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A PubMed search using the search term
‘heart rate variability’ in 2019 produced
23,794 results. Heart rate variability (HRV)
is popular because it is easily measured
and is used as a tool to measure vagal and
sympathetic tone to the heart. HRV can even
be measured using personal fitness trackers
and there are HRV forums on the inter-
net. All of this is despite Zaza and ourselves
showing that HRV is primarily affected by
heart rate and cannot be used in any simple
way to measure cardiac autonomic tone
(Rocchetti et al. 2000; Zaza & Lombardi,
2001; Monfredi et al. 2014). There are
many ways of measuring HRV. The standard
deviation of the normal beat to normal beat
interval (SDNN) is popular. HRV can be
divided into high and low frequency (HF
and LF) components. HF power is used
as a measure of cardiac vagal tone and LF
power as a measure of cardiac sympathetic
tone (Pagani et al. 1997), although others
question this (Eckberg, 1997). The problem
with HRV is that it is primarily affected by
heart rate. There has to be a perturbation
(perhaps fluctuations in autonomic tone)
that causes HRV. To change heart rate,
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The authors work as a group studying heart rate control by the pacemaker of the heart, the sinus node.

any perturbation has to produce an ionic
current, Iper, and this will change (�)
the rate of change of membrane potential,
dVm/dt, during the pacemaker potential:

�
dVm

dt
= − Iper

Cm
,

where Cm is the cell capacitance.
Consequently, the time taken to reach
the threshold potential for triggering an
action potential will be altered, i.e. heart
rate will be altered. �(dVm/dt) (in mV/ms)
will be the same regardless of heart rate,
but the consequences of �(dVm/dt) will be
different at different heart rates. Simple
geometry will prove to the reader that at a
high rate (with steep pacemaker potential)
a given �(dVm/dt) will produce a relatively
small change in the interbeat interval (time
required for pacemaker potential to reach
threshold potential for triggering an action
potential), whereas at a low heart rate (with
shallow pacemaker potential) the same
�(dVm/dt) will produce a larger change
in the interbeat interval. An exponential
decay-like relationship between HRV
(measured as SDNN) and heart rate
predicted by a mathematical model based
on this line of reasoning is shown in Fig. 1A.
This predicted relationship fits HRV
measured in a wide range of experiments
from different species, conditions and
laboratories (Fig. 1A) (Monfredi et al.
2014). To further illustrate the problems
with HRV, specific examples will be
considered.

HRV during exercise

During exercise, heart rate increases as a
result of a decrease in vagal tone and
increase in sympathetic tone (Michael et al.
2017). On this basis, a decrease in HF

power and increase in LF power is expected,
whereas a dramatic decrease in all HRV
measures is observed (Casadei et al. 1995;
Michael et al. 2017). Figure 1B shows an
example of total power from Sarmiento
et al. (2013), who conclude, based on
similar falls in HF and LF power that
during exercise, ‘parasympathetic control
may have disappeared, or fallen to minimal
levels, whilst sympathetic activity may
also have been seriously compromised’.
The possibility that sympathetic tone is
seriously compromised during exercise is
untenable and this illustrates the lack of
correspondence between HRV and cardiac
autonomic tone. We are not the first to
recognise this (Casadei et al. 1995). Instead,
all indices of HRV are expected to fall
during exercise simply because heart rate
increases during exercise; this explains why
all indices fall in qualitatively the same
way. In Fig. 1C, HF power in the study of
Sarmiento et al. (2013) is plotted against
heart rate and there is an exponential
decay-like relationship similar to that pre-
dicted by the mathematical model described
above (Fig. 1A); there is also an inverse
relationship between both LF and total
power and heart rate. It is concluded that
the decay in HRV indices during exercise
is the result of the concurrent increase in
heart rate and not a consequence of changes
in autonomic tone.

HRV in inappropriate sinus tachycardia

Patients with inappropriate sinus tachy-
cardia (IST) have an abnormally high
resting heart rate with symptoms ranging
from slight to severe (Castellanos et al.
1998). Castellanos et al. (1998) reported
that patients with IST have reduced HRV
(Fig. 1D), which they suggested was the
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result of a decrease in vagal tone; this
then could explain the elevated heart rate.
However, Fig. 1D shows that the decrease
in HRV in IST is well explained by the
increase in heart rate in these patients (red
line in Fig. 1D is the predicted relationship
between HRV and heart rate from model
described above). Therefore, there is no
reason to believe that the high heart rate

in IST is the result of a decrease in
vagal tone. Consistent with this, patients
with IST are treated with ivabradine to
reduce the heart rate to normal (Achike
& DeAntonio, 2018); this suggests that the
cause lies with ion channels and HCN4 in
particular. HCN4 is blocked by ivabradine
and is the major isoform responsible for
the funny current (If), arguably the most

important pacemaker current in the heart
(DiFrancesco, 2010).

HRV in athletes and circadian rhythm in
heart rate

If HRV cannot be used in any simple
way to measure cardiac autonomic tone,
a fresh look has to be taken at heart rate

Figure 1. Heart rate dependence of HRV
A, relationship between HRV (SDNN) and heart rate from a wide range of studies. It includes data from the
healthy conscious human, athletically trained conscious human, conscious human exposed to autonomic blockade,
conscious human with heart failure, conscious human with hypertrophic cardiomyopathy, conscious human with
myocardial infarction, conscious human heart transplant recipient, conscious mouse (wild type and transgenic), rat,
Langendorff-perfused rabbit and rat hearts, and rabbit sinus node cells (control and exposed to acetylcholine). The
black line is the relationship between SDNN and heart rate predicted by the mathematical model of Monfredi et al.
(2014). From Monfredi et al. (2014). B, change in HRV (total power) during high intensity exercise (cycloergometer)
in an elite cyclist. Data are shown for a single individual, but similar changes were observed in 10 other elite cyclists.
From Sarmiento et al. (2013). C, relationship between high frequency power (PSD) and heart rate during high
intensity exercise in an elite cyclist. Data are shown for one representative subject. From Sarmiento et al. (2013).
D, mean SDNN ± SD plotted as a function of mean heart rate ± SD for a group of 10 patients with inappropriate
sinus tachycardia and 10 control age- and sex-matched control subjects. From Castellanos et al. (1998). The red
line is the relationship between SDNN and heart rate predicted by the mathematical model of Monfredi et al.
(2014). E, fitted regression lines of 2 h SDNN as a function of age for 2722 male and female human subjects. Data
are shown for five specific ages (35, 45, 55, 65 and 75 years) at mean heart rates between 50 and 100 beats/min.
From Tsuji et al. (1996). PSD, power spectral density.
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changes attributed, largely based on HRV,
to changes in cardiac autonomic tone. We
have reinvestigated the resting bradycardia
in athletes, which is widely attributed to high
vagal tone based on an increase in HRV in
athletes. In the human and mouse, exercise
training results in bradycardia and we have
shown that this is not the result of high vagal
tone (for example, bradycardia is still pre-
sent after autonomic blockade) and instead
is due to downregulation of HCN4 and If

(D’Souza et al. 2014, 2017). We argue that
it is the HCN4-dependent bradycardia in
athletes that is responsible for the increase in
HRV. Consistent with this, loss-of-function
mutations in HCN4 lead to bradycardia
and increased HRV (Hategan et al. 2017).
Moreover, the exercise training-induced
bradycardia in mice is reversed by restoring
HCN4 (D’Souza et al. 2017). We are also
reinvestigating the circadian rhythm in
resting heart rate attributed to a circadian
rhythm in cardiac autonomic tone based on
HRV studies and we have obtained evidence
that a circadian rhythm in HCN4 and If is
at least involved (Wang et al. 2016).

HRV in ageing and summary

In summary, HRV is primarily determined
by heart rate and cannot be used in
any simple manner to determine cardiac
autonomic tone. It is not even known
whether autonomic nerve activity affects
HRV – previously, this will have been tested
by investigating the effect of autonomic
blockade on HRV, but of course auto-
nomic blockade will affect the heart rate and
therefore HRV. Is there any way to separate
the effect of heart rate on HRV from the
effect of an independent factor on HRV? We
know of one study in which this is possible:
as part of the Framingham Heart study,
Tsuji et al. (1996) showed, based on data
from 2722 human subjects, that heart rate
and ageing were independent determinants
of HRV (Fig. 1E). Therefore, it is possible,
but it requires large cohorts of subjects. In
Fig. 1A, the experimental data are scattered
around the predicted relationship between
HRV and heart rate – the scatter could be the
result of heart rate-independent factors, but
a lot of work would be required to test this.

Call for comments

Readers are invited to give their views on this
and the accompanying CrossTalk articles in
this issue by submitting a brief (250 word)

comment. Comments may be submitted up
to 6 weeks after publication of the article, at
which point the discussion will close and the
CrossTalk authors will be invited to submit
a ‘LastWord’. Please email your comment,
including a title and a declaration of inter-
est, to jphysiol@physoc.org. Comments will
be moderated and accepted comments will
be published online only as ‘supporting
information’ to the original debate articles
once discussion has closed.
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