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Figure 1. A representative trace 
of lead II of the normal 

electrocardiogram. 

Over the years, no, the decades, no, the centuries, heart rate has been a key measure 
in understanding the body’s responses to exercise.  It is interesting to witness the 
importance of this measure, while at the same time be aware of the simplicity of the 
measure.  In the “early days”, heart rate was a measure derived from 
electrocardiography.  Today, heart rate can be measured from a wrist watch, and chest 
strap, and even the small fluctuations in the girth of the thoracic cavity.  Heart rate used 
to be a clinical science measure.  Today it is a measure that is almost a fact of life, or 
common practice to most citizens from developed countries; some of whom based most 
of their daily lives on what their heart monitor tells them at 
rest, when working out, and during recovery.  Nevertheless, 
knowledge of heart rate is only as good as the 
accompanying knowledge of correct interpretation.  As you 
will read in this and other Topics, there is still a lot we do 
not know about heart rate, how to interpret it, and perhaps 
we are still using incorrect data analysis procedures and 
related interpretations.  The added irony of course, is that 
for a key heart rate measure, that of maximal heart 
rate (HRmax), we still really do not know what causes the 
age-declines in HRmax, or the tremendous individual 
variability in HRmax even in people of similar age! 

 
Heart rate refers to the rate of heart contraction, and is 
expressed as beats/min.  Heart rate can be determined 
as the number of heart beats over a specific time 
interval, expressed to the standard physiological time of 
1 min.  For example, 17 beats in 15 seconds would be a 
heart rate of 68 beats/min (68 = 17*(60/15)).  A heart 
beat is typically detected by the QRS complex of the 
electrocardiogram (ECG).  For example, the 
electrocardiogram of lead II shows a large positive 
deflection for the R wave of the QRS complex, and this 
would signify the heart beat (Figure 1).  However, any 
phase of the complete cycle of an ECG (cardiac cycle) 
could be used to indicate a new heart beat as long as 
this ECG feature was consistent for all heart beats. 
 
Figure 2 shows how variable the time between heat beats is at rest for a 3 min heart 
rate recording from a student.  Such variability is normal, and is also influenced by 
breathing, as shown by the repeated wavelike fluctuations of the data.  Inhalation 
causes an increase in heart rate, and exhalation decreases heart rate.  Such a 
ventilation influence on heart rate is caused by the changing intra-thoracic pressures 
caused by breathing, and how such pressures alter blood flow returning to the right 
atrium.  This is best explained for exhalation.  Exhalation increases the intra-thoracic 
pressure, which transiently increases pressure around the large veins draining into the 
right atrium, causing transient increases in end diastolic volume and stroke volume, and 
afferent neural feedback to the neural center of the lower brain controlling heart rate, in 
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Figure 2. The variability in resting heart rate 

over 3 min for a volunteer subject. 

 
Figure 3. The heart rate response from rest to steady state 

treadmill running exercise. 

turn increasing parasympathetic input to 
the SA Node and lowering heart rate.  Such 
parasympathetic dominance to the SA Node 
is decreased during inhalation, raising heart 
rate. 
 
Due to the beat-to-beat variability in heart 
rate, most researchers prefer to average 
heart rate over a time interval, or perform an 
average over a specific number of beats.  
For the content to follow, view the heart 
rates presented as a time average over 5 to 
10 s.  In the clinical section, I will also 
explain how the beat-to-beat variability in 
heart rate can be used to perform a spectral 
analysis of the heart rate variability to learn 
more about neural regulation of the heart 
and potential risk for heart attack. 
 
Steady State Exercise 
Figure 3 presents the heart rate response 
from rest to steady state exercise during 
cycle ergometry.  Note that heart rate 
remains variable, even during exercise, and 
eventually reaches a true steady state.  However, many subjects also show an upward 
(increasing) drift in heart rate (HR) over time (HR drift).  When this sort of testing is 
repeated at different exercise intensities, and the steady state or equilibrium heart rate 
is recorded prior to this HR drift, there is a linear response to steady state heart rate and 
exercise intensity, as shown in Figure 4.  However, as will be shown in the next sub-
topic, it is wrong to assume that such a linear response continues to maximal exertion. 

 
Steady state heart rates for 
given exercise intensities are 
also useful to detect 
endurance training 
adaptations, or differences 
between individuals.  Figure 4 
also shows steady state heart 
rate to Watts profiles for two 
subjects; one more endurance 
trained than the other.  
Endurance training induces 
muscle and cardiovascular 
adaptations that result in 
smaller increases in heart rate 
for given absolute increases in 
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Figure 4. The linear relationship between steady state heart rate and 
exercise intensity for two subjects of differing endurance training 
status and cardiorespiratory endurance fitness. 

 
Figure 5. The heart rate response to ramp 
incremental exercise to VO2max, showing the 
detection of maximal heart rate (HRmax). 

exercise intensity. 
Thus, the slope of the 
regression lines 
profiling the HR-Watts 
relationship for the two 
subjects reveals a 
lower slope for the 
more endurance 
trained subject.  When 
assessing runners, a 
HR-velocity profile 
could be developed. 
 
Incremental Exercise 
Figure 5 presents 
heart rate data for a 
healthy subject during 
a cycle ergometry 
ramp protocol to 
VO2max.  The non-
linearity of the heart 
rate data is strikingly 
obvious for the second half of the test, as was explained in the section on Metabolic 
Thresholds.  There is tremendous between subjects variability for this heart rate 
response, with some subjects having a more linear profile, while others have a 
threshold response similar to Figure 5.  An attractive hypothesis is that the higher the 
slow twitch motor unit proportion in the exercised muscle, the more linear will be the 
VO2 and heart rate responses to incremental exercise. 
 
An example of why such a non-
linear heart rate response is 
important pertains to the use of 
steady state exercise heart rate 
responses in the estimation of 
VO2max.  I discuss this application 
thoroughly in the Section on 
VO2max Estimation. 
 
Maximal Heart Rate 
The highest heart rate recorded 
during incremental exercise is often 
designated as maximal heart rate 
(HRmax) (Figure 5), and is identified 
as a leveling off of heart rate 
(plateau) despite continued 
increases in exercise intensity.  
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Figure 6. A re-drawn presentation of the heart rate data 
used to observe the 220 – age relationship for maximal 

heart rate. 

However, the field of exercise physiology is far from adequate on this topic. Research is 
clear in showing that HRmax varies from one exercise mode to another, and is also 
influenced by the type and duration of the exercise protocol.  We also have observed 
that HRmax differs between two incremental exercise tests performed by the same 
subject on the same day (30 min apart), with the second test revealing a higher HRmax.  
In my opinion, more thorough research-based investigation needs to be conducted to 
more clearly determine how to accurately measure maximal heart for a given exercise 
mode, for a given subject (age, gender, health status). 
 
Prediction of HRmax is also difficult and inaccurate.  While the equation 220-age has 
been widely used within exercise physiology, this formula was not determined by and 
subsequently validated through research.  Rather, this equation was an observation 
made in the late 1960’s from prior research at that time on the maximal heart rate 
response to exercise to fatigue (Figure 6).  A more valid equation for estimating HRmax 
is presented in Equation 1.  However, all HRmax prediction equations have large errors 
of prediction; varying by as much as 15 beats/min.  Their remains no accurate method 
to predict HRmax. 
 

  yrsageHRmax  685.08.205           Equation 1 

 
Given the inadequate research 
on how to measure HRmax, 
and the inaccurate methods of 
its estimation, one is left to 
wonder whether HRmax is 
important to measure in the 
first place, and as such, 
whether all past attention to 
this measure has been ill-
conceived. 
 
Intense Exercise 
Intense exercise, causing 
fatigue in less than 3 min, 
causes a dramatic increase in 
heart rate.  The rapid increase 
in heart rate is somewhat 
proportional to the exercise 
intensity and hence time to 
fatigue.  Also note that 
psychological/emotion-induced 
stress increases heart rate even prior to the start of exercise.  Such pre-exercise and 
rapid exercise-induced increases in heart rate are caused by sympathetic stimulation of 
the SA and AV Nodes, as well as the atrial and ventricular myocardium. 
 
 



Heart Rate Responses To Exercise 

5 

 

 
Figure 7. The typical resting electrocardiogram for one cardiac 

cycle. 

 
Figure 8. Recovery heart rate profiles for two 
different subjects after a test to VO2max.  The 
greater the rate of heart rate recovery, the greater 
the endurance fitness. 

Heart Rate Dependent Changes to the ECG 
The resting heart rate could be as low as 35 beats/min in highly trained endurance 
athletes.  Maximal heart rate can be as high as 200 beats/min in young adults, and even 
higher in children.  This means that heart rate can change from a frequency as low as 
.58 Hz to 3.33 Hz, meaning an increase from close to 1 beat every 2 seconds to more 
than 3 beats each second!  How does the ECG change to accommodate this increase? 

 
Obviously, as heart rate 
increases the time 
between each successive 
heart beat decreases 
(Figure 7).  This time is 
measured by the R-R 
interval.  The P-R and Q-
T intervals also decrease.  
This means that the delay 
in the AV Node decreases 
as heart rate increases, 
and that the time required 
to complete ventricular 
depolarization and 
repolarization also 
decreases.  Thus, as heart 
rate increases, the heart 

functions to complete its work cycle in less and less time without any signs or symptoms 
of diminishing function.  Exercise demands that the heart do more in less time, and the 
healthy heart can do this without detriment to itself or the capacity of the body to 
perform exercise.  However, only small decreases in heart function, and/or vascular 
function, as is typical in many disease 
states, can lead to detectable 
cardiovascular limitations to exercise 
tolerance or performance, and in some 
cases, even potentially serious 
complications to heart function.  These 
topics will be explained in the clinical 
section. 
 
Recovery From Exercise 
Early exercise physiology research of 
the heart rate response to exercise 
revealed how trained individuals had a 
faster heart rate recovery than their 
less trained counterparts.  Differences 
between two individuals in their heart 
rate recovery from a test to VO2max 
are shown in Figure 8.  Such 
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differences have led to the heart rate recovery being used as one of several variables in 
methods to estimate VO2max. 
 

Glossary Words 
 
heart rate is the rate of heart contractions, expressed as beats/min. 
 
QRS complex is the electrical component of the electrocardiogram representing 
depolarization of the ventricular myocardium. 
 
intra-thoracic pressures are the pressures within the thoracic cavity that change 
during each of inspiration and expiration, thereby altering venous return, ventricular 
filling and heart rate. 
 
parasympathetic pertains to the parasympathetic nervous system. 
 
SA Node is the main collection of cells in the right atrium that possess autorhythmicity.  
As the inherent rate of discharge is the highest of all tissues of the heart that possess 
autorhythmicity, the SA Node is referred to as the pace maker of the heart. 
 
steady state exercise are the intensities of exercise that are sustained mostly from 
mitochondrial respiration, thereby being able to be performed for extended periods of 
time without the development of fatigue. 
 
maximal heart rate (HRmax) is the maximal heart rate. 
 
R-R interval is the time interval between the p-wave of successive cardiac cycles. 
 
P-R interval is the time interval between the start of the p-wave and R-spike of the 
electrocardiogram. 
 
Q-T interval is the time interval between the Q-spike and T-wave of the 
electrocardiogram. 
 
depolarization is the change in membrane potential from negative to positive during 
the action potential. 
 
repolarization is the change in membrane potential from positive to negative during the 
end phase of the action potential. 
 

 


