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Background Both an impaired capacity to increase heart rate during exercise testing (chronotropic incompetence), and a
slowed rate of recovery following exercise (heart rate recovery) have been shown to be associated with all-cause mortality.
It is, however, unknown which of these responses more powerfully predict risk, and few data are available on their
association with cardiovascular mortality or how they are influenced by b-blockade.
Methods Routine symptom-limited exercise treadmill tests performed on 1910 male veterans at the Palo Alto Veterans
Affairs Medical Center from 1992 to 2002 were analyzed. Heart rate was determined each minute during exercise and
recovery. Chronotropic incompetence was defined as the inability to achieve Z 80% of heart rate reserve, using a
population-specific equation for age-predicted maximal heart rate. An abnormal heart rate recovery was considered to be a
decrease of < 22 beats/min at 2 min in recovery. Cox proportional hazards analyses including pretest clinical data,
chronotropic incompetence, heart rate recovery, the Duke Treadmill Score (abnormal defined as < 4), and other exercise
test responses were performed to determine their association with cardiovascular mortality.
Results Over a mean follow-up of 5.1 ± 2.1 years, there were 70 deaths from cardiovascular causes. Both abnormal heart
rate recovery and chronotropic incompetence were associated with higher cardiovascular mortality, a lower exercise
capacity, and more frequent occurrence of angina during exercise. Both heart rate recovery and chronotropic incompetence
were stronger predictors of risk than pretest clinical data and traditional risk markers. Multivariately, chronotropic
incompetence was similar to the Duke Treadmill Score for predicting cardiovascular mortality, and was a stronger predictor
than heart rate recovery [hazard ratios 3.0 (95% confidence interval 1.9–4.9), 2.8 (95% confidence interval 1.7–4.8), and 2.0
(95% confidence interval 1.1–3.5) for abnormal Duke Treadmill Score, chronotropic incompetence, and abnormal heart rate
recovery, respectively]. Having both chronotropic incompetence and abnormal heart rate recovery strongly predicted
cardiovascular death, resulting in a relative risk of 4.2 compared with both responses being normal. Beta-blockade had
minimal impact on the prognostic power of chronotropic incompetence and heart rate recovery.
Conclusion Both chronotropic incompetence and heart rate recovery predict cardiovascular mortality in patients referred
for exercise testing for clinical reasons. Chronotropic incompetence was a stronger predictor of cardiovascular mortality
than heart rate recovery, but risk was most powerfully stratified by these two responses together. The simple application of
heart rate provides powerful risk stratification for cardiovascular mortality from the exercise test, and should be routinely
included in the test report. Eur J Cardiovasc Prev Rehabil 00:000–000 c 2007 The European Society of Cardiology
European Journal of Cardiovascular Prevention and Rehabilitation 2007, 00:000–000
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The standard exercise test is one of the most powerful
tools for risk stratifying patients with or suspected of
having cardiovascular disease [1,2]. Although the electrocardiographic response, symptoms, and exercise tolerance
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have traditionally been applied to estimate risk for cardiac
events or mortality, recent studies have observed that
heart rate provides both independent and complementary
information for estimating prognosis [3,4]. Both an
attenuated heart rate response to exercise [termed
chronotropic incompetence (CI)] and slowed recovery
of heart rate following exercise [termed heart rate
recovery (HRR)] have been associated with all-cause
mortality and cardiac events [5–12]. The observation
made over the last decade that simply applying heart rate
during and after an exercise test powerfully stratifies risk
has provided support for the continued use of the
standard exercise test despite advances in related
technologies [1–4,13].

targeted between 8 and 12 min [15]. Patients did not
perform a cool-down walk but were placed supine as soon
as possible after exercise. Standard criteria for termination were employed, including moderately severe angina,
> 2.0 mm abnormal ST depression, a sustained drop in
systolic blood pressure, or serious rhythm disturbances
[1]. The Borg 6-20 perceived exertion scale was used to
quantify degree of effort [16]. Visual ST-segment
depression was measured at the J-junction, corrected for
pre exercise ST depression, and considered abnormal if it
was Z 1.0 mm and horizontal or downsloping. Blood
pressure was taken manually and exercise capacity [in
metabolic equivalents (METs)] was estimated from peak
treadmill speed and grade.

Few previous studies have, however, measured both CI
and HRR in predicting mortality; thus, their relative
prognostic power is uncertain. It is also uncertain how
these two responses compare with the Duke Treadmill
Score (DTS), a widely used and established marker of
risk. In addition, although b-blockade has a marked effect
on resting and exercise heart rate, this issue has only
recently been explored in the context of CI, HRR and
outcomes [6,10,12]. The majority of previous studies
have also focused on all-cause mortality; the extent to
which CI and HRR responses predict cardiovascular
mortality is less certain. The aim of this study was to
assess the relative prognostic utility of CI and HRR in
predicting cardiovascular mortality in patients referred for
exercise testing for clinical reasons. A secondary purpose
was to evaluate the effect of b-blockade on the
association between CI, HRR and mortality.

Heart rate was measured supine, standing, during each
minute of exercise, at maximum exercise, and in recovery
at 1, 2, 3, and 5 min. HRR was defined as (maximum
heart rate – heart rate at specified time period after
exercise) and represented the drop in heart rate during
that time interval. An abnormal HRR was considered a
decrease of < 22 beats after 2 min of recovery as we
previously reported this criteria to be the optimal HRR
cut point for predicting mortality in our population [10].
CI was defined as the inability to achieve 80% of heart
rate reserve, using the regression equation that best fit
the population [174–0.54 (age)]. Thus, the equation
used to define percentage heart rate reserve was
[(maximal heart rate – resting heart rate)/(174–0.54 
age) – (resting heart rate)  100]. The DTS was calculated as [exercise capacity in METs – (5  maximal ST
depression) – (4  angina index)] (angina index defined
as 0 = no angina; 1 = nonlimiting angina; and 2 = exercise-limiting angina). A DTS < 4 was considered
abnormal. No test was classified as indeterminate [17],
medications were not withheld, and age-predicted maximal target heart rates were not used as end points. The
exercise tests were performed, analyzed, and reported
using a standard protocol incorporating a computerized
database with all definitions and measurements prospectively defined [18].

Methods
Population

The study sample consisted of 1910 patients who
underwent maximal exercise testing for clinical reasons
at the Veterans Affairs Palo Alto Medical Center between
1992 and 2002. Historical information that was recorded
at the time of the exercise test included previous
myocardial infarction (MI) by history or Q wave, heart
failure, hypertension, family history of heart disease,
hypercholesterolemia
( > 220 mg/dl),
claudication,
chronic obstructive pulmonary disease, diabetes, stroke,
smoking status (current, past, and pack-years), use of
digoxin or a b-blocker, and cardiac arrhythmias. The
presence of each condition was defined by history and
medical record review at the time of the test. The sample
was 78% Caucasian, 13% African–American, and 6%
Hispanic.

Outcomes

The main outcome variable was cardiovascular mortality;
noncardiovascular deaths were also recorded. The California Health Department Service and Social Security
Death Indices were used to ascertain the vital status of
each patient as of 31 December 2004. Accuracy of deaths
was reviewed by two clinicians blinded to exercise test
results and confirmed using the Veterans Affairs computerized medical records.

Exercise testing

Patients underwent symptom-limited treadmill testing
using an individualized ramp treadmill protocol [14]. A
pretest questionnaire was used to set an individualized
ramp rate on the treadmill such that test duration was

Statistical analysis

NCSS software (Kayesville, Utah, USA) was used for all
statistical analyses. Unpaired t-tests were used for
comparisons of continuous variables, and w2 tests were
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used to compare dichotomous variables between those
patients with normal and abnormal HRR and CI. Survival
analysis was performed using Cox proportional hazards
analysis to determine which clinical and exercise test
variables were independently and significantly associated
with time to cardiovascular death. Analyses were adjusted
for age. Automatic selection of variables was performed
with a Z value cut-off of 2 and 20 iterations. Hazard ratios
were calculated along with their 95% confidence intervals
(CIs). The proportional hazards assumption was evaluated and confirmed using the scaled Schoenfeld residual.
Initially, age-adjusted CI and HRR were assessed
separately with pretest variables (including the dichotomous variables history of angina, smoking, diabetes,
hypertension, and hyperlipidemia). Exercise test variables were assessed in a second analysis. The DTS
(which incorporates exercise capacity rather than peak
METs achieved) was used as a standard to compare the
relative prognostic power of CI and HRR. Given the
limited number of cardiovascular outcomes (70), no more
than seven independent variables were used in the
multivariate models. Kaplan–Meier curves using normal
and abnormal HRR, DTS, and CI were constructed; the
log-rank test was used to compare these responses at
specified cut points. Receiver operator characteristic
(ROC) curves were constructed to compare CI and
abnormal HRR in terms of their discriminatory accuracy
in predicting survival, using the abnormal cut points
mentioned above. The ROC curves were compared using
the Z-statistic.

Results
The mean age of the population was 57 ± 12 years and
the mean body mass index was 29 ± 5 kg/m2 (Table 1).
Less than 3% were taking digoxin and approximately onefifth were taking b-blockers. Cardiovascular disease was
present in 526 of the patients (28% of the population). Of
the 1910 patients, 167 (8.7%) had an abnormal HRR.
Those with an abnormal HRR response were older and
had a greater prevalence of heart failure, hypertension,
and b-blocker use than those with a normal HRR. During
exercise, patients with an abnormal HRR had a lower
maximal heart rate and systolic blood pressure, lower
exercise capacity (9.3 ± 3.3 vs. 6.9 ± 2.9 METs,
P < 0.0001), a lower DTS, and a greater proportion of
patients with abnormal HRR exhibited CI.
Clinical and exercise test responses of patients with and
without CI are presented in Table 2; 526 patients (27.5%)
demonstrated CI. Patients with CI more commonly had a
history of myocardial infarction, heart failure, stroke,
hypertension, claudication, smoking, and diabetes. Exercise test responses also differed between those with
and without CI, including a lower exercise capacity, lower
DTS, slower HRR, and more frequent occurrence of ST

Table 1 Baseline and exercise test data in patients with normal vs.
abnormal heart rate recovery
Total
(n = 1910)
Demographic and historical data
Age
57 ± 12
BMI
29.4 ± 5.3
Previous MI
145 (7.6)
History of typical
175 (9.2)
angina
Heart failure
61 (3.2)
Stroke
46 (2.4)
Hypertension
824 (43)
Claudication
71 (3.7)
Smoking
1079 (56.5)
Diabetes
259 (13.6)
Digoxin
52 (2.7)
Beta-blocker
374 (19.6)
LBBB
12 (0.6)
RBBB
68 (3.6)
Exercise test responses
Peak HR (beats/
143 ± 23
min)
Peak SBP
175 ± 27
(mmHg)
Peak METs
9.0 ± 3.3
Duke Treadmill
7.7 ± 5.1
Score
HRR (beats/min)
43 ± 19
ST k > 1 mm, no.
151 (7.9)
(%)
Angina, no. (%)
193 (10.1)
CI, no. (%)
526 (27.5)

Normal HRR
(n = 1743)

Abnormal
HRR (n = 167)

P value

57 ± 11
28.9 ± 5.2
127 (7.3)
154 (8.8)

60 ± 12
29.2 ± 5.3
18 (10.8)
21 (12.6)

0.002
0.60
0.12
0.12

51
42
738
55
975
230
44
324
8
59

10
4
86
16
104
29
8
54
4
9

0.04
0.99
0.03
0.002
0.12
0.15
0.13
0.001
0.02
0.19

(2.9)
(2.4)
(4.2)
(3.1)
(55.9)
(13.2)
(2.5)
(18.6)
(0.4)
(3.4)

(6.0)
(2.4)
(51.5)
(9.6)
(62.3)
(17.4)
(4.8)
(32.3)
(2.4)
(5.4)

146 ± 22

118 ± 26

0.0001

177 ± 26

163 ± 30

0.0001

9.3 ± 3.3
7.9 ± 5.2

6.9 ± 2.9
5.6 ± 4.7

0.0001
0.0001

45 ± 13
136 (7.8)

14 ± 8.4
15 (9.0)

0.0001
0.54

14 (8.4)
152 (91.0)

0.12
0.0001

179 (10.3)
414 (23.8)

Data are shown as mean ± SD or no. of patients (%). BMI, body mass index; CI,
chronotropic incompetence; HR, heart rate; HRR, heart rate recovery at 2 min
after exercise; LBBB, left bundle branch block; MI, myocardial infarction; Peak
METs, peak estimated metabolic equivalents; RBBB, right bundle branch block;
SBP, systolic blood pressure; ST k, ST depression.

depression and angina among those with CI. A total of 172
patients exhibited both CI and abnormal HRR.
Survival results

Over a mean follow-up of 5.1 ± 2.1 years, there were 157
deaths; 70 (45%) were cardiovascular and 87 (55%) were
noncardiovascular. Most historical data and exercise test
responses were significantly different between those who
died of cardiovascular causes compared with the remainder of the cohort. Those who died of cardiovascular
causes had a greater prevalence of cardiovascular disease,
and during exercise testing more frequently exhibited ST
depression, CI, abnormal HRR, angina, and had lower
exercise capacity and lower DTS values. Notably, 8.2% of
those with CI died of cardiovascular causes, whereas
10.2% of those with abnormal HRR died of cardiovascular
causes during the follow-up.
In age-adjusted multivariate analyses, CI and HRR were
stronger predictors of risk than pretest risk markers
(history of angina, smoking, diabetes, hyperlipidemia,
hypertension) and exercise test responses (occurrence of
angina, ST depression) [hazard ratios 4.9 (95% CI 2.8–
8.5) and 4.0 (95% CI 2.2–7.4) for CI and HRR,
respectively, P < 0.001]. Age-adjusted multivariate pre-
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Table 2 Baseline and exercise test data in patients with and
without CI
Normal chron- Chronotropic
otropic reincompetence
sponse
(n = 526)
(n = 1384)

Demographic and historical data
Age
57 ± 12
BMI
29.4 ± 5.3
Previous MI
145 (7.6)
History of typical
175 (9.2)
angina
Heart failure
61 (3.2)
Stroke
46 (2.4)
Hypertension
824 (43.1)
Claudication
72 (3.8)
Smoking
1079 (56.5)
Diabetes
254 (13.3)
Digoxin
52 (2.7)
Beta-blocker
358 (18.7)
LBBB
12 (0.6)
RBBB
68 (3.6)
Exercise test responses
Peak HR (beats/
144 ± 24
min)
Peak SBP
175 ± 27
(mmHg)
Peak METs
9.1 ± 3.3
Duke Treadmill
7.7 ± 5.2
Score
HRR (beats/min)
43 ± 15
ST k > 1 mm, no.
151 (7.9)
(%)
Angina, no. (%)
193 (10.1)

P value

Both normal

58 ± 12
28.7 ± 5.1
69 (13.1)
80 (15.2)

0.40
0.17
< 0.0001
< 0.0001

35
22
517
18
753
165
26
157
4
41

26
24
307
54
326
94
26
221
8
27

0.008
0.0003
< 0.0001
< 0.0001
< 0.003
0.013
0.0004
< 0.0001
0.05
0.03

(2.5)
(1.6)
(37.4)
(1.3)
(54.4)
(11.9)
(1.9)
(11.3)
(0.2)
(3.0)

(4.9)
(4.6)
(58.4)
(10.3)
(62.0)
(17.9)
(4.9)
(42.0)
(1.5)
(5.1)

154 ± 16

114 ± 14

< 0.0001

179 ± 26

165 ± 27

< 0.0001

9.8 ± 3.3
8.6 ± 4.9

7.1 ± 2.5
5.3 ± 4.9

< 0.0001
< 0.0001

47 ± 14
100 (7.2)

32 ± 13
51 (9.7)

< 0.0001
0.09

119 (8.6)

74 (14.1)

< 0.0001

Table 3 Age-adjusted multivariate predictors of cardiovascular
mortality

Duke Treadmill Score
Chronotropic incompetence
Heart rate recovery

CI∗

95
57 ± 12
29.1 ± 5.2
76 (5.5)
95 (6.9)

Data are shown as mean ± SD or no. of patients (%). BMI, body mass index; CI,
chronotropic incompetence; HR, heart rate; HRR, heart rate recovery at 2 min
after exercise; LBBB, left bundle branch block; MI, myocardial infarction; Peak
METs, peak estimated metabolic equivalents; RBBB, right bundle branch block;
SBP, systolic blood pressure; ST k, ST depression.

Variable

100

Hazard ratio

95% confidence
interval

P value

3.0
2.8

1.9–4.9
1.7–4.8

< 0.0001
< 0.0001

2.0

1.1–3.5

0.02

Abnormal response for chronotropic incompetence was defined as inability to
achieve Z 80% of age-predicted maximal heart rate reserve; for heart rate
recovery, abnormal was considered r 22 beats/min at 2 min in recovery, and an
abnormal Duke Treadmill Score was defined as < 4.

dictors of cardiovascular mortality comparing presence of
CI, abnormal HRR, and abnormal DTS are presented in
Table 3. CI, abnormal HRR, and abnormal DTS were all
significant predictors of cardiovascular death. The DTS
and CI had similar predictive power [hazard ratio 3.0
(95% CI 1.9–4.9, P < 0.0001) for the DTS and 2.8 (95%
CI 1.7–4.8, P < 0.0001) for CI], whereas the hazard ratio
for HRR was 2.0 (95% CI 1.1–3.5, P = 0.02). Having both
an abnormal HRR and CI resulted in a hazard ratio of 4.2
and an annual mortality rate of 2.0%. Conversely,
exhibiting a normal HRR and a normal chronotropic
response was highly specific; those exhibiting both these
responses had a very low annual cardiovascular mortality

Survival (%)

Total
(n = 1910)

Fig. 1

Abnormal HRR∗
90
Abnormal HRR and CI∗∗
85

80
1.3
2.5
3.8
5.0
0
(1910) (1904) (1878) (1874) (1846)
Follow - up (years)
Kaplan–Meier survival curve comparing a normal response to exercise,
chronotropic incompetence (CI), abnormal heart rate recovery (HRR),
and both abnormal HRR and CI. *P < 0.05 vs. normal response.
**P < 0.05 vs. abnormal CI, abnormal HRR, and both normal. Numbers
in parentheses on the x-axis represent patients evaluated at each time
point.

rate of 0.25%. The area under the ROC curve for CI
(0.68) was higher than that for abnormal HRR (0.57)
(P < 0.01). When considered as continuous variables (i.e.
hazard ratio per heart beat), CI was similarly more
powerful than abnormal HRR.
Kaplan–Meier curves illustrating rates of cardiovascular
death for CI, abnormal HRR, having neither, or having
both are presented in Fig. 1. Having either one of these
responses was associated with a higher death rate than
having neither (log-rank test P < 0.05). Having both CI
and an abnormal DTS was associated with a greater
cardiovascular death rate than having either abnormality
alone (P < 0.05).
Presence or absence of b-blockade was not a significant
predictor of cardiovascular mortality, and adding this
variable to the model did not affect the prognostic power
of CI, HRR, or the DTS. When only the 378 patients who
were receiving b-blockers were assessed, the hazard ratios
for abnormal CI and HRR were similar [2.7 (95% CI 0.88–
8.3, P < 0.001) for CI and 2.0 (95% CI 0.76–5.0) for
abnormal HRR], whereas the hazard ratio for abnormal
DTS was reduced to 1.9 (95% CI 0.85–4.5). Similarly,
ethnicity had no impact on the results.

Discussion
The present results demonstrate that both an attenuated
increase in heart rate during exercise and a reduced rate
of recovery of heart rate after exercise are associated with
cardiovascular mortality in patients referred for exercise
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testing for clinical reasons. These responses independently predict risk after adjustment for age, established
risk factors including hypertension, high cholesterol,
smoking, and diabetes, as well as other exercise test
variables known to be associated with risk (ST depression, angina, DTS). These findings concur with other
recent studies, which underscore the importance of
including the chronotropic response to exercise and rate
of recovery in the exercise test report [5–12,19]. The
simple application of heart rate during and after exercise
provides powerful information regarding risk for cardiovascular mortality; having both an abnormal CI and HRR
increased the risk of cardiovascular mortality more than
four-fold.
Although numerous studies have assessed the prognostic
utility of these two responses separately, few data are
available regarding their relative prognostic power. In
addition, one criticism of HRR [20] is that its incremental value for predicting risk has rarely been compared
with the DTS, an established tool for stratifying risk with
a compelling 20-year history [21]. Nishime et al. [11]
studied 9454 patients referred for exercise testing at the
Cleveland Clinic and reported that HRR predicted allcause mortality beyond that estimated by the DTS. In
this study, using cardiovascular mortality as the primary
outcome, CI had prognostic power that was similar to the
DTS, and both CI and the DTS more strongly predicted
cardiovascular mortality than HRR. This is in accordance
with previous findings from our group [10] and others
[12] demonstrating that although HRR is a powerful
predictor of all-cause mortality, it is not a strong marker of
the presence or severity of angiographic disease.
An additional observation from this study was that the
results were not greatly affected by b-blocker therapy.
This is important in that many previous studies have
removed patients on b-blockers, assuming the prognostic
applications of CI and HRR would not apply to patients
taking these agents. In particular, the role of CI in
patients taking b-blockers has not been fully explored.
Although our sample of patients taking b-blocking agents
was limited (438, of whom 23 died of cardiovascular
causes), the trend observed suggests that CI predicts risk
regardless of b-blocker use. CI and HRR showed similar
trends for predicting cardiovascular mortality when the
model was adjusted for b-blocker use, when those taking
b-blockers were assessed separately, and when they were
excluded from the analysis. These findings also extend
our previous observations regarding HRR, in which bblockade had no impact on the prognostic impact of HRR
[10], those of Vivekananthan et al. [12], who observed no
interaction between b-blocker use and the association of
HRR with mortality, and Khan et al. [6], who reported
that CI predicted all-cause mortality irrespective of b-

blocker use, type of b-blocker, and half-lives elapsed since
the last dose was taken.
Effect of end point

We limited the current analysis to cardiovascular mortality, because we [10] and others [6–8,12,19,22] have
previously reported associations between all-cause mortality and CI, HRR, or both. Although the association
between HRR and all-cause mortality has been confirmed
by numerous studies in recent years, studies assessing the
association between HRR, presence of cardiovascular
disease, and mortality have been mixed. We recently
reported in preliminary form that HRR more strongly
predicted all-cause mortality than cardiovascular mortality [23]. Conversely, Jouven et al. [5] found that HRR
more strongly predicted sudden death from MI than
other causes of death. Morshedi-Meibodi et al. [9]
reported that among Framingham Study individuals
undergoing routine treadmill testing, a rapid HRR was
associated with a lower risk of cardiovascular disease
events, but not all-cause mortality. Cheng and colleagues
[24] observed that HRR was the only historical and
exercise test predictor of cardiovascular mortality,
whereas only fitness and body mass index predicted allcause mortality among men who were relatively young at
baseline ( < 40 years).
Studies on the association between HRR and presence
and extent of coronary artery disease have also varied
widely. We previously observed that HRR was not
associated with angiographic disease [10]. Georgoulias et
al. [25], however, reported that patients with an abnormal
HRR response were more likely to have myocardial
perfusion defects. Diaz et al. [26] observed that patients
with abnormal HRR were at high risk for death even with
normal nuclear findings. Chen and colleagues [22]
demonstrated that among patients with evidence of
myocardial ischemia by perfusion imaging, an abnormal
HRR had only a nonsignificant trend toward blunting the
survival improvement associated with early revascularization. Other recent studies have reported associations
between impaired HRR and cardiovascular events in men
[9,24] and women [9,27–29]. Whether impaired HRR
predicts mortality because it reflects underlying cardiovascular disease, or because it identifies a group with
autonomic imbalance and therefore a propensity toward
serious rhythm disturbances in the absence of cardiovascular disease [5], or both, requires further study.
Previous studies including both chronotropic incompetence and heart rate recovery

Few studies have addressed both CI and HRR in the
same analysis, and to our knowledge only one such study
has evaluated cardiovascular mortality. In a detailed
analysis including resting heart rate, degree of change in
heart rate during exercise, and HRR, Jouven et al. [5]
reported that the strongest predictor of sudden death
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from MI was an impaired ability to increase heart rate
during exercise. When these three variables were assessed
multivariately and adjusted for confounding factors,
resting heart rate and HRR were not significant
predictors of risk, whereas CI had an adjusted relative
risk of 4 (comparing highest vs. lowest quintile of heart
rate increase). Conversely, studies from the Cleveland
Clinic have demonstrated that HRR more strongly
predicts all-cause mortality than CI. Vivekananthan et al.
[12] reported that an abnormal CI (defined as achieving
< 80% heart rate reserve, as in this study) in the absence
of b-blocker use was associated with higher all-cause
mortality even after adjustment for abnormal HRR. The
association with mortality was markedly stronger for HRR
than for CI. Cole and colleagues [8] observed that CI was
a weaker predictor of mortality than HRR among patients
referred for diagnostic SPECT. In fact, the relative risk
for all-cause mortality among patients with an abnormal
HRR was actually lower among those with CI (hazard
ratio 2.3 vs. 4.7 for presence and absence of CI,
respectively). For those with a normal heart rate response
during and after exercise (i.e. normal HRR and absence of
CI), the mortality rate was only 0.5% per year. Similarly, in
this study, a normal chronotropic response to exercise and
recovery reflected a low cardiovascular mortality, having
an event rate of 0.25% per year.
Mechanisms underlying mortality with abnormal chronotropic incompetence and heart rate recovery

The mechanisms underlying CI and impaired HRR have
been the topics of a great deal of discussion in recent
years. The mechanisms that have been proposed to
explain CI largely involve abnormalities in autonomic
balance, including an altered parasympathetic response to
cardiac mechanoreceptors, b-receptor insensitivity, and
postsynaptic desensitization of the sinoatrial node to
symapathetic stimulation [30–32]. Other explanations
include reduced myocardial viability and a protective
response to permit greater myocardial perfusion in the
presence of narrowed coronary arteries [30,32]. Although
there have been efforts to exclude patients with an
‘inadequate’ physical response to exercise [33], the
concept that CI in part reflects simply an inability to
achieve a good exercise response and thus an adequate
heart rate must be considered. The ability of heart rate to
recover following exercise is related to the capacity of the
cardiovascular system to reverse autonomic nervous
system (withdrawal of vagal activity) and baroreceptor
(detection of changes in blood pressure and inhibition of
sympathetic discharge) adaptations that occur during
exercise, often termed as vagal reactivation [34,35]. This
has been underscored by the long-established observation
that recovery of heart rate is faster in athletes [36], and
the fact that autonomic imbalance, particularly a deficiency in vagal tone, is associated with mortality [35,37].

Limitations

As this was a Veterans Affairs cohort, our findings were
limited to men. CI was defined as the percentage of heart
rate reserve achieved, but we did not use the chronotropic index, which expresses the ratio of heart rate
reserve to the metabolic reserve at peak exercise
[7,19,21]. The latter measure has been widely used in
recent years as a measure of CI to predict all-cause
mortality [7,19,21], but it requires the use of the Bruce
protocol. We also employed a definition of HRR that best
predicts outcomes in our population ( r 22 beats at 2 min
recovery in the supine position [10]), but there have
been various other definitions of abnormal HRR. The
results may differ when applying different criteria for
both CI and HRR. Our sample size was relatively small,
which limited our subgroup analysis of patients taking bblockers.
Summary

Both CI and HRR independently predict cardiovascular
mortality in patients referred for exercise testing for
clinical reasons. CI was similar to the DTS in estimating
risk, and both the DTS and CI were stronger predictors
of cardiovascular mortality than HRR. Patients exhibiting
both CI and abnormal HRR have more than a four-fold
risk of cardiovascular mortality; conversely, when both the
heart rate response to and recovery from an exercise test
are normal, cardiovascular mortality is extremely low. The
simple application of heart rate provides powerful risk
stratification from the exercise test, and should be
routinely included in the test report.
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