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ABSTRACT 

THESIS: Prevalence of abnormal heart rate acceleration in an asymptomatic,  

self-referred adult population  

 

STUDENT: Allison M. Jagoda 

DEGREE: Master of Science 

COLLEGE: Applied Sciences and Technology 

DATE: May 2010 

PAGES:  107 

 

Purpose:  Little is known about the heart rate (HR) responses at the onset of exercise, 

at peak exercise, and recovery in apparently healthy men and women.  The purpose of 

this study was to determine the prevalence of abnormal HR acceleration at the onset 

of exercise, define the HR acceleration profile, determine if traditional cardiovascular 

disease (CVD) risk factors are associated with abnormal HR acceleration, and 

identify whether abnormal chronotropic responses cluster with abnormal HR 

acceleration in an asymptomatic, self-referred, adult population.  Methods:  A 

retrospective examination of a symptom-limited maximal treadmill test was 

performed for participants of a university-based fitness program between 1990 and 

2006.  Records were analyzed for various HR responses from individuals (N=947) of 

both sexes who represented a broad range of age and fitness levels (mean VO2: 

32.9±9.4ml∙kg
-1

∙min
-1

).  Abnormal HR acceleration at minute 1 and ⅓ total exercise 

time was defined as a HR increase from standing rest of ≤14 and ≤28 beats 

respectively.  Results:   The prevalence of abnormal HR acceleration at minute 1 and 

⅓ total exercise time was 30.6% and 31.3% respectively.  The mean HR increase 
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during the first minute and ⅓ total exercise time was 20.5 ± 10.3 and 33.7 ± 10.4 

beats respectively.  Abnormal accelerators had a significantly better CVD risk factor 

profile (lower systolic and diastolic blood pressure, BMI, total cholesterol, 

triglycerides, higher VO2, and higher percent of regular exercise) than normal 

accelerators, despite consisting of a greater percentage of current smokers.  Lastly, 

abnormal HR acceleration showed higher prevalence with abnormal HR recovery 

than with chronotropic incompetence.  Conclusions:  In the present study cohort, a 

lower HR increase at the onset of exercise was associated with a better CVD risk 

factor profile but the same differences were not seen at ⅓ total exercise time.  Key 

Words: GRADED EXERCISE TEST, HEART RATE RESPONSE, AUTONOMIC 

NERVOUS SYSTEM 



 
 

 
 

CHAPTER I 

INTRODUCTION 

 

An estimated 1 in 3 American adults have one or more types of cardiovascular 

disease (CVD) (69).  Mortality data show that CVD is responsible for 1 of every 2.8 

deaths in the United States (69).  The four most common types of CVD in American 

adults are hypertension (HTN), coronary heart disease (CHD), heart failure (HF), and 

stroke affecting 72%, 17%, 5%, and 6% respectively (69).  Although CHD only 

affects 17% of the population, CHD can be further broken down into those who 

present with chest pain (53%) and those that experience a myocardial infarction 

(47%) (69).  In recent years, numerous studies have identified the beneficial effects of 

lowering CVD risk factors on CVD morbidity and mortality (69).  It has been 

suggested that prevention of the development of risk factors at younger ages is ideal, 

and intensive prevention of the deleterious effects of CVD at younger and middle 

ages once risk factors develop will improve the longevity of a healthy life (69).   

The standard exercise test is known to be one of the most powerful, 

noninvasive tools for risk stratifying patients with or suspected of having CVD (16, 

64).  Therefore, understanding the effectiveness of the exercise test and the 

information it can provide becomes prudent when making decisions between a 

normal versus abnormal response.  Historically, electrocardiographic (ECG) 

response, symptoms, and exercise tolerance
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have been used to estimate risk for cardiac events or mortality (64).  More recently, it 

has been observed that heart rate (HR), both resting and in response to exertion, 

provides both independent and complementary information for estimating prognosis 

(64).   

The autonomic nervous system (ANS) plays a central role in the regulation of 

the cardiovascular system (63).  This has led investigators to examine the associations 

of measures of sympathetic and parasympathetic nervous system activity (such as HR 

variability) to the incidence of CVD events (63).  Heart rate response to exercise is 

related to a complex interplay among many factors including age, gender, physical 

conditioning, sympathetic drive, baroreceptor reflexes, and venous return (53).  

Autonomic nervous system withdrawal and activation results in HR fluctuations 

during exercise, and the reciprocal function of these ANS mechanisms results in the 

fall of HR post exercise (3).  Individuals who are physically active tend to have an 

increase in vagal tone or an alteration in the total neural input to the heart resulting in 

down-regulation of sympathetic drive, causing increased HR variability (78).  In 

patient populations, sometimes the autonomic balance that governs HR response 

during or after exercise is disturbed, resulting in the inability to use the HR reserve 

during exercise or an inability to promptly slow HR immediately after exercise (15).   

The ANS controls various aspects of the heart and assessment of chronotropic 

responses to exercise has become a staple in modern exercise testing.  A variety of 

chronotropic responses to exercise have been identified as independent risk markers 

of CVD.  An attenuated HR response to exercise (chronotropic incompetence CI), has 

been shown to be predictive of all-cause mortality and CHD risk, even after taking 
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into account the effects of age, physical fitness, and resting HR (54).  In apparently 

healthy cohorts or those suspected of coronary artery disease (CAD), CI prevalence is 

as low as < 10% of the population (14, 83).  In patients with documented CAD, CI 

prevalence rates increase and range between 20% and 30% (21, 28, 53, 64).   

An attenuated HR recovery (HRREC) after exercise, which is thought to be a 

marker of reduced parasympathetic nervous system (PNS) activity, is an independent 

predictor of all-cause mortality among patients referred for nuclear testing, exercise 

ECG, exercise single-photon emission computed tomography (SPECT,) and healthy 

adults enrolled in a population-based cohort (65, 82).  The prevalence of abnormal 

HRREC during 16,446 person-years of follow-up in patients was shown to increase 

risk of death by 9% in patients referred for exercise testing (82).  Abnormal HRREC is 

documented more frequently in diagnosed CAD cohorts and has been reported to 

occur in 8% - 20% of those patients depending on whether 1- or 2- minutes of 

recovery were used (20, 58, 64).   

Incidence rates of CI and abnormal HRREC have been shown to vary greatly 

due to methodological differences in test protocol, population, and definitions of 

chronotropic response and HRREC.  The prevalence of having both CI and abnormal 

HRREC has been shown to be between 24% and as high as 64% (21, 82).  In a mean 

follow-up of 5.1 ± 2.1 years, patients who presented with both CI and abnormal 

HRREC during exercise testing resulted in a hazard ratio of 4.2 and an annual mortality 

of 2.0% compared with both responses being normal (64).  Chronotropic 

incompetence is not as potent as abnormal HRREC, but it still has the ability to add a 

small amount of prognostic information above what is gathered from pretest risk 
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evaluation and exercise ECG (15).  Abnormal HRREC on the other hand provides 

additive prognostic information to the angiographic evidence of disease that is much 

more powerful than CI (15).   

The assessment of chronotropic responses and its association with increased 

CVD risk is most commonly done in patient populations.  The additional prognostic 

information attained by measuring chronotropic responses in patient populations has 

led to the investigation of prevalence in apparently healthy cohorts.  Chronotropic 

incompetence, defined as failure to attain 85% of age-predicted maximal HR 

(APMHR) have previously been reported in the cohort of the present study.  

Prevalence of CI was 1.7% in those that failed to achieve 85% of APMHR (83).  The 

prevalence of abnormal HRREC in the present cohort has also been measured, and it 

was 10.3% when abnormal HRREC was defined as a decrease in HR less than 12 beats 

at minute one of recovery (84).  No gender differences occurred in prevalence rates of 

the aforementioned variables of the present cohort (40, 83, 84).   

Researchers have continued to assess HR variables to determine if an 

autonomic imbalance leading to increased risk for CVD morbidity and mortality in a 

patient population exists.  Recently, clinical researchers have attempted to enhance 

the ability of the standard exercise test to predict adverse cardiovascular outcomes 

(16, 31, 55).  Two recent studies assessed the rapidity of HR increase during the first 

minute of exercise and its ability to predict major cardiovascular events (31, 55).  

Falcone et al. studied male patients (n=458) referred for exercise stress testing using a 

cycle protocol (31).  During a 6-year follow-up, ∆HR1minute ≥ 12 beats per minute 

(bpm) predicted both adverse outcomes and cardiac death (31).  Leeper et al. also 
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examined a patient population (n=1959, 95% male) referred for exercise testing using 

an individualized ramp treadmill protocol (55).  The authors concluded a rapid initial 

HR rise was associated with improved survival, and failing to reach 1 standard 

deviation (SD) in the HR rise at one-third of the total exercise capacity was the only 

HR variable associated with increased all-cause and cardiovascular mortality (55).  

However, there were major differences between the two study designs, which may 

have led to the contrasting conclusions (16).  In an editorial accompanying the Leeper 

et al. article, Chaitman concluded the rapid acceleration of HR in the early phases of 

exercise should not be used in the clinical setting to predict cardiovascular outcomes 

until the HR responses in the early phases of exercise are better understood (16).   

Purpose 

There are currently no published studies reporting data on HR acceleration 

during the early minutes of an exercise test in apparently healthy men and women.  

While there have been reports on CI and HRREC in apparently healthy cohorts, none 

of these reports included data on HR acceleration.  Therefore, the purposes of the 

present study were to: 1) determine the prevalence of abnormal HR acceleration at the 

onset of exercise in an asymptomatic, self-referred, adult population.; 2) define the 

HR acceleration profile for this cohort; 3) determine the association of traditional 

CVD risk factors with HR acceleration; and 4) identify whether abnormal HR 

acceleration clustered with other abnormal chronotropic responses (i.e. CI and 

abnormal HRREC. 

 

 



6 
 

 
 

Limitations 

1. Standardized laboratory procedures were performed by multiple technicians 

throughout the years, therefore variability may have occurred in the measurement 

techniques. 

2. The sample of the present study might not be representative of the general 

population as almost the entire cohort consisted of Caucasian men and women. 

3. The sample was a self-referred, asymptomatic adult cohort and therefore, HR 

responses may occur differently in apparently healthy individuals versus those 

with diagnosed disease.  

 

Delimitations 

1. The cohort was an asymptomatic, self-referred, adult population consisting mostly 

of Caucasian individuals. 

2. Test records on 3,539 individuals (58.7% male, 41.3% female) subjects were 

retrospectively reviewed for inclusion in the study. 

3. The use of the BSU/Bruce Ramp protocol. 

4. Abnormal HR acceleration was defined in two ways.  First, as an increase of HR 

≤ 14 bpm above standing rest in the first minute of exercise and ≤ 28 bpm at one 

third of the total peak exercise time as previously reported by Leeper et al. (55).  

Second, calculation of one third of the total peak exercise time rounded to the 

nearest whole minute was performed.  The highest quintile HR associated with 

the previously mentioned calculation was considered abnormal HR acceleration. 
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5. Abnormal HR recovery was defined as a HR decrease < 12 beats in the first 

minute of active recovery. 

6. CI was defined as failure to achieve 85% of APMHR. 

 

 Definitions 

1. Automaticity.  The heart’s ability to initiate its own beat (8) 

2. Chronotropic Response.  Heart rate response (27). 

3. Chronotropic Incompetence.  Inability to achieve an adequate heart rate 

response to exercise (50).    

4. Exercise.  A subset of physical activity that is planned, structured, repetitive, and 

purposeful in the sense that improvement or maintenance of physical fitness is the 

objective (79). 

5. Heart Rate Variability.  The beat-to-beat variation in heart rate as a result of the 

interaction of sympathetic and parasympathetic activity (57).  

6. Metabolic Equivalents (METS).  The amount of energy expended during one 

minute of seated rest.  1 MET is considered equivalent to a VO2 of 3.5 ml∙kg
-

1
∙min

-1
 (27). 

7. Physical Activity.  Any bodily movement produced by skeletal muscles that 

result in energy expenditure beyond resting expenditure (79). 

8. Physical Fitness.  A set of attributes that people have or achieve that relates to the 

ability to perform physical activity which includes: cardiorespiratory fitness, 

muscle strength, body composition, and flexibility (79). 

9. Rhythmicity.  The hearts regularity of pacemaking activity (8). 
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10. SPECT.  Single-photon emission computed tomography, images obtained with a  

gamma camera, which rotates 180 degrees around the patient, stopping at preset 

angles to record the image (80). 

11. Wilkoff Index.  A mathematical model of the chronotropic response as a function 

of exercise depending on age, resting heart rate, and functional capacity using 

age-predicted maximal heart rate or measured maximal heart rate (89).



 
 

 
 

CHAPTER II 

REVIEW OF LITERATURE 

 

 The primary objective of this study was to assess the prevalence of abnormal 

heart rate (HR) acceleration at the onset of an exercise test within an apparently 

healthy adult cohort.  The rationale for this study was based on recent reports 

suggesting HR acceleration during exercise may be related to cardiovascular disease 

(CVD) (31, 55).  This chapter will present and discuss information related to the 

importance of the exercise test as a risk stratification tool, 2) traditional and emerging 

CVD risk factors, 3) physiological regulation of HR at rest and with exercise, 3) 

normal HR responses to exercise, 4) abnormal HR responses to exercise, and 5) 

literature covering HR acceleration. 

 

Exercise Testing 

 Engagement in regular physical activity and exercise has the potential to lead 

to physical fitness producing cardiovascular adaptations that increase exercise 

capacity, endurance, and skeletal muscle strength (79).  Conversely, low levels of 

physical fitness have been associated with an increased risk of all-cause and CVD 

mortality, with age-adjusted relative risks of CVD up to 8-fold greater for unfit 

individuals than their fit counterparts (10).  As early as 1978, Paffenbarger et al. (67) 

reported that risk of first heart attack was inversely related to energy expenditure in 
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Harvard alumni during 117,680 person-years of follow-up.  Later, it was revealed that 

men who engaged in vigorous sports and kept fit during an initial survey had an 

incidence of coronary heart disease (CHD) in the next 8.5 years approximately half 

that of their colleagues who recorded no vigorous exercise (62).  As a result, it was 

suggested that vigorous exercise is a natural defense of the body, providing a 

protective effect on the heart against aging, ischemia, and its consequences (62).   

As research continued to examine the benefits of physical activity and 

exercise and their association with CVD, advancements in the use of different 

protocols for treadmills and cycle ergometers were being developed.  In 1954, 

Astrand et al. reported it would be valuable to design a simple test that could give 

information about a subject’s aerobic capacity (5).  As part of a conclusion of this 

study, Astrand et al. developed a nomogram which allowed an individual’s maximal 

attainable oxygen intake (aerobic capacity) to be calculated from HR and oxygen 

intake (or work level) reached during a submaximal test (5).  It was then suggested 

that an individual’s aerobic capacity per kilogram of body weight per minute would 

provide a good measure of his/her physical fitness (5).   

The use of maximal exercise testing to assess physical fitness depends in part 

upon the amount and intensity of daily activity undertaken in recent months (71).  

Cardiorespiratory performance during maximal exercise tests is possibly the most 

important aspect of fitness to examine in the context of comparing healthy individuals 

to those who have CVD (71).  However, the probability of measuring true maximal 

exertion is greater in well-motivated young, healthy adults compared to less fit 

individuals (71).  Later, in 1956, further use of the treadmill and its ability to 



11 
 

 
 

categorize patients using the New York Heart Association Class was introduced to 

stress testing by R.A. Bruce (13).  Finally, in 1976, Aström et al. reported that 

exercise testing is of great value when considered as a tool to measure the effect of 

medical and surgical treatment in reference to heart patients (6).  However, heart 

patients could not perform exercise tests of maximal exertion.  Thus, various types of 

submaximal exercise tests were developed for this population (6).  Aström et al. 

examined four different protocols to determine which protocol would provide the best 

level of effort for patients with heart disease without subjecting them to unattainable 

workloads.  The different protocols consisted of one with a single level load, a 

discontinuous series of increasing loads with intermittent rest periods, 

continuous/nearly continuous increase in load, and a continuous series of increasing 

loads with an almost steady state at each level (6).  When the researchers used chest 

pain and duration of test as endpoints, they found that patients performed best while 

undergoing continuous/nearly continuous increases in load (6).  These results 

demonstrate the importance of adapting an exercise test to the subject being examined 

in addition to the purpose of the test (6).   

In 1928, patients with known angina were exercised to bring about pain and, 

in addition, produced ST- and T-wave changes that are now recognized as evidence 

of ischemia (29).  In the mid 1960s – 1970s, it was reported that in the variant form of 

angina or periods of ischemia during exercise, the exercise electrocardiogram (ECG) 

appeared normal or exhibited ST segment depression (24, 56).  Once exercise testing 

became regularly used to assess the severity of CVD, symptom-limited exercise stress 

testing was introduced in the patient population (41).  Symptom-limited exercise 
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testing calls for the individual to exercise until symptoms arise, whether it is 

abnormal blood pressure, abnormal ECG rhythm, dyspnea, etc.  Most commonly, an 

ischemic ST abnormality occurs, ST-segment depression.  The depression occurs 

from the imbalance of oxygen demand from exercising muscles and the body’s ability 

to supply oxygen to those working muscles.  Ischemic ST abnormalities are typically 

assessed visually by a supervising physician or trained technician and defined as a 1-

millimeter horizontal or downslopping ST-segment depression occurring 80 

milliseconds past the J point  (1).  The ST-segment depression must also be noted in 

at least three consecutive beats in at least two contiguous leads (1).  Interpreting ST 

abnormalities during an exercise test has been and continues to be used extensively 

for screening patients to assess the severity of their disease as well as individuals 

prior to joining fitness programs.   

Currently, diagnostic exercise testing is completed in the following settings: 

hospitals for diagnoses, laboratories for research purposes, sports facilities for 

athletes, and other facilities that perform exercise testing prior to enrollment in 

exercise programs (29).  However, exercise testing is traditionally thought to be most 

appropriate for evaluating patients with symptoms suggestive of coronary disease or 

in asymptomatic individuals when multiple risk factors are present (49).  In summary, 

exercise testing is useful for the evaluation of disease severity among persons with 

known or suspected CVD, functional capacity, arrhythmias that may be provoked by 

exercise, and the assessment of the chronotropic response, but should be used with 

identification of CVD risk factors.   
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Cardiovascular Disease Risk Factors 

Traditional 

Most of the literature on CVD has focused on factors that increase risk for 

CVD and are associated with poorer outcomes when presented with CVD (69).  The 

major and independent risk factors for CVD are smoking, elevated blood pressure, 

elevated serum total cholesterol and low-density lipoprotein cholesterol, low serum 

high-density lipoprotein cholesterol, diabetes mellitus, and advancing age (37).  Two 

other CVD risk factors have also been identified that worsen the other independent 

factors, obesity and physical inactivity (37).  Recently, many studies have defined the 

beneficial effects of a healthy lifestyle and its ability to lower CVD burden on CVD 

outcomes and longevity (69).  The Framingham Heart Study examined 2,531 men and 

women and found several factors associated with survival to the age of 85 years (69, 

77).  These factors included female gender, lower systolic blood pressure, lower total 

cholesterol, better glucose tolerance, absence of current smoking, and a higher level 

of education attained (77).   In the Multiple Risk Factor Intervention Trial (MRFIT) 

study, factors associated with low risk status in 366,000 men and women were more 

narrowly defined as follows: serum cholesterol level < 200 mg∙dL
-1

, untreated blood 

pressure ≤120/80 mmHg, and absence of current smoking, diabetes, and major 

electrocardiographic abnormalities (75).  The MRFIT study further validated that 

individuals with favorable levels of cholesterol and blood pressure who did not 

smoke, have diabetes, myocardial infarction, or ECG abnormalities, demonstrate a 

much lower long-term mortality with greater longevity (75).  The Nurses’ Health 

Study also led to the identification of five healthy lifestyle factors, including absence 
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of current smoking, drinking half glass or more of wine per day, half hour or  more 

per day of moderate or vigorous physical activity, body mass index < 25 kg∙m
-2

, and a 

dietary score in the top 40% (76).  When three of the five healthy lifestyle factors 

were present, risk for CHD over a 14-year period was reduced by 57%; with four 

factors present, risk was reduced 66%; and when all five factors were present, risk 

was reduced by 83% (76).   

For effective prevention of CVD and primary risk reduction to take place, 

assessment of risk is required to categorize patients by their interventional needs.  

However, the risk status of patients without documented CHD varies greatly, which 

can alter the intensity of the intervention needed (37).  The major and independent 

risk factors as stated previously allow the total risk of a person to be estimated by 

summing the risk imparted by each of the major risk factors (37).  Exercise is 

considered a predisposing risk factor that can worsen the independent risk factors.  

Therefore, measuring responses to exercise may be able to increase the assessment of 

risk, especially in individuals without documented CVD.    

Emerging 

 In addition to assessing risk for CVD by measuring severity of the 

independent risk factors, the standard exercise test has shown to be one of the most 

powerful, noninvasive tools used to risk stratify patients with or suspected of having 

CVD (16, 64).  Knowledge of autonomic function and deviation from normal in 

different patient populations have led to several investigations establishing abnormal 

HR responses during and post exercise to be associated with increased long-term 

mortality (15).  Evidence continues to grow with respect to measuring HR responses 
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to exercise and its association with CVD and other comorbid conditions.  It has been 

suggested that measuring the chronotropic responses to exercise (chronotropic 

incompetence, HR reserve, chronotropic index) and post exercise (HR recovery) 

would be a great tool that could potentially add incremental information impacting 

intervention decisions (15).  Intervention decisions include revascularizations, 

pharmacologic therapy, and exercise training (15).  Measuring HR responses to 

exercise is a noninvasive assessment of patients suspected of CVD, potentially 

leading to data supporting abnormal HR responses to exercise to be added to the 

already established traditional risk factors.  To determine if abnormal HR responses 

can be used as a tool to risk stratify patients suspected of CVD, an understanding of 

how HR is regulated and what is considered a normal response to submaximal and 

maximal exercise is necessary.   

 

Physiological Regulation of HR 

Resting 

The nervous system controls various aspects of the heart (8).  The heart will 

continue to beat even after removal from the body due to its properties of 

automaticity and rhythmicity (8).  The sinoatrial (SA) or sinus node is located high in 

the right atrium and is the predominant cardiac pacemaker (81).  The SA node has a 

highly developed capacity for autonomic regulation and controls the heart’s pumping 

rate to meet the changing needs of the body (81).  Recent data has shown that 

spontaneous calcium release from the sarcoplasmic reticulum is an important 

mechanism of SA node automaticity leading to the autonomic nervous system’s 
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(ANS) central role in regulating the cardiovascular system (17, 63).  The changing 

levels of the autonomic nerves that modulate the intrinsic node firing rate reflects the 

regular fluctuations of HR that occur with rest and exercise (3).   

 

Exercise 

 Normal responses of cardiac output to progressive exercise produces an 

increase in the proportion of work done as measured by oxygen uptake (VO2) (90).  

During low intensity exercise, cardiac output is mediated mainly by increases in 

stroke volume in addition to HR (90).  The continued increase in stroke volume soon 

levels off and a further increase in cardiac output must be accomplished by an 

increase in HR (90).  As one approaches maximum HR, the rate of increase in HR 

plateaus, producing a linear relationship between HR and VO2 up to near maximal 

oxygen consumption (VO2max) (90).   

At particular levels of atrial pressure input, cardiac output can be increased by 

more than 100 percent by sympathetic stimulation or decreased to as low as zero or 

almost zero by vagal stimulation (38).  Strong sympathetic stimulation can increase 

HR from 70 beats per minute (bpm) up to 180-200 bpm and even 250 bpm (38).  

Sympathetic nerve fibers are distributed mainly in the ventricles of the heart, 

therefore, stimulation not only increases HR, but can also increase strength of 

contraction (38).  Strong parasympathetic stimulation has the capability to stop the 

heart from beating for a few seconds until an escaped heart beat occurs (38).  Since 

the parasympathetic fibers are mostly distributed to the atria, stimulation only 

decreases strength of contraction to a minor degree compared to the sympathetic 
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nerve system (38).  Thus, it has been demonstrated that the reciprocal actions of the 

parasympathetic and sympathetic nervous systems cause the acceleration or 

deceleration of HR (8).  Acceleration of HR is therefore produced by a diminished 

activity of the parasympathetic nerves to the heart and the simultaneous increase in 

sympathetic activity (8).  Conversely, deceleration is usually induced by a decrease in 

sympathetic activity and an increase in parasympathetic activity (8).  It is also 

possible for just one pathway to precipitate a change in HR rather than the reciprocal 

of both occurring (8).  Generally, healthy individuals are known to have a greater 

parasympathetic tone at rest (8).  Therefore, healthy individuals have a lower resting 

HR and greater HR variability during exercise.  Fluctuations in HR may be related to 

sympathetic or parasympathetic nerve activity as previously discussed, baroreflex 

activity, temperature regulation, or medications (3).   

Baroreflex Activity 

Baroreceptors are stretch receptors located in the carotid sinuses and in the 

aortic arch (8).  Baroreceptors may play a modifying role in determining chronotropic 

responses during exercise (39).  When blood pressure increases, the receptors are 

stretched, leading to enhanced firing of impulses to the brain which directly effects 

the sympathetic nervous system by decreasing the number of impulses it receives 

(38).  Lack of impulses reduces HR whereas if the opposite occurs, HR will increase 

(38).  The primary purpose of the baroreceptors is the reduction in minute by minute 

variation in arterial pressure that would normally occur if the system were not present 

(38).  However, since arterial pressure is altered during postural changes, it is 

assumed the baroreceptors may be involved in a feedback system that responds to 
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excessive blood pressure changes, which result in reflexive decreases in sympathetic 

tone (39).  This concept was discovered after five healthy untrained individuals were 

studied at rest, during supine exercise, and during upright exercise.  As the subjects 

began to exercise, it was noted that HR increase was the cause of a decrease in 

parasympathetic influence (39).  At much higher levels of exercise, HR was more 

associated with an increase in the sympathetic system (39).  In the resting supine 

state, parasympathetic mechanisms were raised with little sympathetic tone present 

(39).  During upright exercise, sympathetic tone was greater leading to a slowed 

response of injected agents, however, HR was still slower as a result of baroreceptors 

(39). 

Temperature Regulation 

Temperature also has the capacity to affect HR which can be due to changes 

in temperature of the environment or intrinsic temperature such as being exposed to a 

fever.  When an increased body temperature (fever) occurs, HR is greatly increased, 

sometimes more than double as normal (38).  With each degree increase in Fahrenheit 

(˚F), HR increases approximately 10 bpm, up to a body temperature of about 105˚F 

(38).  Beyond that point, HR has the potential to decrease because of a progressive 

decline in the heart muscle due to fever (38).  Exposure to increased environmental 

temperatures, such as 130˚F in dry air or about 94˚F if air that is 100 percent 

humidified during submaximal exercise, HR increases (12).  The increased HR is an 

attempt to compensate for decreased stroke volume (12).  At higher intensities of 

exercise, HR approaches maximum more quickly, and individuals usually must 

reduce intensity or stop exercise compared to normal temperatures (12).   
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Conversely, when temperature is decreased, HR is greatly decreased and can 

approach a few beats per minute when someone is near death from hypothermia (38).  

Some studies have found cold exposure to decrease HR and increase stroke volume 

however, a greater incidence of arrhythmias occur with colder temperatures (12).  

Cold temperatures increase the amount of impulses sent to the hypothalamus which, 

as a result, increases the incidence of fatal arrhythmias (12).  In summary, optimal 

function of the heart greatly depends on the body’s ability to control temperature 

intrinsically and its response to environmental changes in temperature (38). 

Influence of Medications 

When entering the patient population, many are prescribed medications that 

can affect the cardiovascular system.  Depending on the drug’s mechanism of action, 

an exaggeration or blunting of HR can occur.  Among the many drugs that have 

potential HR altering effects, antihypertensives, beta blockers, antidysrhythmics, and 

digitalis (digoxin) are most popular.  Antihypertensive drugs produce HR effects 

through reflex arcs in the autonomic system (39).  The result is a peripheral 

vasodilation which can develop into a reflex tachycardia, drastically increasing HR at 

submaximal workloads (39).  Antihypertensive medications that act centrally usually 

produce the opposite effect, a blunted HR at submaximal workloads (39).   

Beta blockers are one of the most common medications given to patients 

diagnosed with heart disease, especially after a coronary intervention.  Beta blockers 

lower both resting and exercise HRs by blocking the action of catecholamines at beta 

adrenergic receptor sites on the heart (39).  One study examined the acute effects of 

beta blocker administration to healthy individuals with exercise (91).  All subjects 
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performed the standard Bruce protocol and although treadmill time did not differ 

between those on beta blockers and those not, maximal HRs and oxygen consumption 

were significantly reduced in the beta blocker group (maximal HR decreased 193 ± 

7.1 to 150 ± 13.2 bpm) (91).  In 2005, Khan et al. evaluated 3,736 patients to see if 

chronotropic incompetence (CI) was a predictor of death in patients with a normal 

ECG while taking beta blockers (48).  Patients in the study were followed for a mean 

of 4.5 years, and patients with CI were found to have a greater risk of mortality (48).  

Even though most studies that have shown CI to predict death, most have excluded 

those taking beta blockers, however this study accounted for those individuals and 

still found a positive relationship between CI and mortality risk whether or not beta 

blockers were used (48).  The authors concluded that ability of CI to predict death in 

patients taking beta blockers is not known but may involve partial beta receptor 

blockade (48).   

Antidysrhythmics alter resting HR by affecting sympathetic or vagal tone, or 

depressing myocardial contractile function (32).  Therefore, it is important to 

determine if antidysrhythmics alter the response of HR to exercise.    Fenster et al. 

previously reported quinidine, a type of antidysrhythmic, to have a positive effect on 

exercising HR (32).  The authors also tested the affects of two other types of 

antidysrhythmics, disopyramide and procainamide, on HR response to treadmill 

exercise by submitting each subject to the standard Bruce protocol followed by 

treatments of disopyramide and procainamide (32).  All patients tolerated the 

medications without any side effects and both drugs produced small, but statistically 

significant increases in resting HR (32).  Additionally, disopyramide produced a 
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small increase in HR during the first stage of the standard Bruce protocol (32).  The 

authors concluded that because disopyramide and procainamide have anticholinergic 

properties, they are able to alter the HR response to exercise separate from their 

effects on blood pressure (32).  Also, the magnitude of HR change seen was 

determined to be clinically insignificant shortly after the onset of exercise and should 

thus not interfere with the interpretation of the exercise test (32).   

Digitalis also known as digoxin can also be used as an antidysrhythmic to 

control the ventricular rate in patients with atrial fibrillation (11).  Though highly 

effective at controlling HR during rest, during exercise, excessive increases in HR 

might not be preventable (11).  The excessive increase in HR during exercise may be 

caused by an increased binding of digoxin in cardiac muscle (11).  Eight men with 

atrial fibrillation taking digoxin were studied to examine HR responses to exercise 

while on digoxin (11).  The study confirmed digoxin could not stop excessive 

increases in HR during exercise in patients with atrial fibrillation (11).  The study also 

demonstrated that as digoxin concentration increased, mean HR decreased, and the 

reduction was of equal magnitude at rest and during exercise (11).  The equal 

magnitude of HR reduction indicated that HR increase with exercise is the same 

whether or not a patient is taking digoxin and as a result, the inadequate control of 

HR during exercise when atrial fibrillation is treated with digoxin, may be due to 

disease rather than altered pharmacokinetics (11).  However, in 2009, Maass et al. 

found no association between agents that were thought to negatively impact 

chronotropic response (beta blockers, amiodarone, sotalol, digoxin) and the actual 
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presence of CI when examining patient’s responses to exercise and cardiac 

resynchronization therapy (61). 

 

Normal HR Responses to Exercise 

Submaximal 

At the onset of exercise, HR has been shown to increase within 0.5 seconds 

which is primarily attributed to vagal tone withdrawal (90).  Changes in autonomic 

nervous system tone can cause a sawtooth effect in HR until new steady state HRs are 

achieved (90).  A group of 410 individuals with no clinical or laboratory evidence of 

medical illness or medications to limit functional capacity were screened and 

underwent the standard Bruce and the Chronotropic Assessment Exercise Protocols 

(CAEP) (89).  The percent of HR reserve versus percent of metabolic reserve at rest, 

end of each stage, and at peak exercise was then plotted for each protocol.  The y-

intercept, slope, and correlation coefficients were calculated for responses to both 

protocols (89).  Percent of APMHR was not significantly different between the two 

protocols and the HR reserve versus metabolic reserve relationship was linear for 

both exercise protocols (89).  This data  allowed the development of the Wilkoff 

Index (WI), which defines the normal chronotropic response during exercise 

independent of age and functional state (89).  Figure 2-1 demonstrates the normal 

chronotropic response to exercise.   
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Figure 2-1.  The normal cardiac chronotropic response to exercise is graphed as a 

function of percentage heart rate reserve (%HRR) and percentage metabolic reserve 

(%MR), from Exercise Testing for Chronotropic Assessment, Wilkoff et al. 1992.   

 

                                

 

Since numerous factors can affect HR, normative values of HR response to 

treadmill exercise testing is lacking.  The American College of Sports Medicine’s 

(ACSM) Guidelines for Exercise Testing and Prescription state that the normal HR 

response to progressive exercise is a linear increase, corresponding to 10±2 

beats∙metabolic equivalent
-1

 (MET) for inactive subjects (80).  A few other 

investigations have attempted to develop a better understanding of HR response to 

progressive exercise testing.  In 1970, Spangler et al. reported submaximal HR 

response to treadmill testing was dependent on cardiorespiratory fitness, age, health, 

and environmental factors (73).  They also reported a 10 beats∙MET
-1

 increase in 

inactive subjects, comparable to what ACSM’s guidelines report (73, 80), and that 

men had an approximately 8-10 beats∙MET
-1 

increase during progressive treadmill 
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exercise (73).  Soon after, Fox et al. concluded that increases in HR greater than 10 

beats∙MET
-1 

suggested a dysfunctional or deconditioned state (33).   Later, in 1982, 

Pollock et al. compared the three most commonly used maximal exercise test 

protocols in healthy women (68).   One of the protocols utilized the cycle ergometer, 

and maximal HR was found to be significantly lower than the treadmill protocols 

(68).  No differences were found in the rates of increase in HR between the two 

treadmill protocols (Bruce and Balke) (68).  Comparisons of sedentary and active 

groups showed differences in submaximal and recovery HRs at common exercise 

stages, however, the rate of HR increase during exercise and decrease during recovery 

were not significantly different (68).  Pollock et al. found a curvilinear response 

between 30 and 85 percent of VO2max and a 3 beats∙MET
-1

 increase in HR during 

exercise intensities from 3-4 METS, and 11-13 beats∙MET
-1

 increase between 4-9 

METS of exercise intensity (68).  The HR responses of men and women undergoing 

both the standard Bruce and BSU/Bruce protocols were evaluated by Zajakowski et 

al. (92).  Increases in HR of 9.2 beats∙MET
-1

 for the standard Bruce protocol (n=168) 

and 9.6 beats∙MET
-1

 for the BSU/Bruce protocol (n=88) were observed (92).  

Additionally, women were found to experience an HR increase of 11.3 beats∙MET
-1

 

for the standard Bruce protocol (n=26) and 12 beats∙MET
-1

 for the BSU/Bruce 

protocol (n=37).  Women may have a higher HR response compared to men due to 

the anatomical differences of having a smaller heart.  There is a paucity of data 

reporting the normal HR response to exercise because of the great amount of factors 

that influence HR, especially at the early stages of exercise. 
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Maximal 

 An exercise test that utilizes symptoms as an endpoint should indicate what 

the highest HR achieved at maximal exertion was (6).  In most laboratories, failure to 

reach 85 percent of an age-predicted maximum HR (APMHR) is considered a 

submaximal HR response (22).  Therefore, one could speculate HRs obtained above 

the 85% APMHR threshold could be considered maximum HR.  Increases in HR are 

a major factor contributing to exercise-induced cardiac output, followed by 

availability of venous blood (39).  During exercise, sympathetic stimulation coupled 

with accessibility to venous blood positively impacts the chronotropic response (39).  

Various objective measurements have been identified to determine if the individual 

performed a true maximal effort.  A plateau in oxygen consumption, respiratory 

exchange quotients, perceived exertion scales, and lactic acid levels have all been 

used to determine maximal effort.  Several factors exist that have potential to affect 

the maximum HR achieved during an exercise test.  Maximal HR has been shown to 

decrease with advancing age and be potentially affected by gender (4).  While an 

inconsistent finding, blood volume changes and cardiac hypertrophy have led to 

decreases in the maximum HR achieved (39).   

 Although many factors have been shown to influence maximal HR, a major 

factor determining HR at maximal exercise is motivation to exert oneself maximally 

(39).  Individuals free of CVD and who are physically fit do not tend to experience as 

steep of a decrease in maximal HR with advancing age (39).  Lastly, because of 

factors impacting maximal HR, it has become more common to report those that 
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deviate from the traditional reports of chronotropic response to what is now 

considered chronotropic incompetence which will be discussed next.   

 

Abnormal Heart Rate Responses to Exercise 

 Maximal HR is age related, reproducible, and decreases linearly with 

advancing age (90).  Abnormal chronotropic responses result from HRs that are too 

fast or too slow for the given demands of a situation.  Abnormal chronotropic 

responses can also be considered as those that deviate from the linear relationship of 

HR and oxygen consumption.  Heart rates that are too slow can be caused from 

conduction disturbances such as varying degrees of heart blocks, intrinsic or extrinsic 

disease, sick sinus syndrome, or heart transplantation (90).  Three causes of decreased 

automaticity have been identified: physiologic slowing of the sinus rate; physiologic 

or pathologic enhancement of parasympathetic nervous activity; and pathologic 

pacemaker failure (81).   

 Physiologic slowing of sinus rate is a common and normal variation of cardiac 

rhythm (81).  It is often produced in reaction to relaxation, sleeping, and increased 

physical fitness status (81).  Enhancement of parasympathetic nervous activity can be 

caused from a carotid sinus massage, hypersensitivity of the carotid sinus, straining, 

ocular pressure, increased intracranial pressure, sudden postural changes, and drugs 

that cause pooling of blood (81).  Pathological pacemaker failure is most commonly 

referred to as sick sinus syndrome in which sudden bursts of an atrial tachyarrhythmia 

alternate with prolonged pauses (81).  The experimental and clinical evidence of the 
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relationship between the ANS and death from myocardial infarction has grown in the 

past two decades (44).  

 Autonomic imbalance refers to the relative or absolute decrease in vagal 

activity or an increase in sympathetic activity, and has been associated with increased 

risk of death from cardiac and arrhythmic causes (44).  However, all findings 

examining autonomic imbalance have been studies performed in patients with known 

cardiac disease (44).  The association between an autonomic imbalance and 

cardiovascular risk are well-known, however, the mechanisms underlying abnormal 

chronotropic response and its ability to predict mortality risk is still unclear (51).     

Chronotropic Incompetence 

 Ellestad et al. were the first to use the term chronotropic incompetence (CI) in 

1975 (30).  They defined CI as those who achieved less than the 95% confidence limit 

for maximal HR adjusted for age (30).  Although further efforts have been made to 

define CI, most have been hindered due to difficulty of determining the normal HR 

response to particular workloads (35).  Currently, CI is often used to describe an 

attenuated HR response to maximal exercise (53).  There are many different factors 

that can affect attainment of maximal HR, including age, gender, fitness level, 

presence of CVD, bed rest, altitude, type of exercise, and level of effort (35).  Due to 

the factors that affect proper attainment of maximal HR, review of the literature 

reveals CI defined in many different ways: 1) standard deviations from the mean, 2) a 

percentage of normal HR maximum for age, and 3) absolute HRs independent of age 

(39).  However, wide variability from a normal HR response can occur, so calculation 

of CI depends on the methods used and the population being studied (39).   
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 SubMaximal 

In 1989, Wilkoff et al. described the mathematical relationship of HR and 

oxygen consumption to be dependent on age, resting HR, and peak functional 

capacity (89).  By using the Wilkoff formula, HRs achieved at any point of exercise, 

regardless of protocol, could be classified as consistent or inconsistent with a normal 

chronotropic response (90). 

The Wilkoff model suggests normal HR ranges from rest to APMHR during 

progressive exercise as a linear function of exercise intensity with a slope of 1.0 and 

y-intercept of 0 (89).  Therefore, normal predicted HRs during any stage of exercise 

can be expressed by the following mathematical equation: 

𝐇𝐑 𝐒𝐓𝐀𝐆𝐄 =
 220 − age − RHR  ×   METS stage − 1 

METS peak − 1
  + HR rest 

where HR stage is HR at a given stage; maximum HR is represented by the equation 

220 – age (years); RHR and HR rest is HR at rest; METSstage is workload at a given 

workload in METS; and METSpeak is maximal workload achieved in METS.  The 

above equation can also be simplified and expressed as:  

𝐇𝐑 𝐬𝐭𝐚𝐠𝐞 =  HR reserve ×  % MR + HRrest 

 From the equation, HR reserve is obtained which can then be calculated 

against maximal HR to represent the Wilkoff Index.  The authors also reported that 

analyzing HR data only at peak exercise may be insufficient because most patients 

rarely work at peak exercise capacity, therefore, calculation of HR at submaximal 

stages may be more appropriate (89).  The mathematical model by Wilkoff et al. 

described normal chronotropic response in their cohort to be primarily dependent on 

age, resting HR, and peak functional capacity (90).  The only disadvantage to the 
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Wilkoff model is that individuals must perform until maximal exertion for the 

relationship or deviation from the relationship to exist (90). 

 Maximal 

The most common and widely accepted definitions of CI are demonstrated by 

failure to achieve 85% of the APMHR (defined by 220-age) and failure to achieve 

80% of predicted HR reserve (22, 27).  Since the effects of age, physical fitness, and 

resting HR have the ability to confound achievement of APMHR, CI defined by 

calculating the ratio of HR reserve to metabolic reserve used at peak exercise has 

been used (51).  The aforementioned calculation has been termed chronotropic index 

and a value of less than 0.8 (or 80%) using that calculation is considered CI (51).  The 

calculation of CI using chronotropic index was developed by studying the ratio of 

percentage of HR reserve used to percentage of metabolic reserve used with response 

equaling approximately 1.0 in a group of healthy individuals (51).  Since CI is 

arbitrarily defined, other definitions than those previously mentioned that have also 

been used to define CI  include: less than 70% APMHR (61), less than 75% APMHR 

(42), less than 100 bpm (7), and less than 120 bpm (70).   

 Heart rate variability is the difference in beat-to-beat interval (R-R interval) 

among successive HR cycles (25).  Heart rate variability like HR has been related to 

respirations, baroreflexes, and thermal regulation, and considered to reflect 

cardiovascular responses to ANS activity  (25).  A study following 23,000 patients 

who underwent exercise testing found estimations of maximum HR variability to 

range as much as 45 bpm for the 95% confidence interval (60).  Further analysis 

revealed age to account for 73% of the variability and other factors such as mode of 
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exercise, level of fitness, and continent of origin accounting for an additional 5%, 

whereas no significant variability was observed between genders (60).  Variability 

can also occur with CI solely due to variation in maximal HR.  Depending on 

populations and methods used, variability in regressions with age have been reported 

(39).  Table 2-1 and Figure 2-2 summarize a multitude of studies that have measured 

maximal HR during progressive exercise testing (39).   
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Table 2-1. Maximal Heart Rate Versus Age, from Normal and Abnormal Heart Rate 

Responses to Exercise, Hammond et al. 1985.  
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Figure 2-2.  Regression lines for heart rate against age from seven previous studies 

and a recent study by the authors, from Normal and Abnormal Heart Rate Responses 

to Exercise, Hammond et al. 1985. 

 

                                

 

It was determined that any significant difference in slope would independently from 

age, imply disease that was affecting HRs (39).  Bruce et al. found correlation 

coefficients from -0.3 to -0.5 for age-related HR decline in all groups (39).  Whereas 

Cooper et al. had data to suggest that individuals with lower cardiovascular fitness 

achieved lower maximal HRs and this difference was more divergent at older ages 

(39).  For the reason that resting HR is also used in calculating CI, Wilkoff et al. 

found resting HR to be 65 ± 10 bpm when studying over 400 normal subjects (90).   

Definitions of CI can also vary by anatomical and physiological differences 

(47).  The aforementioned discussion of CI is considered the most basic, however, 

others that exist include: sinus node CI; functional CI; and junctional CI.  Sinus node 

CI is defined as the inability of the sinus node to achieve at least 80% of the predicted 
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maximal rate or the sinus node to accelerate in response to metabolic demands 

secondary to intrinsic disease (47).  Functional CI can be atrial tachyarrythmias, 

retrograde ventriculoatrial conduction resulting in sinus node reset, pacemaker 

mediated tachycardia, or atrioventricular desynchronsation arrhythmia (47).  In all of 

the cases, sinus nodal activity is preventing an appropriate sinus node rate response to 

exercise or changes in the ANS (47).  Functional CI occurs in patients with 

permanent atrial fibrillation and is the inability of HR to achieve at least 80% of 

predicted maximal values mostly due to an atrioventricular conduction block (47).  

Junctional CI can also occur in individuals with complete heart block and is the 

escape junctional pacemaker’s inability to achieve at least 80% of predicted value 

(47).    

 Through its various definitions, CI has been associated with the severity of 

CVD, CVD mortality, and all-cause mortality (15, 19, 26, 28, 35, 43, 53, 64).  

Various methods used to define abnormal chronotropic responses during progressive 

exercise testing are summarized in Table 2-2.   
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Table 2-2.  Definitions and incidence of chronotropic incompetence. 

Authors 

(year) 

Sample Size Population Definition of 

CI 

Incidence of 

CI 

Chin et al. 

(1979) 

98 Suspected CAD < 2 SD of 

Mean 

28.6% 

Ellestad et al. 

(1975) 

2700 men Suspected or 

confirmed 

CAD 

< 95% 

Confidence 

Interval 

7.4% 

Howard et al. 

(2000) 

158 men 

269 women 

Self-referred 

apparently 

healthy 

WI  < 0.80 

APMHR 

WI < 0.80 

MMHR 

1.2% APMHR 

0.5% MMHR 

Jae et al. 

(2006) 

8567 males Apparently 

Healthy 

< 85% 

APMHR 

< 80% HRR 

16.5% 

22.5% 

Lauer et al. 

(1996) 

1575 men Framingham 

Study 

< 85% 

APMHR 

21% 

Lauer et al. 

(1997) 

 

1468 men 

1642 women 

Framingham 

Study 

< 85% 

APMHR 

CI Index < 0.8 

19% men< 

85% 

23%women 

<85% 

14% men CI 

index 

12% men CI 

index 

Lauer et al. 

(1999) 

1877 men 

1076 women 

Cleveland 

Clinic 

< 85% 

APMHR 

< 80% HRR 

11% < 85%  

26% <80% 

Myers et al. 

(2007) 

1910 men VA Clinic ≤ 80% HRR 27.5% 

Srivastave et 

al. (2000) 

3266 men 

2088 women 

Lipid Research 

Clinic 

< 85% 

APMHR 

< 0.87 CI 

index 

26% < 85% 

APMHR 

20% < 0.87 CI 

Index 

Whaley et al. 

(1999) 

1606 men 

1156 women 

Apparently 

Healthy 

< 85% 

APMHR  

Lower quartile 

of MMHR 

1.7% < 85% 

APMHR 

Abbreviations: CAD=Coronary Artery Disease. SD=Standard Deviation. WI=Wilkoff 

Index. APMHR=Age-predicted maximal heart rate.  MMHR=Measured maximal 

heart rate.  HRR=Heart rate reserve.  CI=Chronotropic incompetence 
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In 1996, Lauer et al. reported 21% of men failed to achieve 85% APMHR 

consisting of men who were older, had higher mean values for body mass index,  

resting blood pressures, and total to high-density lipoprotein cholesterol ratio, and 

were more likely to smoke cigarettes, have clinical hypertension (HTN), and 

pulmonary disease (53).  During a mean of 7.7 years of follow-up, inability to achieve 

target HR and a lower chronotropic index were related to a higher incidence of all-

cause mortality and CVD events (53).  The increased risk of adverse outcomes were 

adjusted for age, ST-segment response, physical activity, and traditional CVD risk 

factors including diabetes, smoking, HTN, antihypertensive therapy, and the ratio of 

total to high-density lipoprotein cholesterol (53).   

The association of HR response with cigarette smoking was assessed in 

individuals in the Framingham Offspring Study by Lauer et al. (54).  In the analyses, 

41% and 35% of men and women respectively were current smokers.  Failure to 

achieve APMHR was found in 19% of men and 23% of women, whereas a 

chronotropic index less than 0.8 occurred in 14% and 12% of men and women 

respectively (54).  According to smoking status, failure to achieve target HR and low 

chronotropic index existed even after stratifying by age, body mass index, use of 

antihypertensive medications, and physical activity index (54).  After 8 years of 

follow-up, male smokers who demonstrated CI were at higher risk for death and 

CHD, however, the mechanisms by which cigarette smoking and CI are associated 

remain unclear (54).  In 2000, Srivastava et al. studied the association of smoking 

with CI in a healthy population-based cohort (74).  In the cohort, 35% were current 

smokers who were younger, drank more alcohol, and exercised less often than non-



36 
 

 
 

smokers (74).  Failure to achieve APMHR was observed in 26% of subjects and 20% 

had a chronotropic index less than 0.87 (74).  Similar to the study performed by Lauer 

et al. (54), Srivastava et al. demonstrated associations between smoking and CI after 

stratifying by age, gender, body mass index, use of antihypertensive medications, and 

physical activity (74).  After 12 years of follow-up, smokers with abnormal 

chronotropic responses, experienced a markedly greater incidence of all-cause 

mortality compared to non-smokers with CI (74).   

Lauer et al. also studied a patient cohort from the Cleveland Clinic for 2 years 

of follow-up using all-cause mortality as a primary endpoint (51).  A total of 2,953 

men and women were analyzed and 11% failed to reach APMHR and 26% had a low 

chronotropic index (< 80% HR reserve) (51).  The higher prevalence of a low 

chronotropic index most likely reflected the higher risk patient population who were 

referred for stress thallium testing versus a healthy adult population (51).  Patients 

who exhibited CI were older, more likely to smoke, had a history of HTN, diabetes, 

chronic lung disease, and to be taking calcium channel blockers, digoxin, or nitrates 

(51).  During the 2 years of follow-up, patients who failed to reach target HRs were 

more likely to die and patients who had low chronotropic index had higher death rates 

than patients with normal HR responses to exercise (51). 

 Jae et al. studied chronotropic response to exercise testing and its relationship 

with carotid atherosclerosis in healthy middle-aged men (43).  Since CVD is strongly 

related to carotid atherosclerosis, the authors hypothesized that the association 

between CI and carotid atherosclerosis may be a considerable clinical consequence 

(43).  A total of 8,567 healthy males underwent exercise stress testing and 16.5% 



37 
 

 
 

failed to reach 85% APMHR and 22% demonstrated a HR reserve less than 80% (43).  

Subjects who had an attenuated HR response to exercise were more likely to have 

carotid atherosclerosis, suggesting that during exercise, apparently healthy subjects 

with CI are at higher risk for the presence of early subclinical atherosclerosis (43).   

 Failure of maximum HR response to rise with exercise within 2 standard 

deviations (SD) of what is expected based on age and gender has also been used as a 

definition of CI (66).  Using this definition, Chin et al. found patients with CI to have 

a higher prevalence of CVD compared to patients with a normal HR response to 

exercise, both in patients with significant ST-depression and those negative for ST 

depression (19).  Wiens et al. also found CI to be an important predictor of CVD 

when studying 312 patients undergoing exercise stress testing and coronary 

angiography (88).  The authors found 9.3% of patients who failed to reach exercise 

HRs 2 SDs below the mean had one, two, and three vessel disease (88).  Another 20% 

failed to reach 85% APMHR, had no ST-segment changes, but were also found to 

have documented CVD (88).  Therefore, the authors concluded CI is a relatively 

infrequent occurrence in an exercise test population, but when CI is present, it is 

somewhat specific for CVD, and may be useful for those tested who have an 

indeterminate exercise test (88).   

 As previously mentioned, CI has been found to be a predictor of subsequent 

CHD events independent of ST-segment depression findings.  Ellestad et al. 

retrospectively examined 2,700 subjects who underwent maximal stress testing as 

part of routine screening for annual physicals (30).  Subjects who had normal ST-

segment responses but a reduced HR response compared to those who had a normal 
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HR response of the same age and gender were found to have the same incidence of all 

coronary events as patients with ischemic ST segments classified as positive (30). 

 Cardiovascular mortality and non-cardiovascular deaths were examined in 

1,910 patients from the Veterans Affairs Palo Alto Medical Center that underwent 

maximal exercise testing for clinical reasons (64).  The authors used failure to achieve 

80% of HR reserve to define CI, which was present in 27.5% of the population (64).  

Patients with CI had exercise test responses that differed from those without CI and 

were more likely to have a history of myocardial infarction, heart failure (HF), stroke, 

HTN, claudication, smoking, and diabetes (64).  Furthermore, those who more 

frequently exhibited ST depression, CI, abnormal HRREC, angina, and had lower 

exercise capacity and Duke treadmill scores were more likely to die of cardiovascular 

causes and have a greater prevalence of disease (64).  The authors also performed an 

age-adjusted multivariate analyses and found CI to be a better predictor of risk than 

pretest risk markers and exercise test responses (64).  The aforementioned results 

were also shown to not be greatly affected by beta blocker therapy and the trend 

observed suggested CI can predict risk regardless of beta blocker use. 

 The self-referred, apparently healthy cohort of the present study has also been 

previously studied for CI prevalence.  In 1999, Whaley and Kaminsky assessed the 

prevalence of CI and the association of CI with cigarette smoking in mostly middle-

aged men and women who completed a maximal treadmill test to volitional fatigue 

(83).  The authors identified CI to be failure to reach 85% APMHR and the lower 

quartile of maximal HR reserve.  The prevalence of CI by failure to reach 85% 

APMHR alone was 1.7%, with no gender differences (83).  The prevalence of 



39 
 

 
 

smoking within the cohort was 11.8%, and those with CI were more likely to smoke, 

but the difference was not statistically significant (83).  When the authors reviewed 

the results associated with maximal HR reserve, an inverse relationship with smoking 

occurred after adjusting for age, resting HR, and VO2max (83).  In conclusion, the 

authors reasoned the lower CI prevalence was partly due to a lower smoking 

prevalence within the cohort, however the association was unclear (83).  In 2000, 

Howard et al. also examined the cohort of the present study to assess the prevalence 

of CI as defined by the WI (40).  The study included 427 self-referred men and 

women who completed maximal treadmill testing to volitional fatigue using the 

BSU/Bruce Ramp treadmill protocol and a WI less than 0.80 was considered CI (40).  

The authors found a CI prevalence of 1.2% and 0.5% for APMHR and measured 

maximal HR respectively (39).  The WI was similar between using APMHR and 

measured maximal HR with a correlation of 0.79, and the prevalence of CI using the 

WI was considerably lower than previously reported in other populations (40, 54).  

Gender, age, and VO2max were significantly associated with WI using measured 

maximal HR, but only accounted for 14% of the variance, and resting HR did not 

contribute to the presented model (40).  Howard et al. concluded that in a self-referred 

adult population, CI has a low prevalence by the WI and measures using the WI are 

relatively independent of age, resting HR, and VO2max (40). 

Limitations can occur when assessing CI.  The individual and the testing 

environment must be free from confounding variables that can alter  HR response 

(90).  For a given level of exercise, chronotropic response can be affected by the 

presence of a fever, active infection, emotional stress, pain, metabolic derangements, 



40 
 

 
 

severe anemia, dehydration, and a testing environment of extreme temperatures (90).  

Pharmacologic agents that affect HR can also alter the chronotropic response to 

exercise (90).  As previously mentioned, progressive exercise testing is often used to 

diagnose severity of CVD in patients with predisposing risk factors.  It is assumed 

that end points reached during diagnostic exercise tests occurred when a normal 

chronotropic response was exhibited (90).  However, since chronotropic response can 

vary, other methods must be used to determine if true endpoints of the exercise test 

were obtained, such as measuring gas exchange (90).  If gas exchange is not 

measured, estimations of oxygen consumption are made, which can cause an under- 

or over-estimation of functional capacity, especially in patients with ventricular 

dysfunction and ischemic heart disease (90).  Therefore, when chronotropic 

abnormalities exist and gas exchange is not measured, HR cannot be used to 

determine the end point of an exercise test (90).    

 Assessment of CI is ideally done through exercise testing with gas exchange.  

In 1993, a practical scheme was proposed to diagnose individuals who presented with 

CI: 1) CI is not present if more than 80% of APMHR is achieved; and 2) If failure to 

achieve at least 80% of APMHR occurs, exercise testing should be repeated with 

measured gas exchange (47).  When gas exchange is measured, CI can be assessed 

by: 1) CI occurs when anaerobic threshold is reached; and 2) if anaerobic threshold is 

not achieved, submaximal CI can be assessed by calculating the WI where a HR 

response less than 80%  is considered chronotropically incompetent (47). 

 Prevalence of CI ranges from 3.1% to 11% in patients referred to exercise 

testing (30, 35, 51).  However, prevalence of abnormal chronotropic responses can be 
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greater than 40% in patient populations with pacemakers and up to 60% in patients 

with atrial fibrillation (35).  Therefore, patients presenting with atrial fibrillation or 

the need for pacemakers should be evaluated for severity of symptoms and other 

possible causes to begin treatment for CI.  Successfully treating the underlying cause 

of CI may prevent any further therapy from being deemed necessary (35).  For the 

temporary treatment of suspected reversible CI or temporary CI, theophylline has 

been used in the extremes of age or when pacemakers are not permitted (35).  In a 

study that examined symptomatic patients with sick sinus syndrome, theophylline 

was confirmed to improve some symptoms of sinus node dysfunction compared to the 

placebo (2).   Rate-responsive pacing is said to be the treatment of choice for 

irreversible symptomatic CI (35).  Despite the plethora of pacemaker types available, 

CI calls for the use of rate responsiveness pacemakers (35).  It has been demonstrated 

that rate responsiveness is the most important contributor to increased cardiac output 

and exercise tolerance, and this benefit applies to all types of pacemaking modes (35).  

In conclusion, the management of patients presenting with CI demands finding the 

underlying cause due to individual variability, determining the severity and 

symptoms.  Furthermore, rate-responsive permanent pacemakers are an effective 

treatment and should be considered for treatment of CI in irreversible cases (35). 

Heart Rate Recovery 

 Heart rate recovery (HRREC) is the immediate fall in HR post exercise, is 

primarily important during the first minute, and considered to be a function of the 

parasympathetic nervous system being reactivated (9).  Vagal reactivation is 

especially important for reducing HR during the first 30 seconds after exercise (59).  
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The rate of HR return to baseline after exercise has been speculated to not only be 

associated with high vagal tone but also with cardiorespiratory fitness and good 

health (72).  An increased vagal activity has been associated with a reduction in the 

risk of death in populations referred for standard exercise testing, and therefore, 

HRREC is an important prognostic marker at one or two minutes after exercise (20, 

72).  Depending on the population being studied, the exercise test protocol, and the 

standard laboratory procedures used (active versus passive recovery), variability can 

occur with HRREC post exercise.  Thus there is variability in defining what is 

considered abnormal HRREC.  Generally, a delayed decrease in HR early in recovery 

after a symptom-limited maximal exercise test is considered abnormal HRREC (80).  

Some protocols used have individuals perform an active recovery, where they walk 

for a period of time at a reduced speed immediately post maximal exertion (72).  

However, current guidelines suggest the most appropriate testing should utilize a 

ramp protocol followed by placing the individual supine (passive recovery) 

immediately post exercise because it offers advantages in screening over other 

methods (72).   

The American College of Cardiology (ACC)/American Heart Association 

(AHA) Task Force on Practice Guidelines for exercise testing regularly reviews 

existing guidelines to determine when updates are needed (36).  The ACC/AHA Task 

Force defined HRREC to be HR change from peak exercise HR to HR measured two 

minutes later (36).  They identified a HR of less than or equal to 12 beats at the two 

minute mark to be considered an abnormal HRREC (36).  Regardless of the definition 

provided by the ACC/AHA Task Force, abnormal HRREC has been defined 
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throughout the literature using a passive recovery as:  less than or equal to18 beats at 

minute one (9, 82); less than 42 beats at minute two (21); and less than 22 beats at 

minute two (64).  One study also had subjects perform a passive recovery, in which 

HRREC was calculated as the difference between HR at maximum exercise and HR at 

minute five of recovery (18).  Once HRREC was calculated, they identified quartiles 

(Q) to be considered for a continuous variable trend test (18).  In the study, the 

quartiles were set as: Q1 < 55 bpm; Q2 55-66 bpm; Q3 67-75 bpm; and Q4 > 75 bpm 

(18).  When abnormal HRREC is calculated with subjects performing an active 

recovery, the following definition has been adopted for abnormal HRREC: ≤ 12 beats 

at minute one (20, 58, 65, 84).  A summary of the definitions, incidence, and cohorts 

used can be found in Table 2-3.   
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Table 2-3. Definitions and incidence of abnormal heart rate recovery. 

Authors 

(year) 

Sample 

Size 

Population Definition of 

Abnormal 

HRREC 

Active or 

Passive 

Recovery 

Incidence of 

Abnormal 

HRREC 

Bilsel et al. 

(2006) 

71 men 

13 women 

Stable HF ≤ 18 beats at 

minute 1 

Passive 31% 

Cheng et al. 

(2003) 

2333 men Aerobics 

Center 

Longitudinal 

Study 

Quartiles (Q) 

at minute 5 

(bpm) 

Q 1 <55 

Q 2 55-66  

Q 3 67-75  

Q 4 > 75 

Passive Q 1: 24% 

Q 2: 23.4% 

Q 3: 25.3% 

Q 4: 27.2% 

Cole et al. 

(1999) 

1523 men 

905 women 

Cleveland 

Clinic 

≤ 12 beats at 

minute 1 

Active 26% 

Cole et al. 

(2000) 

3197 men 

2037 

women 

Lipid 

Research 

Clinic 

< 42 beats at 

minute 2 

Passive 33% 

Lima et al. 

(2006) 

784 men 

512 women 

Patients 

undergoing 

SPECT 

≤ 12 beats at 

minute 1 

Active 12.9% 

Lipinski et 

al. (2004) 

8000 men Patients from 

2 VA 

Medical 

Centers 

< 22 beats at 

minute 2 

Passive N/A 

Myers et al. 

(2007) 

1910 men VA Clinic < 22 beats at 

minute 2 

Passive 8.7% 

Nishime et 

al. (2000) 

6131 men 

3323 

women 

Cleveland 

Clinic 

≤ 12 beats at 

minute 1 

Active 20% 

Watanabe et 

al. (2004) 

3447 men 

1991 

women 

Cleveland 

Clinic 

≤ 18 beats at 

minute 1 

Passive 15% 

Whaley et 

al. (2007) 

289 men 

350 women 

Apparently 

Healthy 

< 12 bpm at 

minute 1 

Active 10.3% 

Abbreviations: HF=Heart failure.  HRREC=Heart rate recovery.  Bpm=beats per 

minute.  SPECT=Single photon emission computed tomography. 

 

Regardless of the method used, HRREC is usually calculated as the difference 

between the maximal HR obtained during the last stage of an exercise test and the HR 

associated with the minute of recovery being evaluated.   
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Similar to CI, abnormal HRREC is correlated with risk prediction among 

asymptomatic patients and patients with established disease.  Its ability to predict 

death is considered strong, consistent, and independent of other variables, and has 

been validated through multiple studies (52).  In 1999, Cole et al. studied a cohort of 

2,428 consecutive adult patients referred to the Cleveland Clinic Foundation for 

symptom-limited exercise testing and single-photon-emission computed tomography 

(SPECT) with thallium scintigraphy (20).  The patients underwent treadmill testing 

using the standard and modified Bruce protocols, did not lean on handrails for 

support, were encouraged to reach symptom-limited maximal exercise, and spent at 

least two minutes in a cool-down period (active recovery) (20).  The prevalence of 

abnormal HRREC, defined as less than or equal to 12 beats in the first minute post 

exercise, was 26% (20).  Patients with abnormal HRREC had higher resting HRs, were 

older, more likely to have HTN and diabetes, and more likely to smoke and have Q-

waves on the ECG, or a history of CAD (20).  They were also more likely to be 

taking calcium channel blockers or some type of vasodilator, but no differences were 

seen in those that used beta blockers (20).  In his study, an abnormal HRREC was also 

strongly predictive of death with a relative risk of 4.0 (95% confidence interval, 3.0-

5.2; P< 0.001) (20).  The authors concluded that abnormal HRREC post exercise was 

associated with increased overall mortality even after adjusting for standard CVD risk 

factors, changes in HR during exercise, use or non-use of medications, exercise 

capacity, and presence or absence of myocardial perfusion defects.  Thus, the authors 

implied that abnormal HRREC was due to a decreased vagal activity that is both 

powerful and an independent predictor of death (20).  Nishime et al. also examined 
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the Cleveland Clinic Foundation cohort to determine if HRREC adds to or interacts 

with the treadmill exercise score as a predictor of all-cause mortality.  This study 

consisted of 9,454 patients with an abnormal HRREC prevalence of 20%, and 21% of 

the cohort also had intermediate- to high-risk treadmill exercise scores (65).  Patients 

with abnormal HRREC had more adverse risk profiles, lower functional capacity, 

lower peak HRs, and used less of their HR reserve at peak exercise (65).  After a 

mean of 5.2 years of follow-up, abnormal HRREC was strongly associated with death 

compared to those with normal HRRECs (8% vs. 2%; P<0.001) (65).  Nishime et al. 

concluded that abnormal HRREC is a strong and independent predictor of all-cause 

mortality in a moderate-risk population and when HRREC decreased to less than 10-12 

beats, risk of death increased substantially (65).  It was also determined that patients 

with an intermediate- to high-risk  treadmill score were found to have even higher 

mortality rate if abnormal HRREC was also present (65).   

In 2006, Lima et al. studied 1,296 patients undergoing the standard Bruce 

treadmill protocol and SPECT imaging, with an active recovery of two minutes (58).  

In this study, a HRREC of less than or equal to 12 beats at minute one was considered 

abnormal.  Abnormal HRREC was found in 12.9% of the cohort and patients with 

abnormal HRREC had shorter exercise durations, higher resting HRs, lower peak HRs, 

and lower percent predicted HR than patients with normal HRREC (58).  Abnormal 

HRREC was also significantly associated with age, resting HR, exercise duration, CI, 

and summed rest score (58).  The authors also found that clinical, exercise, and gated 

SPECT variables were strongly associated with abnormal HRREC, suggesting that 

presence of a myocardial scar may be more important in the pathophysiology of 
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abnormal HRREC than myocardial ischemia (58).  The results of this study may further 

contribute to a better understanding of the underlying mechanisms responsible for 

abnormal HRREC and its clinical implications.   

Whaley and Kaminsky have also studied abnormal HRREC in the cohort of the 

present study (84).  Their purpose was to evaluate the prevalence of abnormal HRREC 

and its association with CVD risk factors and other exercise-based variables after an 

active recovery following the standard Bruce or BSU/Bruce ramp protocol in a self-

referred, asymptomatic adult cohort (84).  Abnormal HRREC was defined as less than 

or equal to 12 beats at minute one and the prevalence of this occurrence was 10.3% 

with no gender difference (84).  The authors found small but significant correlations 

between change in HR from peak exercise to one minute of recovery and resting HR, 

physical activity status, VO2max, HR reserve, and WI (84).  The authors reached three 

conclusions: 1) abnormal HRREC has a prevalence of approximately 10% in self-

referred, asymptomatic individuals; 2) abnormal HRREC may not cluster with 

traditional CVD risk factors; and 3) abnormal HRREC was not accounted for by other 

exercise-based variables related to chronotropic response (84).   

A series of studies have also measured HRREC after placing individuals 

immediately supine, also known as passive recovery.  When a passive recovery is 

used, more variability in defining abnormal HRREC often occurs.  In 2000, Cole et al. 

examined HRREC as a predictor of long-term mortality in 5,234 adults from the Lipid 

Research Clinics Prevalence Study (21).  Patients performed the standard Bruce or 

modified Bruce protocol and were then helped to chairs for recovery data to be 

obtained (21).  The prevalence of abnormal HRREC, determined as those achieving 42 
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beats or less at minute two of recovery, was 33% (21).  Abnormal HRREC was 

strongly predictive of death (15%) with a relative risk of 2.58 (95% confidence 

interval, 2.06-3.20, P<0.001) demonstrating HRREC to be a powerful predictor of 

mortality in patients without clinically evidenced CVD, even after adjustment for 

potentially confounding factors (21).  Lastly, a unique finding of this study was noted 

that those with abnormal HRREC were less likely to exercise regularly and to 

participate in strenuous exercise (21). 

 Participants from the Aerobics Center Longitudinal Study were examined to 

evaluate whether a slow HRREC predicted CVD and all-cause mortality in diabetic 

men (18).  Assessments were made by using the modified Balke protocol followed by 

a recumbent recovery for a total duration of five minutes (18).  In this study, HRREC 

was defined as the HR decline during the first five minutes following the completion 

of the maximal exercise test (18).  Heart rate recovery quartiles were then identified 

for continuous variable trend tests.  The quartiles were as follows: quartile 1 (<55 

bpm); quartile 2 (55-66 bpm); quartile 3 (67-75 bpm); and quartile 4 (>75 bpm) (18).  

Results showed HRREC to be a strong predictor of all-cause mortality and decreased 

HRREC remained associated with increased risk of CVD and all-cause mortality 

among all sub-groups (18).  The strong relationship between faster rates of HRREC 

and percentage of fit men in the high HRREC groups suggests higher levels of 

cardiorespiratory fitness may positively affect the ANS function in men with diabetes 

(18).  By measuring HRREC and cardiorespiratory fitness, the exercise test remains a 

simple, safe, and inexpensive tool for clinically risk stratifying men with diabetes 

(18).   
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 To determine if HRREC is influenced by significant CVD, myocardial 

infarction, reaching target HR, and beta blockers, Lipinski et al. investigated 8,000 

men who underwent symptom-limited treadmill testing (59).  All patients exercised 

until greater than or equal to 85% of their estimated APMHR and then placed into a 

supine position post exercise (59).  Regardless of CVD, target HR was significantly 

decreased in patients taking beta blockers (59).  The authors found HRREC during the 

second minute to predict death better than HRREC after one minute, and patients with 

CVD had a significantly decreased HRREC at two, three, and five minutes of recovery 

(59).  The authors patients with abnormal HRREC, defined as a HRREC of less than 22 

beats in two minutes, had a significantly greater number of diseased vessels than 

those taking beta blockers or with a HRREC greater than or equal 22 beats (59).  The 

main finding of the study was the rate of HRREC in the first two minutes of recovery 

predicted mortality, however, the findings need to be validated in a population 

performing an active recovery (59).   

In 2007, Myers et al. also evaluated a population of patients from this cohort, 

only the years the tests were drawn from were more recent (64).  Likewise, abnormal 

HRREC was considered as less than 22 beats at minute two of recovery.  Of the 1,910 

patients evaluated, 8.7% had abnormal HRREC and tended to be older and have a 

greater prevalence of HF, HTN, and beta blocker use, lower maximal HR and systolic 

blood pressure, exercise capacity, and Duke Treadmill Score than those with a normal 

HRREC (64).  During 5.1 ± 2.1 years of follow-up, approximately 10.2% of patients 

with abnormal HRREC died of cardiovascular causes.  In an age-adjusted multivariate 

analyses, abnormal HRREC was a stronger predictor of risk than pretest risk markers 
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and exercise test responses (64).  Attenuated HRREC was associated with a greater risk 

of cardiovascular mortality, as found previously by Lipinski et al., and it provides 

additional information on risk for CVD and mortality, increasing risk more than four-

fold (64).  The authors also concluded that presence or severity of angiographic 

disease is a much stronger predictor of all-cause mortality than HRREC and results 

were not greatly affected by beta blocker usage (64).   

 Placing an individual supine post exercise is performed to increase venous 

return in order to further enhance the diagnostic utility of the exercise test.  Similarly, 

stress echocardiography also calls for the patient to be placed supine after exercise.  

In 2001, Watanabe et al. studied 5,438 men and women from the Cleveland Clinic to 

determine whether HRREC predicts mortality in patients undergoing stress 

echocardiography (82).  Patients performed the standard Bruce, modified Bruce, or 

Cornell protocol with which resting and post stress echocardiographic images were 

obtained (82).  A total of 15% of patients had an abnormal HRREC (defined as ≤ 18 

beats at minute 1) and were also older and had a more adverse risk profile than those 

with a normal HRREC (82).  Furthermore, patients with abnormal HRREC were more 

likely to manifest impaired functional capacity, CI, angina, and show 

echocardiographic evidence of myocardial ischemia and additive to left ventricular 

systolic dysfunction (82).  If HRREC values fell below 21 to 23 bpm, mortality rates 

increased substantially even after adjusting for a multitude of variables further 

strengthening abnormal HRREC as a significant predictor of risk of death (82).   

 As exhibited in the study by Watanabe et al., abnormal HRREC was an 

independent predictor of death even when left ventricular systolic dysfunction was 
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measured, however, it was not known if HRREC could predict mortality in patients 

with HF.  Therefore, in 2006, Bilsel et al. evaluated 84 patients with congestive HF 

that underwent treadmill exercise to determine if HRREC could predict mortality in 

this population (9).  Patients underwent a one-minute step treadmill exercise protocol 

and after achieving a peak workload, patients were placed in a passive cool-down and 

HRREC was measured.  In this study, a value of less than or equal to 18 beats by 

minute one was considered abnormal, similar to the study by Watanabe et al. (82).  A 

total of 31% of patients had an abnormal HRREC with beta blockers having no 

prominent effect on HRREC (9).  The results show HF patients with abnormal HRREC 

had significantly decreased survival, were older, had a more adverse risk profile, and 

impaired functional capacity compared to those with normal HRRECs (9).  The authors 

concluded that using HRREC as a prognostic marker in patients with HF referred for 

exercise testing should continue to be used as blunted vagal reactivation is often seen 

in this population (9). 

 In conclusion, abnormal HRREC prevalence can vary from as little as 8% to as 

high as 33% depending on the protocol and definition of HRREC used (9, 18, 20, 21, 

58, 59, 64, 65, 82, 84).  It appears that abnormal HRREC post exercise is less likely 

associated with ischemia because an attenuated HRREC is what has been shown to be 

predictive of a poor prognosis (29).  Measuring HRREC post maximal exercise has 

been shown to be an important predictor of cardiovascular and all-cause death (27).  

Patients diagnosed with diabetes have an increased likelihood of having abnormal 

HRREC (decrease ≤12 bpm), and hyperglycemia has been shown to be inversely 

related with abnormal HRREC (27).  Thus, based on the current evidence, measuring 



52 
 

 
 

HRREC is of clinical value in monitoring post-exercise in individuals with diabetes as 

well as those with HF (9, 27).  

Prevalence of both CI and Abnormal HRREC  

The autonomic system has been shown to play an important role increasing 

HR at the onset of exercise and decreasing HR post exercise through changes in the 

parasympathetic and sympathetic nervous systems.  The measurement of CI has been 

shown to provide additional information independent of perfusion defects to suggest a 

worse prognosis than CI or perfusion defects alone (27).  Similarly, abnormal HRREC 

also provides independent prognostic information separate from CI (27).  Therefore, 

one can hypothesize that if a person exhibits both CI and abnormal HRREC, risk for 

adverse effects such as all-cause and CVD mortality would be increased compared to 

those who present with only one abnormality.  Cole et al. reported in their 1999 study 

that during exercise, patients with abnormal HRREC had lower increases in HR from 

baseline, and were more likely to have CI (45%) (20).  However, if CI during exercise 

was substituted into the regression model, a low value for HRREC remained 

independently predictive of death, whereas CI was not as strongly predictive (20).  

 Later, in 2001, Watanabe et al. reported approximately 64% of patients to 

have both CI and abnormal HRREC, but it is not known whether that group of patients 

were at increased risk (82).  In the HF patient population, Bilsel et al. reported 

patients who had abnormal HRREC were more likely to have CI (88% versus 51% of 

normal HRREC) however; abnormal HRREC was still found to be a strong predictor of 

death regardless of presence of CI (9).  In the 2007 study by Myers et al., 134 patients 

exhibited both CI and abnormal HRREC, whereas abnormal HRREC and CI alone 
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accounted for 167 and 526 patients respectively (64).  The authors also concluded 

when both CI and abnormal HRREC were present, it resulted in a hazard ratio of 4.2 

for CVD mortality and an annual mortality rate of 2.0% compared to both responses 

being normal (64).  In summary, CI adds a small amount of prognostic information 

over and above what is obtained with pretest risk evaluations and exercise 

echocardiography alone (15).  Furthermore, abnormal HRREC provides additive 

prognostic information to already documented angiographic severity of CAD.     

Heart Rate Acceleration 

 Measurements of autonomic tone (CI and HRREC) have provided important 

prognostic information through the use of a fairly inexpensive noninvasive procedure 

(exercise testing).  Examinations of different types of autonomic regulatory responses 

to exercise have gained great interest.  Recently, the rapid withdrawal of vagal tone at 

the onset of exercise and its ability to cause a deleterious effect on sympathetic 

activation that is unopposed by vagal activity has been studied (31).  In a population 

of patients with angiographically documented CVD, Falcone et al. examined HR 

responses to see if the rapid increase of HR during the first minute of exercise could 

predict major cardiovascular events (31).  A total of 458 male patients (mean age 

56±8.5 years) referred for coronary angiography and scheduled for regular follow-up, 

underwent a multistage symptom-limited exercise test on a cycle ergometer followed 

by a two minute cool down period (31).  Patients were included if they had 

documented significant coronary artery disease by the arteriography.  Patients were 

excluded if they had signs or symptoms of heart failure, previous evidence of 

impaired left ventricular ejection fraction, digoxin use, valvular or congenital disease, 
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a pacemaker, or a noninterpretable ECG (31).  The symptom-limited exercise test 

consisted of an initial workload of 25 watts, with subsequent stepwise increments of 

25 watts every 2 minutes at a 60 rpm pedaling rate, followed by a 2 minute cool-

down period (31).  In the study, HR increases were calculated at one minute after the 

beginning of exercise (∆HR1minute), at the end of each stage increment, and at peak 

exercise (31).  To analyze the HR increase variable, it was dichotomized to a median 

value of its distribution (< 12 bpm and  ≥ 12 bpm) (31).  Patients were followed for a 

median of six years and the end point of the study was nonfatal myocardial infarction 

and cardiac death (31).  Patients who experienced a ∆HR1minute  ≥ 12 bpm (46.7%) 

tended to be younger and have lower resting HRs.  During exercise, the same patients 

reached higher values of peak HR and were more likely to exhibit abnormal ST-

segment responses (31).  During the 6 years of follow-up, the event rate per 100 

person-years of those with lower ∆HR1minute < 12 bpm, was 0.8 (95% confidence 

interval, 0.5 to 1.4), whereas in the higher group (∆HR1minute ≥ 12 bpm), it was 4.2 

(95% confidence interval, 3.3 to 5.5) (31).  Therefore, a higher ∆HR1minute  was found 

to be strongly predictive of adverse outcomes (hazard ratio 5.0, 95% confidence 

interval, 2.7 to 9.1; P<0.0001) (31).  When responses were evaluated on a continuous 

scale, with each increase in ∆HR1minute of 5 bpm, the risk increased linearly by 40% 

(31).  The ∆HR1minute ≥ 12 bpm also remained predictive of adverse cardiac events 

when adjustment for a multitude of variables was performed (31).  In patients taking 

both beta blockers and/or calcium channel blockers, ∆HR1minute ≥ 12 bpm  was also 

found to be predictive of adverse outcomes (31).  The authors were able to conclude 

that a rapid HR increase at the onset of exercise testing is a strong and independent 
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predictor of nonfatal myocardial infarction and cardiac death in patients with 

angiographic evidence of CVD (31).   

 Conversely, in 2007, Leeper et al. found the opposite outcomes when they 

sought to investigate the prognostic value of early HR measurements in 1,959 patients 

(mean age 57±12 years, 95% male) referred for clinical treadmill testing (55).  A 

subgroup analysis was also performed for 578 subjects with documented coronary 

artery disease.  Patients underwent symptom-limited treadmill testing using an 

individualized ramp protocol until maximum exertion followed by a passive recovery 

(55).  Measurements of HR were computed in the pretest standing, at 15 seconds of 

exercise, at 2 METs, at one minute of exercise, at one-third of the total exercise time, 

at peak exercise, and at each minute of recovery (55).  The main outcome measured 

in the study was cardiovascular mortality (55).  Non-survivors of the study were 

significantly older, had higher resting systolic blood pressures, prevalence of HF, beta 

blocker use, angina, and stroke, and were more likely to have ever smoked than 

survivors (55).  During the exercise test, non-survivors achieved lower estimated 

MET values, Borg perceived exertion scores, and had lower Duke Treadmill Scores 

than survivors (55).  Survivors of the study had a significantly greater ∆HR1minute and 

one-third of total exercise time, HR increase at peak exercise, and HRREC at two 

minutes than non-survivors, regardless of CVD status (55).  A significant association 

occurred when tertiles of ∆HR1minute were examined with CVD mortality, with a 

protective effect being observed for greater ∆HR1minute (55).  A decrease of one SD in 

∆HR1/3 exercise represented an increase of 28% and 35% for all-cause mortality and 

CVD death respectively (55).  In subjects who had documented CVD, ∆HR 1/3 exercise 
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was the only HR variable to significantly predict a worse prognosis (55).  After the 

authors adjusted for potential confounders, the HR increase at peak exercise and 

HRREC at two minutes were found to significantly predict all-cause and CVD 

mortality in the whole population and in those with documented CVD (55).  The 

results of the study are one of the largest, most comprehensive investigations of early 

HR responses to exercise.  The authors were unable to find a rapid HR increase at the 

onset of exercise to be predictive of increased CVD mortality previously reported by 

Falcone et al. (31, 55).   

 More recently, Guazzi et al. submitted an abstract to the AHA studying the 

prognostic value of the initial HR increase during progressive exercise testing in HF 

patients (34).  The authors assessed HR at one minute and its ability to have 

prognostic value in 392 HF patients undergoing cardiopulmonary exercise testing 

(34).  A HR increase of greater than 13 beats was a significant univariate predictor of 

adverse events in the overall group (Hazard ratio: 6.5, 95% confidence interval, 3.6-

11.4; P <0.001) as well as in a subgroup receiving beta blockers (Hazard ratio: 4.0, 

95% confidence interval, 1.9-8.1; P <0.001) (34).  The authors were able to conclude 

that in a HF population, the prognostic value of measuring HR increase at the onset of 

exercise is important (34).  Furthermore, consideration of its prognostic purposes 

should be further warranted during both submaximal and maximal exercise testing.   

 The underlying principle for examining the rapid increase in HR at the onset 

of exercise resides with the possibility an autonomic imbalance exists by a 

sympathetic hyperactivity in addition to reduced vagal activity (31).  It is likely that 

the combination of sympathetic hyperactivity and reduced vagal activity can increase 
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the instability of the electrical stimulation of the heart, which could enhance life-

threatening arrhythmias and may even predict the progression of CAD (31).  

However, the absolute change in HR from baseline most likely represents the basal 

vagal tone and the response of the sympathetic drive after vagal tone is removed (55).  

The data presented by Falcone et al. suggests that ∆HR1minute has the potential to 

reveal an autonomic marker.  The autonomic marker could potentially contribute to 

the diagnostic utility of the exercise test and lead to the more accurate identification 

of patients at high risk for CVD (31).  However, Leeper et al. found a greater HR rise 

to be associated with a better prognosis (55).   

 The two studies differed dramatically in protocol which may have led to the 

two contrasting results.  The protocol used by Falcone et al. was a symptom-limited 

cycle ergometer protocol  with beta blockers and calcium channel blockers withdrawn 

prior to testing, whereas Leeper et al. used a symptom-limited treadmill test 

individualized by a pretest questionnaire (16).  Due to the differing test conditions, 

changes in HR could have been the result of positional changes, resulting in the 

increase of HR (16).  For example, it was identified that increases in HR while supine 

may be more rapid than in an upright position because contribution from stroke 

volume is very small compared to stroke volume increases in the upright position 

(16).  Therefore, it was concluded that rapid acceleration of HR at the onset of 

exercise should not be used in the clinical setting to predict cardiovascular outcomes 

until a better understanding of the autonomic mechanisms producing it are better 

understood (16).   
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Summary 

 Review of current literature reveals that an attenuated HR response during 

exercise is associated with a poor prognosis.  Also, in patients with CI, greater 

morbidity and mortality is observed even after adjustments for traditional 

cardiovascular risk factors are made (35).  Further work revealed both HR responses 

to exercise and angiographic severity of CAD by themselves predicted mortality (26).  

When HR responses to exercise and angiographic severity of CAD were considered 

together, the HR response to exercise was as powerful as angiographic evidence for 

predicting risk of death (26).   

An attenuated HR response post exercise (abnormal HRREC) has also been 

reported to have a relationship with all-cause and CVD mortality.  Abnormal HRREC 

has been shown to be predictive of six-year total mortality after adjusting for CAD 

severity and left ventricular function (15).  Furthermore, the presence of abnormal 

HRREC has the potential to provide additive prognostic information to the 

angiographic evidence for severity of CAD that is more powerful than CI (15).   

Review of the literature confirms CI and abnormal HRREC identified as 

contributing risk factors for CVD (9, 18, 20, 21, 23, 26, 48, 51, 53, 54, 58, 64).  

However, conflicting results have demonstrated that a rapid increase in HR at the 

onset of exercise may or may not be a validated predictor of outcome to optimize 

prognostic risk estimates (16, 31, 55).  The underlying mechanism needs to be further 

understood in both healthy, asymptomatic populations, as well as patient populations 

before estimates of risk outcome can be made (15, 16).  Therefore, more information 
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regarding HR acceleration is needed to better understand the typical acceleration 

profile during exercise and to further assess its role as a potential risk factor for CVD.  



 

 
 

CHAPTER III 

METHODOLOGY 

 

The purposes of the present study were to: 1) determine the prevalence of 

abnormal HR acceleration at the onset of exercise in an asymptomatic, self-referred, 

adult population; 2) define the HR acceleration profile for this cohort; 3) determine 

whether traditional CVD risk factors are associated with abnormal HR acceleration; 

and 4) identify whether an abnormal HR acceleration co-occurs with other abnormal 

chronotropic responses. 

Subjects 

Former and current participants of a university-based adult exercise program 

served as the sample for the current study.  The sample represented an asymptomatic, 

self-referred cohort that completed a physical fitness assessment at the Ball State 

University Human Performance Laboratory between the years 1990 and 2006 that 

included a symptom limited maximal treadmill exercise test.  The Adult Physical 

Fitness Program (APFP) database included 3,539 individuals (58.7% male, 41.3% 

female) with which test data records were drawn from.  A dataset (in an Excel 

spreadsheet) without personal identifiers will be provided to the PI from the APFP 

Database administrator.  Individuals were included if they met the following criteria: 
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1) completed the BSU/Bruce ramp treadmill protocol, and 2) achieved an RER ≥ 1.0 

and RPE ≥ 17 on the Borg scale.  Participants taking beta blockers were initially 

analyzed separately to determine whether HR acceleration data appeared different

from those not taking beta blockers.  The final sample included 947 individuals 

(52.8% male, 47.2% female).  

 

Laboratory Tests 

Laboratory test records were retrieved from APFP participant files for 

information on all relevant variables for the present study.  For participants that had 

multiple test records in the database that met inclusion criteria, the first test with 

complete data for all relevant variables was used.  All participants provided a written 

informed consent at the time of their laboratory assessment according to Ball State 

University’s Institutional Review Board (IRB).  The initial laboratory assessment 

consisted of a series of tests conducted according to standardized laboratory 

techniques that have been described elsewhere (85, 86).   

Resting Assessment Procedures 

Participants were screened for medical contraindications to exercise using a 

health history questionnaire.  Participants were then asked to report current smoking 

status and physical activity status.  Smoking status was self-reported at the time of the 

assessment and coded using the category list in Appendix A.  For the purposes of this 

study, subjects were categorized as either current smoker (codes 4-7) or non-smoker 

(codes 1-3).  Physical activity was also self-reported at the time of the assessment and 
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coded using the category list in Appendix A.  For the purposes of this study, subjects 

were categorized as either sedentary (codes 0-4) or regular exerciser (codes 5-6).         

Laboratory assessment procedures assessed for body composition and other 

CVD risk factors have been described previously (80) and will only be described 

briefly here.  A 30-second pulse rate was recorded after the subject had rested in a 

seated position for approximately 5-10 minutes (80).  The HR measurement was 

followed by the assessment of blood pressure in the seated position, both legs flat on 

the ground, and the arm supported at heart level.  All blood pressure measurements 

were obtained via the left arm unless subject requested measurements to be taken in 

the right arm.  Body weight and height was measured using a standard physician scale 

and stadiometer.  Weight was measured in pounds and then converted to kilograms 

for calculation of BMI.  Height was measured in inches and then converted to meters 

for calculation of BMI.  Procedures for collection and analyses of fasting blood lipids 

and glucose have been described previously (46, 87).   

Exercise Testing Procedures 

The exercise test consisted of the BSU/Bruce ramp treadmill protocol (45) and 

all subjects were verbally encouraged to exercise to volitional fatigue followed by an 

active recovery (45).  Prior to starting the exercise protocol, each individual is read a 

standardized script of instructions explaining the exercise test and Borg 6-20 Rating 

of Perceived Exertion (RPE) scale, found in Appendix B.  During the last 10 seconds 

of each minute of the exercise test, subjects were asked to rate RPE (Appendix C).  

The exercise test was performed on a motorized treadmill and controlled via the use 

of a CASE 16 Marquette ECG system (Milwaukee, WI).   
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The BSU/Bruce Ramp treadmill protocol is a ramp protocol that is modified 

from the standard Bruce protocol (45).  The standard Bruce protocol’s stage 

increments are set to ramp increments where the work settings (speed and grade) are 

equivalent at each 3-minute interval between the BSU/Bruce and the standard Bruce 

protocol.  All subjects perform a 1 minute warm-up (1.5 mph, 0%) prior to starting 

the protocol.  The BSU/Bruce protocol begins with an intensity of ~2 METS and 

increases 0.3 METS every 20 seconds in either speed or grade.  During the last 20 

seconds of each 3-minute interval, the workloads are identical to the standard Bruce 

protocol (i.e. 3 minutes: 1.7 mph, 10% grade).  Oxygen consumption (VO2) was 

determined using Sensor Medics 2900 (Yorba Linda, CA), Sensor Medics Vmax 

(Yorba Linda, CA), and Parvo (Sandy, Utah) metabolic systems between the years of 

1990-1999/2000, 2000-2004, and 2004-present respectively.  The mixing chamber 

method of gas collection was used. 

Pre-exercise HRs were computed in the supine and pretest positions.  Exercise 

HR measurements were recorded during the last 5 seconds of every minute during the 

test, at peak exercise, and at the last 5 seconds of every minute of recovery via 12 

lead ECG telemetry and recorded by the ECG technician. 

Calculation of Absolute Change in Heart Rate 

The absolute change in HR at each time point was defined as:  

Absolute ∆HRx minute = Hx minute – HRstanding 

where HRx minute is HR recorded at the minute being evaluated and HRstanding is HR 

recoreded prior to starting the exercise test in the standing position.  The 
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aforementioned calculation allowed the determination of change in HR at each 

advancing minute of the test.   

Within the present study, abnormal HR acceleration was defined using two 

ways measures reported by Leeper et al.(55).  First, abnormal HR acceleration was 

defined as an increase of HR ≤ 14 bpm above standing rest in the first minute of 

exercise and ≤ 28 bpm at one third of the total peak exercise time.  One third of the 

total peak exercise time was computed for each individual and rounded to the nearest 

whole minute.  Once one third of the total peak exercise time was calculated and 

rounded, the change in HR associated with that minute of the test was used in 

subsequent analyses.    

Calculation of Heart Rate Recovery 

Heart rate recovery was defined as the difference between the HR measured at 

peak exercise and the HR at each minute of recovery.  Heart rate recovery was 

calculated using the following equation: 

Heart Rate Recovery = HRpeak - HRRECX  

where HRpeak is the HR recorded during the last 10-sec of the final stage of the 

exercise test and HRRECX is the HR recorded at the recovery minute being evaluated. 

A HR of < 12 beats in the first minute of recovery was considered abnormal (20, 36).   

Calculation of Chronotropic Response 

Chronotropic response to maximal exercise was assessed using the ratio of the 

observed to predicted maximal HR using the equation below.  The predicted maximal 

HR was calculated using 220 – age.   

% of Age Predicted Maximum = HRpeak /(220-age) 
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Chronotropic incompetence was defined as failure to achieve 85% of age 

predicted maximum (28).    

 

Statistical Analysis: 

The initial purpose of this study was to determine the prevalence of abnormal 

HR acceleration at the onset of exercise in an asymptomatic, self-referred, adult 

population.  Prevalence’s were defined for both definitions of abnormal HR 

acceleration described in Chapter 1.  First, the prevalence of abnormal HR 

acceleration in the overall sample was calculated as the total number of individuals 

with a HR increase ≤ 14 beats in the first minute of the exercise test divided by the 

total number of individuals in the sample.  Second, abnormal HR acceleration was 

defined as the total number of individuals with a HR increase ≤ 28 beats at one third 

of the total peak exercise time divided by the total number of individuals in the 

sample.  Prior to assessing prevalence in the entire sample, subjects taking beta 

blockers or calcium channel blockers were compared to their non-medicated 

counterparts for the primary dependent variables: 1) HR acceleration at the first 

minute of exercise, and 2) HR acceleration through one third of total exercise test 

time using an independent t-test.  There were no significant differences between those 

taking beta blockers or calcium channel blockers for HR change in either analyses, 

and therefore, subsequent analyses were performed using the entire cohort.  

Additionally, prior to assessing prevalence of the entire sample, subjects with a 

positive exercise test (presence of ST-segment depression) were compared to normal 

exercise test responders for the primary dependent variables previously mentioned 
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using an independent t-test.  There were no significant differences between those with 

an abnormal ECG (positive stress test) in either analyses, and therefore, subsequent 

analyses were performed using the entire cohort.  Gender-specific data were 

compared using an independent samples test to determine whether differences existed 

for HR acceleration.   

The second purpose of the study was to define the HR acceleration profile 

within this cohort.  Separate profiles were created for each of the HR acceleration 

measures and consisted of basic descriptive statistics (e.g. mean, median, standard 

deviation) and percentile rankings.  Gender-specific data were compared using 

independent t tests to determine whether differences existed for HR acceleration.   

The third purpose of the study was to determine the association of traditional 

CVD risk factors with HR acceleration.  A one-way between-groups analysis of 

covariance (ANCOVA) was conducted to compare the CVD risk factors across HR 

acceleration groups.  The dependent variables were the following: age, resting 

systolic and diastolic blood pressure, body mass index, blood lipids, including LDL 

and HDL cholesterol and triglycerides, fasting blood glucose, fitness (VO2max), 

habitual physical activity history, cigarette smoking history.  All analyses were 

performed for both HR acceleration at minute 1 and ⅓ of total exercise time with 

gender as the covariate.  In addition, the association between HR acceleration score at 

minute 1 and ⅓ of total exercise time and CVD risk factors was assessed using a 

correlation after adjusting for changes in risk factors according to age and gender.    

The fourth purpose of the study was to identify whether abnormal HR 

acceleration clustered with other abnormal chronotropic responses (i.e. CI and 
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abnormal HR recovery).  Threshold values for CI and abnormal HRREC were defined 

above.  These analyses were restricted to the subset of subjects that were found to 

have abnormal HR acceleration.  Within this group, the number of those with one or 

both additional abnormal responses was computed and presented as a percentage of 

the total sample with abnormal HR acceleration.  Furthermore, prevalence rates for 

each particular response were determined.   

All statistical procedures were performed using SPSS an IBM company 

statistics program (Version 18.0, Chicago, IL) for MAC/PC computer.  
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ALLISON M. JAGODA 

 

ABSTRACT 

 

Prevalence of Abnormal Heart Rate Acceleration at the Onset of Exercise in an 

Asymptomatic, Self-Referred Adult Population 

Human Performance Lab, Ball State University, Muncie, IN 

 

Purpose:  Little is known about the heart rate (HR) responses at the onset of exercise, 

at peak exercise, and recovery in apparently healthy men and women.  The purpose of 

this study was to determine the prevalence of abnormal HR acceleration at the onset 

of exercise, define the HR acceleration profile, determine if traditional cardiovascular 

disease (CVD) risk factors are associated with abnormal HR acceleration, and 

identify whether abnormal chronotropic responses cluster with abnormal HR 

acceleration in an asymptomatic, self-referred, adult population.  Methods:  A 

retrospective examination of a symptom-limited maximal treadmill test was 

performed for participants of a university-based fitness program between 1990 and 

2006.  Records were analyzed for various HR responses from individuals (N=947) of 

both sexes who represented a broad range of age and fitness levels (mean VO2: 

32.9±9.4ml∙kg
-1

∙min
-1

).  Abnormal HR acceleration at minute 1 and ⅓ total exercise 

time was defined as a HR increase from standing rest of ≤14 and ≤28 beats 

respectively.  Results:   The prevalence of abnormal HR acceleration at minute 1 and 

⅓ total exercise time was 30.6% and 31.3% respectively.  The mean HR increase 

during the first minute and ⅓ total exercise time was 20.5 ± 10.3 and 33.7 ± 10.4 

beats respectively.  Abnormal accelerators had a significantly better CVD risk factor 

profile (lower systolic and diastolic blood pressure, BMI, total cholesterol, 

triglycerides, higher VO2, and higher percent of regular exercise) than normal 

accelerators, despite consisting of a greater percentage of current smokers.  Lastly, 

abnormal HR acceleration showed higher prevalence with abnormal HR recovery 

than with chronotropic incompetence.  Conclusions:  In the present study cohort, a 

lower HR increase at the onset of exercise was associated with a better CVD risk 

factor profile but the same differences were not seen at ⅓ total exercise time.  Key 

Words: GRADED EXERCISE TEST, HEART RATE RESPONSE, AUTONOMIC 

NERVOUS SYSTEM 
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Introduction 

An estimated 1 in 3 American adults have one or more types of cardiovascular 

disease (CVD) (69).  It has been suggested that prevention of the development of risk 

factors at younger ages is ideal, and intensive prevention of CVD at younger and 

middle ages once risk factors develop will improve the longevity of a healthy life 

(69).  The standard exercise test is known to be one of the most powerful, 

noninvasive tools for risk stratifying patients with or suspected of having CVD (16, 

64).  Historically, electrocardiographic (ECG) response, symptoms, and exercise 

tolerance have been used to estimate risk for cardiac events or mortality (64).  More 

recently, it has been observed that heart rate (HR), resting, in response to exertion, 

and recovery from exercise provides both independent and complementary 

information for estimating prognosis (64).   

The autonomic nervous system (ANS) plays a central role in the regulation of 

the cardiovascular system (63).  Heart rate response to exercise is related to a 

complex interplay among many factors including age, gender, physical conditioning, 

sympathetic drive, baroreceptor reflexes, and venous return (53).  Autonomic nervous 

system withdrawal and activation results in HR fluctuations during exercise, and the 

reciprocal function of these ANS mechanisms results in the fall of HR post exercise 

(3).       

The ANS controls various aspects of the heart and assessment of chronotropic 

responses to exercise has become a staple in modern exercise testing.  A variety of 

chronotropic responses to exercise have been identified as independent risk markers 

of CVD.  An attenuated HR response to exercise (chronotropic incompetence CI), has 
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been shown to be predictive of all-cause mortality and CHD risk, even after taking 

into account the effects of age, physical fitness, and resting HR (54).  An attenuated 

HR recovery (HRREC) after exercise, has been shown to be an independent predictor 

of all-cause mortality among patients referred for nuclear testing, exercise ECG, 

exercise SPECT, and healthy adults enrolled in a population-based cohort (65, 82).     

Researchers have continued to assess HR variables in attempts to enhance the 

ability of the standard exercise test to predict adverse cardiovascular outcomes (16, 

31, 55).  Two recent studies evaluated the rapidity of HR increase during the first 

minute of exercise and its ability to predict major cardiovascular events (31, 55).  

Falcone et al. (31) evaluated the HR response in 458 male patients (mean age 56±8.5 

years) referred for coronary angiography undergoing an exercise stress test using a 

cycle protocol.  The authors concluded  ∆HR1 minute ≥ 12 beats per minute (bpm) 

predicted both adverse outcomes and cardiac death (31).  Leeper et al. (55) also 

studied a patient population (1,959; 95% male; mean age 57±12 years; 578 with 

documented CAD) referred for clinical exercise testing using an individualized ramp 

treadmill protocol.  The authors concluded a rapid initial HR rise was associated with 

improved survival, and failing to reach 1 standard deviation (SD) in the HR rise at 

one-third of the total exercise capacity was the only HR variable associated with 

increased all-cause and CV mortality (55).   

Currently, there are no published studies reporting data on HR acceleration 

during the early minutes of an exercise test in apparently healthy men and women.  

While there have been reports on CI and HRREC in apparently healthy cohorts, none 

of these reports included data on HR acceleration.  Therefore, the purposes of the 
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present study were to: 1) determine the prevalence of abnormal HR acceleration at the 

onset of exercise in an asymptomatic, self-referred, adult population; 2) define the HR 

acceleration profile for this cohort; 3) determine whether traditional CVD risk factors 

cluster with abnormal HR acceleration; and 4) identify whether an abnormal HR 

acceleration clusters with other abnormal chronotropic responses. 

Methods 

Subjects 

Former and current participants of a university-based adult exercise program 

served as the sample for the current study.  The sample represented an asymptomatic, 

self-referred cohort that completed a physical fitness assessment at the Ball State 

University Human Performance Laboratory between the years 1990 and 2006 that 

included a symptom limited maximal treadmill exercise test.  Individuals were 

included if they met the following criteria: 1) completed the BSU/Bruce ramp 

treadmill protocol, and 2) achieved an RER ≥ 1.0 and RPE ≥ 17 on the Borg scale.   

Participants taking beta blockers were initially analyzed separately to 

determine whether HR acceleration data appeared different from those not taking beta 

blockers.   

Laboratory Tests 

Laboratory test records were retrieved from APFP participant files for 

information on all relevant variables for the present study.  A dataset (in an Excel 

spreadsheet) without personal identifiers was provided to the PI from the APFP 

Database administrator.  For participants that had multiple test records in the database 

that met inclusion criteria, the first test with complete data for all relevant variables 
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was used.  All participants provided a written informed consent at the time of their 

laboratory assessment according to Ball State University’s Institutional Review Board 

(IRB).  The initial laboratory assessment consisted of a series of tests conducted 

according to standardized laboratory techniques that have been described elsewhere 

(85, 86).   

Resting Assessment Procedures 

Participants were screened for medical contraindications to exercise using a 

health history questionnaire.  Participants reported current smoking status and 

physical activity status.  For the purposes of this study, subjects were categorized as 

either current smoker or non-smoker and sedentary or to regularly exercise.  The 

APFP utilizes smoking and physical activity codes and subjects were categorized as 

either non-smoker (codes 1-3) or current smoker (codes 4-8) and sedentary (codes 0-

4) or regular exercise (codes 5-6).         

Laboratory assessment procedures used to assess traditional CVD risk factors 

have been described previously (80).  A resting blood pressure measurement was 

performed with the subject in the seated position, both legs flat on the ground, and the 

arm supported at heart level.  All blood pressure measurements were obtained via the 

left arm unless subject requested measurements to be taken in the right arm.  Body 

weight and height was measured using a standard physician scale and stadiometer.  

Weight was measured in pounds and then converted to kilograms for calculation of 

BMI.  Height was measured in inches and then converted to meters for calculation of 

BMI.  Procedures for collection and analyses of fasting blood lipids and glucose have 

been described previously (46, 87).   
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Exercise Testing Procedures 

The exercise test consisted of the BSU/Bruce ramp treadmill protocol (45) and 

all subjects were verbally encouraged to exercise to volitional fatigue followed by an 

active recovery, typically 1.7 mph and 0% grade for 3 minutes.  Prior to starting the 

test, all subjects were read a standardized script of the testing procedures and received 

an explanation of the Borg 6-20 Rating of Perceived Exertion (RPE) scale.  During 

the last 10 seconds of each minute of the exercise test, subjects were asked to rate 

their RPE.  The exercise test was performed on a motorized treadmill and controlled 

via the use of a CASE 16 Marquette ECG system (Milwaukee, WI).  Oxygen 

consumption (VO2) was determined using Sensor Medics 2900 (Yorba Linda, CA), 

Sensor Medics Vmax (Yorba Linda, CA), and Parvo (Sandy, Utah) metabolic systems 

between the years of 1990-1999/2000, 2000-2004, and 2004-present respectively.  

The mixing chamber method of gas collection was used. 

Pre-exercise HRs were computed in the supine and pretest standing positions.  

Exercise HR measurements were recorded during the last 5 seconds of every minute 

during the test, at peak exercise, and at the last 5 seconds of every minute of recovery 

via 12 lead ECG telemetry and recorded by the ECG technician.  The absolute change 

in HR at each time point was defined as follows: Absolute ∆HRx minute is HR at minute 

1-7 of exercise test minus standing resting HR; HRREC is peak HR minus HR at 

minute 1 of recovery. A HR of < 12 beats in the first minute of recovery was 

considered abnormal (20, 36).  Chronotropic response to maximal exercise was 

assessed using the ratio of the observed to predicted maximal HR using the equation 

that follows: Predicted maximal HR was calculated using 220 – age.  The percent of 
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age-predicted maximum HR (APMHR) was then calculated as peak HR divided by 

predicted HR.  Chronotropic incompetence was defined as failure to achieve 85% of 

APMHR (28).    

Within the present study, abnormal HR acceleration was defined using two 

measures reported by Leeper et al.(55).  First, abnormal HR acceleration was defined 

as an increase of HR ≤ 14 bpm above standing rest in the first minute of exercise and 

≤ 28 bpm at one third of the total peak exercise time.  One third of the total peak 

exercise time was computed for each individual and rounded to the nearest whole 

minute.  Once one third of the total peak exercise time was calculated and rounded, 

the change in HR associated with that minute of the test was used in subsequent 

analyses.    

Statistical Analysis: 

The primary purpose of this study was to determine the prevalence of 

abnormal HR acceleration at the onset of exercise in an asymptomatic, self-referred, 

adult population.  Prevalence’s were defined for both definitions of abnormal HR 

acceleration described in the section Exercise Testing Procedures.  First, the 

prevalence of abnormal HR acceleration in the overall sample was calculated as the 

total number of individuals with a HR increase ≤ 14 beats in the first minute of the 

exercise test divided by the total number of individuals in the sample.  Second, 

abnormal HR acceleration was defined as the total number of individuals with a HR 

increase ≤ 28 beats at one third of the total peak exercise time divided by the total 

number of individuals in the sample.  Prior to assessing prevalence in the entire 

sample, subjects taking beta blockers or calcium channel blockers were compared to 
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their non-medicated counterparts for the primary dependent variables: 1) HR 

acceleration at the first minute of exercise, and 2) HR acceleration through one third 

of total exercise test time using an independent t-test.  There were no significant 

differences between those taking beta blockers or calcium channel blockers for HR 

change in either analyses, and therefore, subsequent analyses were performed using 

the entire cohort.  Additionally, prior to assessing prevalence of the entire sample, 

subjects with a positive exercise test (presence of ST-segment depression) were 

compared to normal exercise test responders for the primary dependent variables 

previously mentioned using an independent t-test.  There were no significant 

differences between those with an abnormal ECG (positive stress test) in either 

analyses, and therefore, subsequent analyses were performed using the entire cohort.  

Gender-specific data were compared using an independent samples test to determine 

whether differences existed for HR acceleration.   

To define the HR acceleration profile within this cohort, separate profiles 

were created for each of the HR acceleration measures and consisted of basic 

descriptive statistics (e.g. mean, median, standard deviation) and percentile rankings.  

Gender-specific data were compared using independent t-tests to determine whether 

differences existed for HR acceleration.   

The third purpose of the study was to determine the association of traditional 

CVD risk factors with HR acceleration.  An ANCOVA was conducted to compare the 

CVD risk factors across HR acceleration groups.  The dependent variables were the 

following: age, resting systolic and diastolic blood pressure, body mass index, blood 

lipids, including LDL and HDL cholesterol and triglycerides, fasting blood glucose, 
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fitness (VO2max), habitual physical activity history, cigarette smoking history.  All 

analyses were performed for both HR acceleration at minute 1 and ⅓ of total exercise 

time with gender as the covariate.  In addition, the association between HR 

acceleration score at minute 1 and ⅓ of total exercise time and CVD risk factors was 

assessed using a correlation after adjusting for changes in risk factors according to 

age and gender.    

Identification of abnormal HR acceleration and its clustering with other 

abnormal chronotropic responses (i.e. CI and abnormal HRREC) was restricted to the 

subset of subjects that were found to have abnormal HR acceleration.  Threshold 

values for CI and abnormal HRREC were defined above.  The number of those with 

one or both additional abnormal responses was computed and presented as a 

percentage of the total sample with abnormal HR acceleration.  Furthermore, 

prevalence rates for each particular response were determined.   

All statistical procedures were performed using SPSS an IBM company 

statistics program (Version 18.0, Chicago, IL) for MAC/PC computer.  

Results: 

 The study cohort consisted of 947 subjects (mean age, 45±12.0 years); 52.8% 

male, 47.2% female.  Descriptive characteristics, by gender, for resting variables, 

CVD risk factors, and treadmill exercise test data for the entire cohort are displayed 

in Table 4-1 and 4-2.  At the time of testing, 34 subjects (3.6%) reported beta blocker 

(BB) use, 22 subjects (2.3%) reported calcium channel blocker (CCB) use, and 10 

subjects (1.1%) reported the use of insulin or other oral hypoglycemic agent, and 

were therefore assumed to be diabetic (DM).  Independent samples t-tests revealed no 
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significant differences between medicated (BB, CCB, and DM) subjects and their 

non-medicated counterparts for CVD risk factors, rest, and exercise test variables.  

An independent samples t-test also revealed no significant differences between 

individuals with a positive ECG exercise test response and those without positive 

ECG exercise test responses.  Independent samples t-tests revealed differences 

between men and women for all resting and CVD variables (P < 0.05).  However, no 

gender differences were observed for the percentage of individuals reporting regular 

physical activity, current smoking, medication use, or diabetic status (all P > 0.08).  

Significant gender differences were observed for oxygen consumption (VO2max) and 

total test time (P < 0.001).   

 The primary purpose of the present study was to determine the prevalence of 

abnormal HR acceleration as defined by Leeper et al. (55) in an apparently healthy, 

self-referred cohort.  The prevalence data for the present study cohort are presented in 

Table 4-3.  Abnormal HR acceleration at the first minute of the exercise test was 

present in 290 (30.6%) individuals.  The prevalence was significantly higher for men 

(35%) than women (25%) (P <0.05).  Abnormal HR acceleration at one-third peak 

exercise time resulted in a total of 296 (31.3%) individuals considered to have 

abnormal HR acceleration.  Again, the prevalence was significantly higher for men 

(34%) than women (28%) (P <0.05).  

 The second purpose of the study was to determine the typical HR acceleration 

profile during the BSU/Bruce ramp treadmill protocol.  These results are shown in 

Figure 4-1 as absolute changes in HR during minutes 1-7 of the exercise test.  The 

mean absolute change in HR for the total cohort, men, and women at minute 1 was 
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20.5±10.3 beats, 18.4±9.1 beats, and 22.9±10.9 beats (25
th

 to 75
th

 percentile range 13 

to 26 beats) respectively.  The quartile distribution for the entire cohort of the present 

study is shown in Table 4-4.  Table 4-4 shows the HR threshold ranges in each 

quartile for the entire cohort for minutes 1-7 of the BSU/Bruce ramp treadmill 

protocol.  This table demonstrates the variability that occurred between responses of 

those in the lowest quartile to those in the highest quartile.   

The third purpose of the study was to determine the association between HR 

acceleration and CVD risk factors within this cohort.  The association was determined 

in two ways.  First, the acceleration status groups were contrasted after adjusting the 

CVD risk factor data for significant differences in gender.  These results are presented 

in Tables 4-5 and 4-6.  Abnormal accelerators at minute 1 had significantly lower 

systolic and diastolic blood pressures, BMI, total cholesterol, triglycerides, and were 

more likely to smoke cigarettes.  Furthermore, abnormal accelerators at minute 1 

achieved significantly higher VO2max, and were more likely to self-report a physically 

active lifestyle.  Subjects who had abnormal HR acceleration at ⅓ total exercise time 

had higher HDL-C and lower fasting blood glucose compared to normal HR 

accelerators.  No other significant differences were observed for CVD risk factors 

between normal and abnormal HR accelerators at ⅓ total exercise time.   

 The association between HR acceleration and CVD risk factors was also 

assessed with age and gender adjusted bivariate correlations between CVD risk 

factors and the absolute change in HR at minute one and one-third exercise time.  

These results are also presented in Tables 4-5 and 4-6.  After adjustment for gender 

and age, several variables remained significantly associated with the absolute change 



80 
 

 
 

in HR at minute 1 of the exercise test.  Systolic and diastolic blood pressure and BMI 

had a direct relationship with absolute HR change at minute 1 (P <0.05).  

Additionally, VO2max, current smoking status, and amount of daily physical activity 

had an inverse relationship with absolute HR change at minute 1 (P <0.05).  

Correlations adjusted for age and gender at ⅓ total exercise time did not show any 

significant differences between normal and abnormal accelerators (P >0.08).   

 The fourth purpose of the study was to determine if abnormal HR acceleration 

clustered with CI and abnormal HRREC.  As shown in Table 4-3, the prevalence of CI 

for men and women was 2.0% and 2.7% respectively.   The prevalence of abnormal 

HRREC for men and women was 12.4% and 13.0% respectively.  When the analyses 

were restricted to only those who were identified as abnormal accelerators as defined 

by Leeper et al. (55), the results as it co-occurs with CI and abnormal HRREC are 

shown in Tables 4-7 and 4-8.  Only 3.1% of those with abnormal HR acceleration 

during the first minute of the test also had CI (7 men, 2 women), whereas 11.7% had 

abnormal HRREC (20 men, 14 women).  Only one subject presented with all three 

measures (0.34%) at minute one.  The percentage of individuals that presented with  

abnormal HR acceleration at ⅓ total exercise time with CI and abnormal HRREC was 

1.7% (2 men, 3 women) and 12.2% (22 men, 14 women) respectively.  Only two 

subjects presented with all three measures (0.68%) at ⅓ total exercise time. 

Discussion: 

 The primary purpose of the present study was to determine the prevalence of 

abnormal HR acceleration at the onset of exercise in an asymptomatic, self-referred 

adult population.  To the author’s knowledge, there are no other reports of prevalence 
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for HR acceleration at the onset of exercise in an apparently healthy cohort and thus 

the present study is the first comprehensive evaluation to do so.  Due to the nature of 

the APFP database, morbidity and mortality outcomes data are unavailable for most 

of the subjects and therefore, only prevalence and profiles can be measured for the 

present cohort.   

 Although the prevalence of abnormal HR acceleration is less than previously 

reported by Falcone et al., the prevalence of abnormal HR accelerators in the study 

performed by Leeper et al. is unknown and thus no comparisons of prevalence rates 

can be made (31, 55).  The cohort of the present study, the study by Falcone et al. 

(31) and the study by Leeper et al. (55) differ dramatically in age (APFP: 45±12; 

Falcone et al.: 56±9; Leeper et al.: 57±12 years), smoking prevalence (APFP: 8.3%; 

Falcone et al.: 75%; Leeper et al.: 24%), diabetes prevalence (APFP: 1.1%; Falcone 

et al.: 10%; Leeper et al.: 15%), beta blocker use (APFP: 3.6%; Falcone et al.: 31% 

left on beta or calcium channel blocker; Leeper et al.: 23%), and graded exercise test 

evidence of ischemia (APFP: 2.7%; Falcone et al.: 38%; Leeper et al.: 19%).  

Therefore, the present study was younger and healthier overall relative to the patient 

populations examined by Falcone et al. and Leeper et al. (31, 55).   

Results of the present study showed that individuals who had a lower HR 

increase at minute 1 of exercise were found to have significantly lower resting 

systolic and diastolic blood pressures, BMI, total cholesterol, triglycerides, higher 

VO2max, and were more likely to report cigarette smoking and regular exercise (P 

<0.05). Results of Leeper et al. revealed that patients who had a greater HR increase 

at minute 1, one-third of exercise, HR increase at peak exercise, and HR recovery at 2 
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minutes were more likely to survive, regardless of coronary artery disease status (55).  

The nonsurvivors of the Leeper et al. study were significantly older, had higher 

resting systolic blood pressures, beta blocker use, prevalence of congestive heart 

failure, angina, and stroke, and were more likely to smoke than survivors (55).  

Therefore, results of the present study appear to differ from those of Leeper et al. (55) 

in that a lower absolute change in HR at the onset of exercise is associated with a 

better CVD risk factor profile.   

The exercise protocol of the present study most resembles the protocol used in 

the study by Leeper et al., but differences still exist.  The present study utilizes the 

BSU/Bruce ramp treadmill protocol (45) starting with a 1 minute warm-up of 1.5 mph 

and 0% grade and then starting at a uniform workload (1.7 mph, 0% grade) and 

progressing to 1.7 mph and 2.5% grade by the end of minute one.  Conversely, the 

study performed by Leeper et al. used an individualized treadmill protocol based off 

of a pretest questionnaire starting at a uniform workload (0.0 mph, 0% grade) and 

progressing to a workload of 2.0 mph and 0% grade by the end of minute 1 at which 

the individualized protocol began.  Furthermore, the definition for abnormal HR 

acceleration at 1 minute and ⅓ total exercise time within the present study was 

arbitrarily used from HR thresholds where Leeper et al. began to see adverse 

outcomes associated with abnormal HR acceleration.  Therefore, the definition may 

not truly represent a HR threshold for abnormal HR acceleration for the BSU/Bruce 

ramp treadmill protocol.   

 The absolute HR change from standing rest prior to the exercise test likely 

reflects the basal vagal tone and the autonomic nervous systems ability to respond to 
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increasing exercise workloads via parasympathetic withdrawal and sympathetic 

activation.  Abnormal accelerators in the present study had better profiles for 

traditional CVD risk factors which may indicate that a lower HR increase at the onset 

of exercise is representative of an individual with greater fitness.  This was 

demonstrated by individuals with abnormal HR acceleration to have a significantly 

greater VO2max (normal HR acceleration: 32.3±0.33 ml∙kg
-1

∙min
-1

; abnormal HR 

acceleration: 34.5±0.50 ml∙kg
-1

∙min
-1

), a maker of cardiovascular fitness, than 

individuals considered to have normal HR acceleration.  Generally, healthy 

individuals are known to have a greater parasympathetic tone at rest, resulting in a 

lower resting HR and greater HR variability during exercise (8).  Furthermore, 

acceleration of HR is produced by a diminished activity of the parasympathetic 

nervous system, which could have led to the lower HR response at the onset of 

exercise if the present cohort had a greater basal parasympathetic tone.  Due to 

younger age, lower blood pressure, desirable blood lipids, lower BMI, and higher 

percentage of regular exercisers found in the present study, a lower HR increase at the 

onset of exercise may be what contributed to an increased basal vagal tone and thus 

increased HR variability often seen with the aforementioned characteristics.     

A higher percentage of current smokers were found to have abnormal HR 

acceleration despite having a better CVD risk factor profile overall.  This result could 

have been due to the fact that the present cohort had approximately 10% more men 

than women in the abnormal HR acceleration group.  Men achieved a significantly 

higher VO2max which could have lead to differences seen in fitness between normal 

and abnormal HR accelerators.  As a result of this finding, a secondary analysis was 
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performed to determine the fitness level of smokers in the present cohort.  Results of 

an ANCOVA adjusted for gender and acceleration status at minute 1 performed 

between non-smokers and current smokers revealed current smokers to have a 

significantly lower VO2max than non-smokers (mean±SE; non-smoker: 33.2±0.288 

ml∙kg
-1

∙min
-1

, current smoker: 29.8±0.965 ml∙kg
-1

∙min
-
1).  Thus, abnormal HR 

accelerators having a greater percentage of current smokers despite an overall better 

CVD risk factor profile is still unknown by results of the present study.  The acute 

response to smoking is an accelerated HR despite the absence of increases in 

circulating catecholamine levels and increases in sympathetic tone, impairing the HR 

responses to exercise (54).  However, it appears that this response was not seen for 

current smokers of the present study based on HR acceleration status.  Smoking has 

previously been shown to have an impact on autonomic function and those who quit 

smoking demonstrate an increased HR variability (54). 

 The measuring of HR responses and their relevance with CVD and all-cause 

morbidity and mortality has led researchers to predominantly examine clinical patient 

populations.  However, the clinical importance in apparently healthy cohorts is not 

well known and thus, few studies have reported the HR response to an exercise test in 

an apparently healthy cohort undergoing a ramp treadmill protocol.  The present 

study was able to provide the mean ± standard deviations for absolute HR change for 

the first seven minutes of the BSU/Bruce ramp treadmill protocol in 947 adults, as 

well as quartile rankings for absolute HR change.  It has been previously reported that 

the average HR increase for men and women to be 9.6 beats∙MET
-1

 and 12 

beats∙MET
-1

 respectively (92).  The present study provided more relevant information 
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on the absolute HR change for minutes 1-7 of the BSU/Bruce ramp treadmill 

protocol.  The mean absolute HR change for the entire cohort for minute 1 was 

20.5±10.3 beats, and for men and women, 18.4±9.1 beats and 22.9±10.9 beats 

respectively.  The present study also reported quartiles for absolute HR change in 

minutes 1-7 of the BSU/Bruce ramp, presented in Table 4-4.  The lower 25
th

 

percentile (Quartile 1) had an absolute HR change threshold of <14 beats.  At minute 

1 of exercise, a mean absolute HR change of 14 beats and 13 beats was correlated 

with an increase in all-cause and cardiovascular deaths respectively in the study 

performed by Leeper et al. (55).  This finding poses an interesting point.  The study 

performed by Leeper et al. examined a referred patient population undergoing an 

individualized ramp treadmill protocol (55).  In the present study, the lower quartile 

appeared to track closely with the HR threshold previously shown to be at increased 

risk.  However, a lower absolute HR change in the present study was associated with 

a better CVD risk factor profile aside from current smoking status.  As mentioned 

previously, the nonsurvivors of the Leeper et al. study had a more adverse CVD risk 

factor profile than abnormal accelerators of the present study.  This further leads the 

author to speculate that the absolute HR change thresholds used in the present study 

to determine those who were normal versus abnormal HR accelerators may not truly 

represent a proper HR threshold for an apparently healthy, self-referred population.    

 Lastly, the prevalence of abnormal HR acceleration with CI appeared to be 

minimal, whereas a slightly higher prevalence occurred with abnormal HRREC.  The 

prevalence of an individual having abnormal HR acceleration, CI, and abnormal 

HRREC appeared to be almost nonexistent.  As isolated variables, the prevalence of CI 
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and abnormal HRREC in the present cohort was similar to previous reports of the 

present study cohort by Whaley et al. (83, 84).  For both CI and abnormal HRREC, a 

higher prevalence favoring women was observed (CI: women 2.7%, men 2.0%; 

abnormal HRREC: women 13%, men 12.4%).  In the present study, only a few cases 

regarding CI as they co-occur with abnormal HR acceleration exist than the co-

occurrence of abnormal HRREC.  At the onset of exercise, HR acceleration is achieved 

through parasympathetic withdrawal.  The further increase in HR as one approaches 

maximal exercise is due to the increases in circulating catecholamines and the 

sympathetic nervous system.  Post exercise, HRREC is achieved through the 

reactivation of the parasympathetic nervous system.  Therefore, it is possible that the 

parasympathetic system’s ability to withdraw at the onset of exercise accelerating HR 

and its reactivation post exercise to decelerate HR may show mechanisms driving HR 

acceleration and HRREC to be more related than mechanisms leading to CI.  The 

present study is able to support this speculation in that a higher prevalence of 

abnormal HR acceleration and abnormal HRREC was seen compared to CI.  The 

cohort of the present study was an apparently healthy, self-referred adult population 

which leads to the assumption that the autonomic nervous system of the present 

cohort to be intact.  Therefore, the responsiveness of the parasympathetic nervous 

system to withdraw and reactivate in presence of an exercise stimulus or lack therof 

should be intact, causing the HR to respond almost equally at the onset of exercise 

and post exercise.  In conclusion, a clustering of abnormal HR acceleration in 

addition to CI does not appear to exist, however it may have a greater association 

with abnormal HRREC.  The lack of HR acceleration to cluster with CI and abnormal 



87 
 

 
 

HRREC together, in addition to a better CVD risk factor profile leads to the speculation 

that abnormal HR acceleration at the onset of exercise may not lead to adverse 

outcomes in the present cohort.  However, it might suggest that a lower HR change at 

the onset of exercise is a marker fitness in the present cohort and fitness may be a 

better marker to judge what is considered normal versus abnormal HR acceleration.  

The present study was able to descriptively report the HR acceleration profile 

for an apparently healthy, self-referred cohort and its association with traditional 

CVD risk factors, co-occurrence of other abnormal HR responses, and prevalence of 

abnormal HR acceleration as arbitrarily defined by Leeper et al. (55).  The present 

study provides valuable information on HR change early in exercise in a previously 

underreported population: apparently healthy adults and female gender.  These results 

may help lead to the better understanding of the HR responses to progressive exercise 

testing in a large self-referred, asymptomatic adult cohort (n=947).  However, the 

present study was purely descriptive in that CVD outcomes were not available in 

most individuals to determine the clinical significance of the findings of the present 

study.   
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Table 4-1.  Subject Characteristics & CVD Risk Factors – Rest 

Values are means ± standard deviation.  HRstand*, standing resting heart rate on exercise test day; bpm, beats per 

minute; BP, blood pressure; BMI, body mass index; CHOL, cholesterol; LDL-C, low-density lipoprotein 

cholesterol; HDL-C, high-density lipoprotein cholesterol; Active, exercise regularly (≥3 days∙week-1); Smoker, 

current smoker; CCB, calcium channel blocker use; Diabetes status, currently taking insulin or other oral 

hypoglycemic. 

  

Variable Men  

(n=500) 
Women 

(n=447) 
Total  

(n=947) 
P  

Value 

Age 46.7 ± 11.9 43.5 ± 11.9 45.1 ± 12.0 <0.001  

HRstand* (bpm) 78.2 ± 13.5 84.3 ± 12.8 81.1 ± 13.5 <0.001  

Systolic BP (mmHg) 126.3 ± 14.3 116.7 ± 15.1 121.8 ± 15.4 <0.001  

Diastolic BP (mmHg) 81.5 ± 9.6 74.9 ± 10.2 78.4 ± 10.4 <0.001  

BMI (kg∙m
-2

) 28.3 ± 4.6 26.9 ± 5.9 27.6 ± 5.3 <0.001  

Total CHOL (mg∙dL
-1

) 206.7 ± 43.7 197.0 ± 39.0 202.2 ± 41.8 <0.001  

LDL-C (mg∙dL
-1

) 131.9 ± 35.6 116.2 ± 34.3 124.5 ± 35.9 <0.001  

HDL-C (mg∙dL
-1

) 43.0 ± 10.5 56.7 ± 15.4 49.4 ± 14.7 <0.001  

Triglyceride (mg∙dL
-1

) 161.1 ± 106.9 122.9 ± 68.4 143.4 ± 92.9 <0.001  

Blood Glucose (mg∙dL
-1

) 100.7 ± 23.6 93.3 ± 17.6 97.3 ± 21.4 <0.001 

Regular Exercise N, (%) 147 (29.4) 114 (25.5) 261 (27.6)   0.180
 
    

Current Smoker N, (%) 43 (8.6) 36 (8.1) 79 (8.3)   0.761 

Beta Blocker use N, (%) 17 (3.4) 17 (3.8) 34 (3.6)   0.739 

CCB use N, (%) 10 (2.0) 12 (2.7) 22 (2.3)   0.485 

Diabetes Status N, (%) 8 (1.6) 2 (0.4) 10 (1.1)   0.083 
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Table 4-2. Subject Characteristics – Exercise 

 

Variable Men  

(n=500) 
Women 

(n=447) 
Total 

(n=947) 
P  

Value 

HRmax (bpm) 176.0 ± 15.9   176.6 ± 14.6 176.3 ± 15.3    0.513                    

VO2max (ml∙kg
-1

∙min
-1

) 36.5 ± 9.0 29.0 ± 8.1 32.9 ± 9.4 <0.001 
 

RERmax 1.22 ± 0.10 1.22 ± 0.11 1.22 ± 0.11   0.514                     

RPEmax 19.2 ± 7.9 18.6 ± 1.5  18.9 ± 5.8   0.149                    

Test Time (min) 11.09 ± 1.99 9.36 ± 2.04 10.27 ± 2.19 <0.001 
 

Values are means ± standard deviation.  There were no significant differences between genders at baseline.  

HRmax, maximum HR achieved during exercise test; bpm, beats per minute; VO2max, maximal oxygen 

consumption; RER, maximal respiratory exchange ratio; RPE, maximal Rating of Perceived Exertion; Test time, 

total test time of exercise test.  

 

Table 4-3. Chronotropic Responses to Exercise 

Variable Men 

(n=500) 
Women 

(n=447) 
Total 

(n=947) 
P  

Value 

∆HRminute 1 (bpm) 18.3 ± 9.1 22.8 ± 10.9 20.5 ± 10.3 <0.001 

    Abnormal Acceleration N, (%) 177 (35.4) 113 (25.3) 290 (30.6)   0.001 

∆HR⅓ exercise time (bpm) 32.8 ± 10.4 34.8 ± 10.1 33.7 ± 10.4   0.003 

   Abnormal ⅓ Acceleration N, 

(%) 

171 (34.2) 125 (28.0) 296 (31.3)   0.039 

Maximal HR (% APMHR) 1.02 ± 0.07 1.00 ± 0.07 1.01 ± 0.07   0.002 

   CI N, (%) 10 (2.0) 12 (2.7) 22 (2.3)   0.485 

HRREC (bpm) 23.1 ± 9.6 23.3 ± 11.1 23.2 ± 10.3   0.701 

   Abnormal HRREC N, (%) 62 (12.4) 58 (13.0) 120 (12.7)   0.789 

Values are means ± standard deviation. ∆HRminute 1, difference of HR at minute 1 of exercise test and standing 

resting HR; bpm, beats per minute; Acceleration, number of individuals with a ∆HRminute 1 ≤ 14 beats; ∆HR⅓ exercise 

time, HR associated with ⅓ total exercise time; ⅓ Acceleration, heart rate change ≤ 28 bpm at one third total 

exercise time;  Maximal HR, percent of age-predicted maximal HR obtained; APMHR, Age-Predicted Maximal 

Heart Rate; CI, chronotropic incompetence; HRREC, heart rate recovery, difference between HR at peak exercise 

and  minute 1 of recovery; Abnormal HRREC, heart rate change <12beats at minute 1 of recovery. 
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Figure 4-1.  Absolute Heart Rate Change (bpm) versus minute of exercise test 

 

Values are absolute change in heart rate; bpm, beats per minute; ∆HR, absolute change in heart rate. 
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Table 4-4. Distribution of absolute HR changes in quartiles (Q1-Q4) during minutes 

1-7  

 Min 1 Min 2 Min 3 Min 4
a
 Min 5

b
 Min 6

c
 Min 7

d
 

Q1 N, 

(bpm) 

237 

(-3-13) 

233  

(-1-17) 

257  

(6-24) 

243 

(7- 30) 

253 

(15- 37) 

242 

(19- 44) 

230 

(25-52)  

Q2 N, 

(bpm) 

257 

(14-19) 

238 

(18-23) 

225 

(25-30) 

244 

(31-37) 

212 

(38-44) 

241 

(45-53) 

223 

(53-62) 

Q3 N, 

(bpm) 

225 

(20-26) 

233 

(24-30) 

225 

(31-37) 

226 

(38-45) 

256 

(45-54) 

233 

(54-63) 

232 

(63-72) 

Q4 N, 

(bpm) 

228 

(27-66) 

243 

(31-71) 

240 

(38-83) 

232 

(46-90) 

223 

(55-95) 

219 

(64-102) 

223 

(73-113) 
Min, minute; bpm, beats per minute’ Q1, quartile 1; Q2, quartile 2; Q3, quartile 3; Q4, quartile 4; a, 3 cases dropped 

out by minute 4; b, 4 cases dropped out by minute 5; c, 14 cases dropped out by minute 6; d, 44 cases dropped out 

by minute 7. 
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Table 4-5. CVD Risk Factor Comparison: Normal vs. Abnormal Acceleration at 

minute 1  

Variable Normal 

(n=657) 
Abnormal 

(n=290) 
P  

Value 

Adjusted 

r
a
 

P  

Value 

Age 45.5 ± .46 44.3 ± .70   0.168   

Systolic BP (mmHg) 122.9 ± .57 119.0 ± .87 <0.001 0.085   0.012 

Diastolic BP (mmHg) 79.2 ± .38 76.7 ± .58 <0.001 0.109   0.001 

BMI (kg∙m
-2

) 28.1 ± .20 26.6 ± .31 <0.001 0.115   0.001 

Total CHOL (mg∙dL
-1

) 204.7 ± 1.6 196.5 ± 2.5   0.006   

LDL-C (mg∙dL
-1

) 125.9 ± 1.4 121.5 ± 2.1   0.080 0.035   0.296 

HDL-C (mg∙dL
-1

) 49.2 ± .52 49.8 ± .78   0.476 -0.010   0.769 

Triglyceride (mg∙dL
-1

) 149.1 ± 3.6 130.4 ± 5.4   0.004 0.039   0.247 

Blood Glucose (mg∙dL
-1

) 97.5 ± .84 96.8 ± 1.3   0.658 0.030   0.380 

VO2max (ml∙kg
-1

∙min
-1

) 32.3 ± .33 34.5 ± .50 <0.001 -0.121 <0.001 

Regular Exercise N, (%) 156 (23.7) 105 (36.2) <0.001 -0.144 <0.001 

Current Smoker N, (%) 44 (6.7) 35 (12.1)   0.006 -0.093   0.006 

Values are means ± standard error.  BP, blood pressure; BMI, body mass index; CHOL, cholesterol; LDL-C, low-

density lipoprotein cholesterol; HDL-C, high-density lipoprotein cholesterol; VO2max, maximal oxygen uptake; 

Regular Exercise, exercise regularly (≥3 days∙week-1). 
a = age and gender adjusted correlations with change in HR at minute 1 
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Table 4-6. CVD Risk Factor Comparison: Normal vs. Abnormal Acceleration at ⅓ 

exercise time  

Variable Normal 

(n=651) 
Abnormal 

(n=296) 
P Value Adjusted 

r
a 

P Value 

Age 45.2 ± .47 44.9 ± .69 0.713   

Systolic BP (mmHg) 121.6 ± .58 122.1 ± .86 0.613 -0.035 0.293 

Diastolic BP (mmHg) 78.3 ± .39 78.7 ± .58 0.578 -0.004 0.903 

BMI (kg∙m
-2

) 27.5 ± .21 27.9 ± .31 0.291 -0.047 0.159 

Total CHOL (mg∙dL
-1

) 201.9 ± 1.7 202.7 ± 2.5 0.791   

LDL-C (mg∙dL
-1

) 124.8 ± 1.4 124.1 ± 2.1 0.792 0.014 0.687 

HDL-C (mg∙dL
-1

) 48.7 ± .52 50.9 ± .76 0.012 -0.022 0.506 

Triglyceride (mg∙dL
-1

) 143.9 ± 3.6 142.3 ± 5.4 0.809 0.008 0.816 

Blood Glucose (mg∙dL
-1

) 98.4 ± .839 94.9 ± 1.3 0.019 0.033 0.334 

VO2max (ml∙kg
-1

∙min
-1

) 33.0 ± .34 32.7 ± .50 0.640 0.057 0.088 

Regular Exercise N, (%) 185 (28.4) 76 (25.7) 0.381 0.033 0.334 

Current Smoker N, (%) 51 (7.8) 28 (9.5) 0.402 0.021 0.531 

Values are means ± standard error.  BP, blood pressure; BMI, body mass index; CHOL, cholesterol; LDL-C, low-

density lipoprotein cholesterol; HDL-C, high-density lipoprotein cholesterol; VO2max, maximal oxygen uptake; 

Regular Exercise, exercise regularly (≥3 days∙week-1). 
a = age and gender adjusted correlations with change in HR at 1/3 exercise time 
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Table 4-7.  Prevalence of abnormal HR acceleration at minute 1 with other abnormal 

chronotropic responses  

  
Abnormal HR Acceleration at Minute 

1 

  CI HRREC CI+HRREC   

Male N, (%) 7 (2.4) 20 (6.9) 1 (.34)   

Female N, (%) 2 (0.7) 14 (4.8) 0 (0)   

Total N, (%) 9 (3.1) 34 (11.7) 1 (.34)   
Values are number of cases examined and percentage; HR, heart rate; CI, chronotropic 

incompetence; HRREC, heart rate recovery. 

 

 

Table 4-8.  Prevalence of abnormal HR acceleration at ⅓ total exercise time with 

other abnormal chronotropic responses  

  
Abnormal HR Acceleration at ⅓ Total 

Exercise Time 

  CI HRREC CI+HRREC   

Male N, (%) 2 (.67) 22 (7.4) 1 (.34)   

Female N, (%) 3 (1.0) 14 (4.7) 1 (.34)   

Total N, (%) 5 (1.7) 36 (12.2) 2 (.68)   
Values are number of cases examined and percentage; HR, heart rate; CI, chronotropic 

incompetence; HRREC, heart rate recovery. 

 



 
 

 
 

CHAPTER V 

 

SUMMARY AND CONCLUSIONS 

 

 

 The present study represents for the first time to the author’s knowledge that 

HR acceleration at the onset of exercise in an apparently healthy cohort has been 

examined.  The present study was exploratory in design as the principles behind what 

drives HR acceleration at the onset of exercise and the potential causes of abnormal 

HR acceleration and its association with adverse outcomes are still unknown.   

The primary finding of the present study was an asymptomatic, self-referred 

adult population to have an abnormal HR acceleration prevalence at minute 1 and ⅓ 

total exercise time 30.6% and 31.3% respectively.  The threshold values by which one 

was considered to have abnormal HR acceleration at minute 1 and ⅓ total exercise 

time was arbitrarily defined by a previous study examining referred patients at which 

they observed an increase in adverse outcomes (55).   

Due to the general differences in subject populations and exercise test 

protocols of the two studies, the thresholds for abnormal HR acceleration may not 

truly represent an accurate threshold for an apparently healthy cohort and the 

BSU/Bruce ramp treadmill protocol.  The HR acceleration profile for an 

asymptomatic, self-referred adult population defined in the present study provides 

useful HR data for future research using the BSU/Bruce 
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ramp treadmill protocol.  Results of the present study revealed adults with a lower 

absolute change in HR (i.e. abnormal HR acceleration) at minute 1 to have a 

significantly better CVD risk factor profile than those considered to have normal HR 

acceleration.  Lastly, the present study was able to demonstrate that a clustering of 

abnormal HR acceleration at minute 1 or ⅓ total exercise time with CI did not exist.  

However, a higher prevalence of abnormal HR acceleration at minute 1 and ⅓ total 

exercise time with abnormal HRREC was present, suggesting a potential relationship 

between mechanisms driving HR at the onset of exercise and post exercise.  The 

present study offers useful HR information that may potentially lead to a better 

understanding of the HR responses to progressive exercise testing in an apparently 

healthy, self-referred cohort.   

 

Recommendations for further study 

 

 There are opportunities for further research in the area of assessing 

chronotropic responses to exercise in different populations, particularly measuring 

HR acceleration.  The autonomic nervous system mechanisms contributing to HR 

responses in the early phases of exercise are still unknown.  Therefore, it would be 

prudent to research the mechanisms to determine what is physiologically causing a 

different HR response.   This could be done by measuring HR variability during 

exercise testing at the onset of exercise.  Heart rate variability could be measured in 

different sub-populations of the present cohort (i.e. men, women, medicated, diabetic, 

etc.).  Once the physiology of the accelerated HR response is better understood, one 

could determine the adaptations the autonomic nervous system makes post exercise 

training.  It is known that training reduces resting HR with little or no change in 
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maximum HR, but it would be interesting to examine the impact it has on HR 

acceleration.   

 An area of future interest in the present study cohort would be to examine the 

assessment oxygen pulse in the early stages of an exercise test.  It would also be 

interesting to look at other measurements of HRREC in the present population than just 

one minute of active recovery presented in this study.   

 A second recommendation would be to recruit a more diverse population.  

Although the current study was equally distributed between males and females, the 

entire population consisted of mainly Caucasian adults.  Therefore, applicability to 

the general population may not exist.  Other ethnicities known for having riskier 

cardiovascular disease profiles may exhibit a greater prevalence for HR acceleration 

than seen in the present study.  It would also be interesting to utilize the HR response 

reported in the present study and use it to look at prevalence in other populations and 

then determine the clinical application of the HR responses.    

 A third recommendation would be for the present cohort to be re-examined for 

individuals who have been tested multiple times on the BSU/Bruce ramp protocol.  

Due to the nature of the APFP database, mortality and outcome data are unknown and 

thus abnormal HR acceleration in our apparently healthy cohort cannot be assessed by 

which an increase in adverse outcomes occur.  Therefore, it may be possible to 

examine if HR acceleration changes overtime as a result of increased fitness, or to 

examine the HR acceleration threshold at which the number of CVD risk factors 

increase.   
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A fourth recommendation could potentially examine healthy populations in other 

geographical locations to examine HR responses to exercise.  Chronotropic 

incompetence and abnormal HRREC have not been well documented in self-referred 

healthy cohorts, thus it would be necessary to further report on these responses to 

determine deviation from normal.   

 Furthermore, due to the retrospective design of the present study, prospective 

studies are needed to determine the causative association between abnormal HR 

acceleration and risk for CVD and to assess issues of measurement reproducibility.    
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APPENDIX A 

Smoking Status and Physical Activity Codes 

 

Smoking Status 

0 = Unknown 

1 = Non-user 

2 = Smoked in past, quit > 1 year ago 

3 = cigar, pipe, snuff, chewing tobacco 

4 = < ½ pack per day 

5 = ½ to 1 pack per day 

6 = 1 to 1.5 packs per day 

7 = 1.5 to 2 packs per day 

8 = >2 packs per day 

 

Physical Activity Status 

0 = Unknown 

1 = Complete lack of exercise 

2 = Sedentary occupation/moderate recreational activity 

3 = Moderate occupational activity/moderate recreational activity 

4 = Heavy occupational activity/moderate recreational activity 

5 = Participates regularly in exercise program (3 days∙week
-1

 of walk, run, swim, 

cycle, dance, etc. 

6 = Highly trained (≥20 miles∙week
-1

 of run, swim, or cycle) 
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APPENDIX B 

Instructions for Use of RPE Scale during BSU Adult Fitness Testing 

 

Please read the following paragraph to each subject during the ECG prep procedure.  

Refer to the RPE chart posted on the wall. 

 

 

 You are now going to take part in a work test.  You will be walking and 

running on the treadmill (bicycle) while we measure your heart rate and oxygen 

consumption.  We also want you to try to estimate how hard you feel the work is; that 

is, we want you to rate the degree of perceived exertion you feel.  By perceived 

exertion we mean the total amount of exertion and physical fatigue, combining all 

sensations and feelings of physical stress, effort and fatigue.  Don’t concern yourself 

with any one factor such as leg pain, shortness of breath, or work intensity, but try to 

concentrate on your total, inner feeling of exertion.  Try to estimate as honestly and 

objectively as possible.  Don’t underestimate the degree of exertion you feel, but 

don’t overestimate it either.  Just try to estimate it as accurately as possible. 

 

 

(Adapted from Morgan, WP and Borg G: Perception of effort in the prescription of 

physical activity, in Craig, T. (ed) The Humanistic & Mental Health Aspects of 

Sports, Exercise, & Recreation,  Chicago, American Medical Association, 1976; pp. 

256-259.) 
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APPENDIX C 

Borg’s Rating of Perceived Exertion Scale 

 

Numerical   Verbal 

6  

7    Very, Very Light 

8 

9    Very Light 

10 

11    Fairly Light 

12 

13    Somewhat Hard 

14 

15    Hard 

16 

17    Very Hard 

18 

19    Very, Very Hard 

20 

 

 

 


