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Initial acceleration and a subsequent deceleration of sinus rhythm following a ventricular ectopic
beat with a compensatory pause has been termed heart rate turbulence (HRT). The changes in sinus
rhythm are thought to be mediated by a baroreflex response to the lower stroke volume of the
ectopic beat. HRT is vagally mediated and abolished by atropine, whereas g-blockers have no effect.
HRT has been shown to be an independent and powerful predictor of mortality after myocardial
infarction. In patients on B-blockers, it scores better than left ventricular ejection fraction (LVEF) in its
predictive value. Two common measures of HRT are turbulence onset and turbulence slope. When
both these measures are abnormal, it is as powerful a predictor of mortality as LVEF. HRT correlates
with other indices of cardiac autonomic functions like baroreflex sensitivity and heart rate variability.
A composite autonomic index including all these three has been shown to be a powerful predictor
of mortality. In patients undergoing direct percutaneous intervention for myocardial infarction, HRT
improves in those attaining successful reperfusion. Abnormal values for HRT have been noted in
patients with dilated cardiomyopathy and Chagas disease. Diabetic and elderly individuals are more
likely to have blunted HRT. HRT cannot be measured in patients lacking ventricular ectopic beats
and in patients presenting with atrial fibrillation.
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The 2002 American College of Cardiology/
American Heart Association/North American Soci-
ety of Pacing and Electrophysiology guidelines rec-
ommended prophylactic implantation of defibrilla-
tors in postmyocardial infarction patients with left
ventricular ejection fraction (LVEF) <30%.! This
was based on the results of the MADIT II trial,
which showed a significant risk reduction in these
patients if they received an implantable defibrilla-
tor.2 However, an implantable defibrillator is a very
expensive device, beyond the reach of most of the
world's population. Moreover, it has been shown
that 11 patients have to be treated over 3 years to
save one life.> Hence there has been an ongoing
search for better markers of risk than a depressed
LVEF. Some candidates have been frequent ven-
tricular ectopy, nonsustained ventricular tachycar-
dia, heart rate variability (HRV) and positive late

potentials. They have been shown to have modest
predictive value in risk assessment.* We consider
here a new marker of autonomic imbalance called
heart rate turbulence (HRT).

Following a ventricular premature complex
(VPC) with a compensatory pause, there is known
to be an initial acceleration and a later deceleration
of sinus rhythm. This sequence is termed HRT, and
it is thought to be a measure of the autonomic re-
sponse to perturbations of arterial blood pressure
invoked by a VPC. HRT is blunted in patients at
high risk for mortality after myocardial infarction.*
It is interesting to note that VPCs and the surround-
ing sinus beats which are conventionally excluded
from HRYV studies constitute the crux of HRT eval-
uation. In this article, we review the current status
of knowledge regarding the measurement of HRT,
its mechanism, and clinical significance.
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MEASUREMENT OF HRT

One convenient feature of HRT is that it can be
measured from Holter recordings. The two most
commonly used measures of HRT are turbulence
onset (TO) and turbulence slope (TS). In simple
terms, TO is the amount of sinus acceleration fol-
lowing a VPC and TS is the rate of sinus deceler-
ation that follows the sinus acceleration.® Turbu-
lence slope is expressed in ms/RR interval.

Turbulence onset is calculated as the percentage
change between the mean of the first two sinus
R-R intervals after a VPC and the last two sinus
RR intervals before the VPC, as follows: TO = [(R-
R; + R-R;) — (R-R_; + R-R_;)Jm/s(R-R_; + R-R_),
where R-R; is the i-th sinus interval following (i >
0) the compensatory pause of the VPC or preced-
ing (i < 0) the coupling interval of the VPC. These
measurements are performed for each VPC (Fig. 1,
gray lines) and are subsequently averaged.

Turbulence slope is calculated as the maximum
positive slope of a regression line assessed over any
sequence of five consecutive R-R intervals within
the first 15 R-R intervals after the VPC. TS is ob-
tained from the averaged tachogram R-R;, R-R3,. . .,
R-R;s5, where R-R; is the average of i-th R-R inter-
val after the compensatory pause of a single VPC
(Fig. 1, bold line).%

Turbulence onset >0% indicates sinus decelera-
tion after a VPC and TO <0% indicates acceleration
after a VPC. The cutoff value for TO has been taken

as 0%, a positive value is considered abnormal. The
optimal cutoff value assigned for TS is 2.5 ms/R-R
interval. A TS value below 2.5 ms/R-R interval is
considered abnormal.” A recent study showed that
false positive HRT results in healthy middle-aged
volunteers was low for TS (5%), but not for TO
(19%) using these cutoff values.®

When assessing HRT, special care has to be taken
to ensure that Holter classified VPCs are indeed
VPCs and artifacts are avoided. The sinus rhythm
immediately preceding the VPC and following the
compensatory pause should be free of arrhythmia,
artifacts, and false classification of ORS. Filtering
algorithms can be used to fulfill these conditions.”
One such algorithm automatically rejects atrial pre-
mature beats (APB) using a combination of heart
rate and blood pressure criteria.’ Atrial premature
beats with an insufficient decrease in blood pres-
sure are rejected. However, it has to be mentioned
that this algorithm has not been validated yet.

HRT analysis has also been conducted on event
records from implanted cardiac defibrillators. HRT
can also be induced by intracardiac pacing in the
electrophysiology lab or in patients with implanted
cardiac defibrillators. Such HRT has been called in-
duced HRT .11 Roach et al. observed that TO and
TS for induced beats were similar to those following
spontaneous VPC.!? Current algorithms for mea-
surement of HRT and downloadable HRT calcula-
tion programs (with source code) are available at:
HRT http://www.h-r-t.org.
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Figure 1. Normal and abnormal HRT tachograms. Gray lines: R-R interval values
from a Holter recording, plotted versus beat number, using the VPC to align them.
Black line: Averaged tachogram. Healthy (left) and abnormal (right) responses. Tur-
bulence onset (TO) quantifies the shortening of R-R interval after the VPC, turbu-
lence slope (TS), the slope of the lengthening of R-R interval after the VPC.
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Adjusting for the Number of Ventricular
Premature Complexes

The method used to determine TS induces a
mathematically determined increase, inversely re-
lated to the square root of the number of VPCs
used in the calculation. As the number of VPCs
is linearly related to the length of the recording,
this makes TS dependent on the length of record-
ing as well. A method for removing this technical
increase in TS has been developed by Hallstrom
et al.’® Normalized TS which has been adjusted
to reduce dependence on the number of VPCs has
been designated as vnTS.

Duration of Recording for HRT Studies

Hallstrom et al. also suggested that evaluation of
HRT measures based on ECG recordings limited to
daytime hours (8 am to 6 pm) were superior to cal-
culations based on a 2-hour average, or a 24-hour
average.'* In their study, the single most predic-
tive measure among HRV and HRT measures was
the TS restricted to 8 am to 6 pm and corrected for
heart rate, local heart rate variation, and the num-
ber of VPCs. They also concluded that accuracy of
HRT measures depend upon availability of suffi-
cient numbers of VPCs, and that 2 hours would be
too short for many or most patients.*

Normalization of HRT Measures

HRT can be normalized by rescaling the
tachogram to a heart rate of 75 prior to calculation
of HRT.!* The designation for normalized measures
are nTS and nTO. Normalized TS has been shown
to be the most powerful univariate predictor of sur-
vival, even more significant than LVEF. Normal-
ized HRT measures may provide better prediction
than nonnormalized values. Measures based on the
rescaled tachogram had reduced variance with re-
ductions in the range of 20-40%. The standard de-
viations of normalized HRV and HRT measures are
reduced, suggesting a likely gain in statistical power
if used in place of the unadjusted measures.!®

HRT AFTER AN ATRIAL
PREMATURE BEAT

Savelieva et al. found that APB also induce HRT.
However, TS was substantially smaller and TO was
positive after an APB. There was no correlation
between APB coupling interval and TS or TO.!®

Lindgren et al.!® similarly found that TS was

smaller and TO was less negative after an APB. Fur-
thermore, they observed that TO and TS following
APBs were not related to either the 24-hour stan-
dard deviation of NN intervals (SDNN) or barore-
flex sensitivity, in contrast to the good correlation
found between these parameters and HRT follow-
ing a VPC. Schwab et al. noted variable results with
HRT induced by atrial beats.!” Overall, it appears
that HRT after an atrial beat is not an ideal mea-
sure, though larger studies are needed to draw any
specific conclusions.

EFFECT OF SITE OF ORIGIN AND
THE PREMATURITY OF THE
ECTOPIC BEAT ON HRT

Schwab et al.!” studied the effects of origin and
prematurity of the ectopic beat on the HRT param-
eters. Extrastimuli were delivered to the high right
atrium, lateral part of the coronary sinus, right ven-
tricular apex, and outflow tract. They observed that
the site of origin had no effect on TS. Prematu-
rity was correlated with TO but not with TS. In
contrast, Savelieva et al. noted strong correlations
of both TO and TS with the prematurity of ven-
tricular coupling intervals. These effects were less
pronounced in patients with left ventricular dys-
function.!® In a recent study, Lee et al. noted that
TS was inversely and TO was positively correlated
with the degree of prematurity of the VPC. They
also found that in VPCs with retrograde ventriculo-
atrial conduction, there was no significant corre-
lations between TO and TS with the degree of
prematurity of the VPC.!® In contrast to these ob-
servations, Watanabe et al. could not find any
correlation between the coupling interval of the in-
duced beat and HRT.!° Future studies with higher
numbers of patients may be needed to clarify the
exact relation between the extent of prematurity
and HRT parameters.

MECHANISMS OF HRT

HRT is a form of ventriculo-phasic sinus arrhyth-
mia. Although ventriculo-phasic sinus arrhythmia
is usually associated with complete heart block,
VPC-triggered ventriculo-phasic sinus arrhythmia
has also been reported.* The mechanism pro-
posed for the genesis of HRT is a triggering of
the baroreceptor reflex by the low pulse pres-
sure of the premature beat and the mechanism
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Figure 2. HRT is abolished by atropine. Upper panel
shows baseline tachogram showing presence of HRT and
the lower panel shows absence of HRT after atropine
(adapted from Ref. [21]).

proposed for the genesis of HRT is a triggering of
the baroreflex by the low pulse pressure of the pre-
mature beat and its recovery during the subsequent
normal beats.!® The autonomic tone and reflexes
after myocardial infarction substudy (ATRAMI)
showed that HRT correlated with baroreflex sen-
sitivity as assessed by the phenylephrine test.?°
As HRT is abolished by atropine?!?? and sympa-
thetic blockade has no influence on HRT parame-
ters,?223 it is assumed that HRT is vagally mediated
(Fig. 2).21

HRT can be blunted in patients with idiopathic
dilated cardiomyopathy and it is thought to be
due to augmented postextrasystolic potentiation.
The baroreflex response initiated by the low pres-
sure amplitude of the VPC is suppressed in these
patients due to the augmented potentiation of
the first postextrasystolic blood pressure.?* Davies
et al. found HRT to be an effective measure of
baroreflex sensitivity in patients with congestive
heart failure.?®> Mrowka et al. studied a complex
computer model of HRT and found that if the
baroreflex was artificially “"turned off,” HRT was
abolished.?® All of these data suggest a definite link
between the baroreflex and HRT.

CLINICAL SIGNIFICANCE OF HRT

HRT has emerged as a simple and practical tool to
assess risk for cardiovascular mortality in patients
with ischemic heart disease and heart failure.?” It

was shown in retrospective and prospective stud-
ies that the absence of HRT is associated with
increased risk of subsequent mortality in cardiac
patients. HRT has been shown to be an indepen-
dent and powerful predictor of mortality after my-
ocardial infarction, with greater predictive power
than HRV.* The predictive power of TO and TS
are independent of one another and other con-
ventional risk predictors. The combination of TO
and TS seems to be the strongest Holter-based risk
predictor and has some additive predictive value
to LVEF, HRV, averaged diurnal heart rate, and
baroreflex sensitivity. In addition, HRT has predic-
tive value in patients treated with B-blockers?%:2°
and amiodarone,®® a situation in which even a de-
pressed LVEF loses its predictive value.®

HRT is blunted in diabetic patients with auto-
nomic dysfunction?® and there is a higher chance
for HRT to be abnormal as age advances.?33 These
factors should be considered when interpreting
HRT values in elderly and diabetic patients.

IMPORTANT STUDIES OF HRT

Coronary Artery Disease

The initial data from Ref. [4] was a blinded ret-
rospective analysis of two major trials in patients
with myocardial infarction, the Multicentre Postin-
farction Program (MPIP) study from the prethrom-
bolytic era and the placebo arm of the European
Myocardial Infarct Amiodarone trial (EMIAT) from
the thrombolytic era. Of the 715 survivors of acute
myocardial in MPIP study, 138 patients were ex-
cluded from the analysis due to technical reasons,
and data from the remaining 577 patients were an-
alyzed. The mean follow-up period was 22 months.
The number of patients analyzed in the EMIAT sub-
study was 614, and 129 were excluded. The mean
follow-up was 21 months. The reasons for exclusion
were absence of VPCs in Holter recordings, missing
Holter tapes, missing data on LVEF, or presence of
atrial fibrillation. In both MPIP and EMIAT pop-
ulations, a highly significant association between
TO and TS and total mortality during follow-up
was found. In EMIAT, TS was the strongest uni-
variate predictor of follow-up mortality, whereas in
MPIP it was the second most powerful univariate
predictor of mortality following depressed LVEF.
When TS and TO were considered as separate vari-
ables, in the MPIP population, LVEF and TS were
the only independent variables (P <0.001) and their
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Table 1. Relative Hazards of Significant and Independent Risk Variables in a Multivariate Analysis of
MPIP and EMIAT Population (Adapted from Ref. [4])

MPIP Population

EMIAT Population

Relative Hazard (95% Cl) P

Relative Hazard (95% CI) P

Previous myocardial infarction -
Mean R-R <800 ms

LVEF <30%
Turbulence onset >0% -
Turbulence slope <2.5 ms per 2.5 (1.5-4.1)

RR interval

3.0 (1.8-5.0)

- 1.8 (1.2-2.7) 0.01

- 1.8 (1.1-2.9) 0.01

<0.0001 1.7 (1.1-2.7) 0.03
- 1.9 (1.2-2.9) 0.005

0.0002 1.7 (1.1-2.7) 0.02

relative hazards were almost identical (3.0 and 2.5).
In EMIAT, five variables were independent predic-
tors of mortality, namely TO and TS, history of
previous myocardial infarction, LVEF, and mean
heart rate. When a combination of TS and TO were
taken for multivariate analysis, in both MPIP and
EMIAT populations, the combination of abnormal
TO and abnormal TS was the strongest predictor of
mortality. In the MPIP population, LVEF and the
combination of TO and TS were the only indepen-
dent mortality predictors (P <0.001 and <0.0001,
respectively). In EMIAT, four variables were inde-
pendent predictors: the strongest predictor was the
combination of TO and TS with a relative hazard of
3.2, whereas the other significant predictors were
history of previous myocardial infarction, LVEF,
and mean heart rate with relative hazards be-
tween 1.7 and 1.8. These details are summarized in
Tables 1 and 2.

The ATRAMI substudy?® determined the predic-
tive value of HRT in a low-risk population after
acute myocardial infarction. Data were obtained
from 1212 survivors with a mean follow-up du-
ration of 20.3 months. In this study, a composite
index of cardiac autonomic function was also as-
sessed by combining the parameters from HRT,
HRV, and baroreceptor sensitivity (BRS). The HRT
parameters TO and TS, BRS and the SDNN were

combined to produce the composite index. The
study confirmed the independent value of HRT in
predicting fatal cardiac arrest and nonfatal cardiac
arrest in a low-risk postacute myocardial infarction
population. At the same time, the composite auto-
nomic index (combined TO, TS, BRS, and SDNN)
was the strongest risk predictor of various combi-
nations studied.

The first prospective study to validate HRT in a
large cohort of the reperfusion era has been pub-
lished recently.® One thousand four hundred fifty-
five survivors of an acute myocardial infarction
(age <76 years) in sinus rhythm were enrolled in
this study. HRT was shown to be the strongest
ECG-based risk predictor. In this study, patients
were classified into three HRT categories: (Cate-
gory 0) normal TO and TS; (Category 1) either TO
or TS abnormal; and (Category 2) both TO and TS
abnormal.

HRT category 2 was as powerful as LVEF as a
risk predictor. HRT category 2 remained highly sig-
nificant after adjustment for LVEF and other clin-
ical risk factors. This category indicated a sixfold
risk of death within the first 2 years after my-
ocardial infarction. In patients with a LVEF <30%,
HRT category 2 indicated a 2-year mortality rate
of almost 40%. In diabetic patients >65 years of
age with a LVEF >30%, HRT categories 1 and 2

Table 2. Relative Hazards of Individual Variables in a Multivariate Analysis Involving Combination of TO
and TS of MPIP and EMIAT Population (Adapted from Ref. [4])

MPIP Population

EMIAT Population

Relative Hazard (95% CI) P

Relative Hazard (95% Cl) P

Previous myocardial infarction -
Mean R-R <800 ms -
LVEF <30% 2.9

Combined use of TO and TS 3.2

- 1.8 (1.2-2.7) 0.01

- 1.8 (1.1-2.9) 0.01
0.0001 1.7 (1.1-2.7) 0.03
0.0002 3.2 (1.8-5.6) <0.0001
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Figure 3. HRT category and total mortality: the relationship between HRT cat-
egories and mortality in the four major study populations, namely MPIP, EMIAT,
ATRAMI, and ISAR-HRT (adapted from Refs. [4,20,6]).

identified additional high-risk subgroups. A rea-
sonably good sensitivity (44%) and positive pre-
dictive value (23%) can be obtained by restricting
HRT studies to two subgroups: (a) those with LVEF
<30% (b) only in those with diabetes and age >65
if LVEF is >30%. The relationship between HRT
categories and mortality in the four major study
populations, namely MPIP, EMIAT, ATRAMI, and
ISAR-HRT is depicted in Figure 3. The relative risk
on multivariate analysis for these populations when
both TO and TS are abnormal is graphically repre-
sented in Figure 4. It can be seen that none of the
confidence intervals extend to the value of 1, and
hence the results are truly significant.

Sade et al. found blunted HRT in the acute phase
(within the first 24 hours) of myocardial infarction,
to be an important predictor of long-term mortality.
TS <2.5 ms/R-R interval was an independent pre-
dictor of mortality with a hazard ratio of 7.3 (95% CI
1.4-37).3! Combining LVEF with HRT parameters
increased the positive predictive value to 60% with-
out affecting the negative predictive value (92%).

HRT in patients undergoing direct percutaneous
coronary intervention (PCI) for acute myocardial
infarction has also been evaluated prospectively.3?
TO and TS were determined before reperfusion,
during the initial 2 hours after reperfusion, and
during 6-24 hours after reperfusion. HRT signifi-
cantly improved after PCI in patients with TIMI 3
flow (Thrombolysis in Myocardial Infarction Trial
classification) reflecting rapid restoration of barore-
ceptor response after successful reperfusion. TS in-

TE' MPIP creased and TO decreased after successful reper-
= fusion. There was persistent impairment of HRT
B — EMIAT after PCI in patients with TIMI 2 flow, indicating a
c:; ATRAMI sustained blunted baroreflex response and possibly
] - more severe microvascular dysfunction.

< ISAR HRT Preoperative assessment of HRT in patients un-
8 dergoing coronary artery bypass grafting has been

1 3 5 7 9 Relative risk

Figure 4. Relative risk (multivariate analyses) for the
MPIP, EMIAT, ATRAMI, and ISAR-HRT populations
(adapted from Refs. [4,20,6])

shown to be useful in predicting mortality at
1 year.3® In this study which enrolled 146 patients,
TS was found to be an independent predictor of car-
diac death after adjusting for age and LVEF. The
predictive value was better than that of TO and
HRYV parameters.
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A statistically significant higher value for TS has
been found in coronary patients treated with B-
blockers (P = 0.03) and statins (P = 0.02).2% In
this study, patients on nitrates also had a higher TS
value at a level approaching statistical significance
(P = 0.06), whereas those on calcium blockers had
a slight tendency for lower TS value (P = 0.30). The
total number of patients included in this study was
rather small at 122, and a larger study may improve
the statistical significance of the latter 2 findings.

Differences in HRT between patients with coro-
nary artery disease and patients with ventricular ar-
rhythmias but structurally normal hearts has also
been documented.®* The difference was indepen-
dent of a history of previous myocardial infarction,
left ventricular function and age. A recent study
evaluated ambulatory ECG recordings from 744 pa-
tients in the active treatment arms of the cardiac
arrhythmia suppression trial (CAST).!* They con-
cluded that TS is a powerful risk predictor indepen-
dent of LVEF in postmyocardial infarction patients
with frequent VPCs and may be a cost effective
modality for deciding on the requirement for ICD
implantation.

The MADIT II noninvasive electrocardiology
substudy®® is evaluating the role of a combination
of a standard 12-lead ECG and 10-minute high-
resolution Holter recording in predicting mortality
of patients randomized between conventional treat-
ment and implantable defibrillator therapy. HRT is
one of the parameters being assessed in this study.

Nonischemic Disorders

The value of HRT is not confined to coronary
artery disease. Malberg et al. found significant dif-
ference between patients with dilated cardiomy-
opathy (n = 37) and normal controls (n = 167)
in HRT parameters. TO was 1.80 £+ 2.72 in pa-
tients compared to —4.34 £ 3.10 in the control
group (P < 0.001), whereas TS was 6.75 £ 5.50
and 21.30 & 17.72, respectively (P = 0.021).3° HRT
analysis of 242 patients with idiopathic dilated car-
diomyopathy from the Marburg Cardiomyopathy
database revealed that TO is a significant predic-
tor of transplant-free survival.®” Koyama et al. de-
scribed TS as a powerful prognostic marker in 50
patients with congestive heart failure, the majority
of whom (n = 34) had cardiomyopathy.®® In this
study, there was no difference in the HRT param-
eters between those who had ventricular tachycar-
dia and those who did not.

Patients with Chagas disease also have abnor-
mal HRT. Statistically significant alterations in both
TO and TS have been documented in Chagas dis-
ease.® Patients with Chagas disease and reduced
LVEF had less negative TO than those with nor-
mal ejection fraction, who in turn had less negative
TO than controls. The mean values were —0.0126,
—0.0186, and —0.0256, respectively. Correspond-
ing values for TS were 7.870, 10.844, and 19.829.
The P-value for the comparisons between patients
with and without Chagas disease was <0.001.

Kawasaki et al. compared HRT in patients with
hypertrophic cardiomyopathy with those with my-
ocardial infarction.*® Unlike in patients with my-
ocardial infarction, HRT parameters were not ab-
normal in hypertrophic cardiomyopathy and failed
to predict prognosis. In another study, devia-
tions in R-R intervals following a VPC in patients
with hypertrophic cardiomyopathy were similar to
those of controls. However, the late positive devi-
ations of R-R intervals were more marked than in
controls.*!

LIMITATIONS OF HRT

HRT cannot be measured in subjects without
VPCs, as a minimum of 15-20 sinus beats after each
VPC and 3-5 beats before the VPC are required
for accurate calculation of HRT.* This is of very
little consequence as these patients are generally
at low risk. Presence of atrial fibrillation also pre-
cludes HRT measurements. However, the number
of records precluding measurement due to atrial
fibrillation are few. Hence HRT is a strong clinical
tool for the prediction sudden cardiac death in a
wide variety of clinical situations.
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