phendheaations
of medications, and disease mechanisms. Large prospémtigeudinal studies are needed to
determine the sensitivityspecificity, and predictive value of HRV in the identificatioof
individuals at risk for subsequent morbid and mortal events.
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Appendix A
Normal Values of Standard Measures of HRV

As no comprehensive investigations of all HRV indices in large ngoopadlations have ydieen
performed, some of the normal values listedhe following table were obtained from studies
involving smallnumbers of subjects. The values should therefore be consateagproximate and
no definite clinical conclusions should based on theniThe adjustment of normal limits for age,
sex,and environment, which is also needed, has been omittebdwese of the limited sources of
data.

Table & lists only values of those measures of HRV that mighsuggested for standardization of
further physiological andinical studies®

Table 5.Normal Values of Standard Measures of HRV

Variable Units Normal Values (meanzS!

Time Domain Analysis of Nominal 24 hot

SDNN ms 141+39
SDANN ms 127+35
RMSSD ms 27+12
HRV triangular index 3715

Spectral Analysis of Stationary Supingrbn Recording

Total power ms 3466 +1018
LF ms  1170+416
HF ms 975+203
LF nu 54+4

HF nu 29+3
LF/HF ratio 1.52.0

See Table 1 also.

Appendix B

Suggestion of Procedures for Testing of Commercial Egpment Designed to Measure HRV
Concept

To achieve comparable accuracy of measurements reported by differemtercial equipment,
each device should be tested independearitithe manufacturer (for example, by an academic
institution).Each test shouldhvolve several shoterm and, if applicabléong-term test recordings
with precisely known HRV parameteand with different morphological characteristics of the ECG
signal. If the involvement of the manufacturer is required duhiadesting procedur@or example,

for manual editing of thiabels of QRS complexes), the manufacturer must be blindegpect of
both the true HRV parameters of the testing recordingsthe features used to obtain the signal. In
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particular, wherhe results of the testre disclosed to the manufacturer fisther improvement of
the device or otherwise, new tests shaoNdlve a completely new set of test recordings.

Technical Requirements

Each device should be tested comprehensively, includints @lrts. In partular, the test should
involve both the recordingnd the analytical part of the device. An appropriate technaclogyid

be used to record a fully reproducible signal with precisebyvn HRV parameters, that is, the test
signal should be computemd/or hardware generated. Both brand new recorders as asell
recorders that have been routinely used and routinely serioceabproximately half of their
lifetime should be used in thests if this is feasible (the testing should not be del&yedewly
introduced systems). If a manufacturer claims thatiéwece is capable of analyzing ECG records
(such as Holter tapesptained with recorders of other manufacturers, each combirsitoarid be
tested independently.

Since the analysis of HRV by implantalllevices may be foreseemilar procedures as described
further should be used to generat@ulated intracardiac signals. If feasible, implantable devices
with fully charged batteries as well as devices with partly dischérajgeries should be tested.

Test Recordings

It is intrinsically difficult to know precisely the HRV parametafsany real ECG recordings
independently of equipment usedawalyze the recording. Therefore, simulated ECG signals are
preferable. However, the morphology of such smted ECG signalas well as the HRV
characteristics must closely reflect therphology of real recordings. The discrete frequency used
to generate such signals must be substantially higher thasathpling frequency of the tested
device. Features that @ld beintroduced into such recordings should include different factors
known to influence or potentially influence the precision of Hi®gessment, for example, variable
noise levels, variable morphologyf QRS signals that may cause jitter of the fidugpoint,
randomlyalternating noise in different channels of the signal, graduahlbngpt changes of HRV
characteristics, and different frequencigfs atrial and ventricular ectopic beats with realistic
morphologie®f the signal.

The quality of recorsl on magnetic tajjbased systems mayt be constant during lortgrm
recording due to spool torque contiehck tension, and other factors. Performance of all recorders
can be influenced by changes of the outside environment.-teongfull 24-hour tesy rather than
shortterm tests therefore should used.

Testing Procedures

Each device or each configuration of the device should be testedewthal different recordings
having different mixtures of featurasd different HRV characteristics. Forchaest record anfor
each selected portion of the test record, the HRV paranuditimed from the commercial device
should be compared withe known characteristics of the initial signal. Any discreparfoesd
should be itemized in respect to feasiintroduced intthe recording, for example, errors caused
by increased noisesrors caused by fiducial point wander, and so forth. Systebiasiantroduced
by the equipment as well as its relative erstrsuld be established.

Reporting the Results

A technical report of the testing should be prepared salethe testing site independent of the
manufacturer(s) of thested device.



Appendix C

The Task Force was established by the Board of the European Soti€grdiology and
cosponsored by the ddth American Societpf Pacing and Electrophysiology. It was organized
jointly by the Working Groups on Arrhythmias and on Computers of Cardialdglye European
Society of Cardiology. After exchanges of writtelews on the subject, the main meetingaof
writing core ofthe Task Force took place May 8 through 10, 1994, on Néslked, British Virgin
Islands. After external reviews, thext of this report was approved by the Board of the European
Society of Cardiology on August 19, 1995, and by ther8ax the North American Society of
Pacing and Electrophysiology @ttober 3, 1995.

Members of the Task Force

The Task Force was composed of 17 members: Cochairmen: A. John Camndgorn, UK; Marek
Malik, London, UK; Members: J. Thomas Biggér, New Yok, NY; Gunter Breithardt, Munster,
Germany;Sergio Cerutti, Milano, Italy; Richard J. Cohen, Cambridge, MBbdippe Coumel,
Paris, France; Ernest L. Fallen, Hamilton, Can&tiapld L. Kennedy, St Louis, Mo; Robert E.
Kleiger, St Louis, MoFederico Lonbardi, Milano, Italy; Alberto Malliani, Milandtaly; Arthur J.
Moss, Rochester, NY; Jeffrey N. Rottman, LSuis, Mo; Georg Schmidt, Minchen, Germany;
Peter J. SchwartPavia, Italy; and Donald H. Singer, Chicago, Il

While the text of this report veacontributed to and approvbed all members of the Task Force, the
structure of the textvas designed by the Writing Committee of the Task Force, compbsbd
following members: Marek Malik (Chairman), J. Thonigger, A. John Camm, Robert E.
Kleiger, Alberto Malliani, Arthurd. Moss, and Peter J. Schwartz.

Selected Abbreviations and Acronyms

HF = high frequency
HRV = heart rate variability
LF = lowfrequency

MI = myocardial infarctio
ULF = ultra low frequency
VLF = verylow frequency

Table 4A.Continued
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Footnotes
! Membership of the Task Force is listed in "AppendixEx."






