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Physiology of Heart Rate

T. Alexander Quinn and Sheldon Magder

One might wonder about the need for a chapter 
on heart rate. A change in heart rate is one of the 
most basic ways that the heart regulates cardiac 
output. Rapid heart rates also often trigger clini-
cal interventions. However, there is a much more 
basic reason for examining heart rate in more 
detail. The ‘periodicity’ that comes with rhyth-
mic beating of the heart creates important restric-
tions on the cardiovascular system. It sets the 
fixed time available for ejection of stroke volume 
from the left ventricle and the time available for 
the stroke return to the right heart. Because of 
these fixed times, the rate of return and rate of 
ejection are important determinants of how much 
blood flow can leave and return during each cycle 
and how much the rate of blood flow needs to 
accelerate to reach its target. The fixed period of 
each cycle also means that the ratio of ejection 
time to the return time (i.e. diastole) is an impor-
tant determinant of cardiac output. At faster heart 
rates, both of these are shortened, but the propor-
tions of time for each can vary. We will start with 
the concept of time constants and their impor-

tance for the discussion of the periodicity of car-
diac contractions. We will then review the 
complex membrane processes in the heart’s 
intrinsic pacemaker that determine heart rate, as 
well as the factors that determine the length of 
the ventricular action potential. The length of the 
action potential is important because it sets the 
amount of time for the entry of calcium ions 
(Ca2+) to produce the contraction phase. We fol-
low with a discussion of basic mechanisms 
involved in regulation of the intrinsic heart rate, 
and heart rate during exercise which gives insight 
into the regulation of heart rate at the extremes. 
This is followed by the significance of the fixed 
filling times for normal function and in patho-
logical considerations. Finally, we review the 
implications for changes in heart rate on the sup-
ply and demands of the heart for oxygen. Some 
of these issues have been covered previously 
(Magder 2012).

 Time Constants and Volume 
Constraints

To appreciate the significance of the periodicity 
of cardiac output, it is first necessary to under-
stand the concept of a time constant. When there 
is a step change in the flow or pressure in a sys-
tem that has stretchable walls, a proportion of the 
initial increased input volume stretches the walls 
of the vessels and does not contribute to distal 
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flow (Fig.  7.1). Once the force across the wall 
matches the new pressure, a new steady state in 
flow is reached and what goes in is matched by 
what goes out. In a vessel, the time taken to reach 
a new steady state is determined by the amount of 
volume the vessel takes up with the change in 
pressure, which is based on the compliance of the 
vessel wall, and how easily volume flows out of 
the vessel, which is determined by the down-
stream resistance. Mathematically, this is 
described by an exponential raised to the power 
of the product of downstream compliance and 
resistance divided by time (Fig. 7.1). The product 
of the compliance and resistance gives a time 
constant, which indicates the time taken to get to 
63% of the new steady state. The greater the 
downstream resistance, or the greater the compli-
ance of the vessel, the longer it takes to get to a 
new steady state. The significance of this in a pul-
satile system is that when the duration of each 
pulse is less than the time constant, the change in 
flow for a change in pressure may be less than 
predicted from just the change in peak pressure 
because there is not enough time to reach the 
steady state (Fig. 7.2). This is especially an issue 
on the venous side because the change in pres-
sure for a change in flow is so low. At faster heart 
rates, blood must come back faster to allow an 
increase in return and increase in cardiac output. 

The primary process allowing this is a decrease 
in venous resistance because the compliance ves-
sels do not change, but during exercise compres-
sion of peripheral veins by the contracting 
muscles likely gives the equivalent of a decrease 
in venous compliance and resistance (Magder 
1995; Magder et al. 2019).

A consequence of increased heart rate is that if 
the duration of systole remains constant, diastolic 
time must become progressive shorter. This 
reduces diastolic filling time and the limit for 
return per beat (stroke return). The heart thus has 
to reach the peak end-systolic elastance (end- 
systolic pressure volume line – see Chaps. 3 and 
4) faster at higher heart rates, and accordingly, 
the action potential needs to shorten. Ventricular 
relaxation time also must shorten to allow more 
time for diastole.

 Cardiac Rhythmicity at the Cellular 
Level

 Sinoatrial Node Control

Excitation of the heart is initiated in the sinoatrial 
node (SAN), the natural pacemaker of the heart. 
It is located adjacent to the crista terminalis at 
the junction of the right atrium and the superior 
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Fig. 7.1 Concept of a time constant (τ). When a step 
(square) change is made in a tube with a compliance, ini-
tially some of the added volume is taken up by stretching 
the walls and flow does not immediately reach the steady 

state. The small circle indicates the time taken to reach 
63% of the new steady state (= τ the time constant) as 
indicated by the equation in the figure. Q refers to flow, R 
resistance, C compliance of the chamber, and t time
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vena cava. The SAN spontaneously generates 
action potentials (AP) in a rhythmic pattern, 
which propagate through the myocardium and 
the heart’s specialised conduction system. This 
spontaneous, cyclic firing of the SAN (automa-
ticity) is what determines heart rate (HR) and 
ultimately results in cardiac contraction, making 
the SAN fundamental to survival. Because of its 
critical importance, multiple overlapping mecha-
nisms exist to ensure proper SAN function. These 
are highly regulated to allow for rapid adaptation 
of HR to large changes in physiological demand 
(Irisawa et al. 1993).

It is worth noting that there is no set point for 
HR (i.e. a ‘targeted’ value). Thus, function of the 
SAN is not regulated, but rather is controlled 
(Cabanac 1997)  – engineering logic which has 
applications to physiology going back at least as 
far as Arthur Guyton’s classic Textbook of 
Medical Physiology (Guyton 1956). For a system 
to maintain a variable within a narrow range 
around its set point, sensory feedback is needed 
for regulation. This occurs by changes in con-
trolled variables that are allowed to vary widely 
(Modell et  al. 2015). In the cardiovascular sys-
tem, blood pressure is a critically regulated vari-
able (with a clear set point). Changes in the set 
point are sensed by baroreceptors. Cardiac output 
and systemic vascular resistance are adjusted 
accordingly, but they also are determined by met-
abolic activity. HR and SAN activity, though, are 
affected by multiple factors. These are both 

external and intrinsic to the heart. Extrinsic con-
trol is primarily through the central nervous sys-
tem but also by circulating factors in the blood. 
Intrinsic control is within the heart itself and acts 
primarily through intracardiac nerves but also 
through release of local paracrine factors and 
changes in mechanical load. Both processes ulti-
mately control HR by affecting the mechanisms 
responsible for SAN automaticity (Quinn and 
Kohl 2012; MacDonald et  al. 2017, 2020; 
Mangoni and Nargeot 2008).

 Mechanisms of SAN Automaticity

Unlike cells of the working myocardium, which 
have a stable negative resting membrane poten-
tial (Vm) in diastole, SAN cells spontaneously 
depolarise in the diastolic phase of the cardiac 
cycle (‘diastolic depolarisation’). This depolari-
sation drives Vm towards the threshold for excita-
tion and is responsible for automaticity in the 
SAN. Two major systems regulate Vm. These are 
the ‘membrane-clock’, which is dependent upon 
ion channels in the cell membrane of SAN cells, 
and the ‘calcium-clock’, which is driven by intra-
cellular calcium (Ca2+) cycling (Fig. 7.3a).

 Membrane Clock
One of the principal systems driving diastolic 
depolarization is a collection of membrane ion 
channels that are responsible for inward, depola-
rising currents, collectively known as the mem-
brane clock (Maltsev et  al. 2006). In the initial 
portion of diastole, depolarization is primarily 
driven by cations moving out of the cell. This cre-
ates a non-specific current called the ‘funny’ cur-
rent, (If). These ions pass through channels that 
open as the cell membrane becomes more hyper-
polarised (i.e. more negative) and begin to reverse 
the depolarized state. They are called 
hyperpolarisation- activated cyclic nucleotide- 
gated (HCN) channels. There are four isoforms 
of HCN; HCN4 is the most prominent in humans 
(Chandler et  al. 2009; DiFrancesco 2010). If 
decreases with depolarisation of Vm and at the 
next stage in diastole, Ca2+ begins to enter the cell 
and this current begins to contribute to diastolic 
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Fig. 7.2 Importance of time constant for RV filling and 
stroke volume. An increase in heart rate reduces the time 
for diastolic filling and if the rate of filling does not 
increase, stroke returns, and thus stroke volume must fall
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depolarisation. The influx of Ca2+ first occurs 
through transient T-type current Ca2+ (ICaT), which 
is created by Cav3.1 channels, and then by a long- 
lasting L-type current Ca2+ (ICaL) created by 

Cav1.3 which takes over (Mangoni and Nargeot 
2008; Bartos et al. 2015). Once the threshold for 
Cav1.2-mediated ICaL is reached at ~−40  mV, 
Cav1.2 channels are activated, SAN cells are 
excited, and an AP occurs. This process differs 
from that of the working cardiac myocytes in 
which a fast sodium (Na+) current (INa) passing 
through Nav1.5 channels is responsible for exci-
tation (Mesirca et  al. 2015). SAN also express 
Nav1.5 channels, but these have only a minor, 
indirect action on HR (Lei et al. 2007), as do a 
few other currents (Zhang et  al. 2002; Ju et  al. 
2007).

Another important consideration for SAN and 
the determination of HR are the currents that are 
responsible for repolarisation of SAN cells. 
Unlike working cardiac myocytes, SAN have few 
Kir2.1 channels so they do not have the robust 
inward rectifier potassium (K+) current (IK1) to 
maintain the resting Vm (Chandler et  al. 2009). 
However, similar to working cardiac myocytes, 
repolarisation occurs primarily through rapid 
(IKr) and slow (IKs) delayed rectifier K+ currents, 
along with minor contributions from currents 
activated late in the AP upstroke. These include 
the transient outward K+ current (Ito), the ultra- 
rapid delayed rectifier K+ current (IKur), and an 
inwardly rectifying chloride current (ICl). 
Ultimately, these currents determine the maxi-
mum diastolic Vm (MDP), which is the most neg-
ative membrane diastolic potential occurring 
during the cardiac cycle (Mangoni and Nargeot 
2008; Bartos et al. 2015). Importantly, the magni-
tude of these repolarising currents continuously 
decays after maximal activation. This allows 
inward currents to drive diastolic depolarisation.

 Calcium Clock
Intracellular Ca2+-cycling contributes to diastolic 
depolarisation through a system known as the 
calcium clock (Maltsev et al. 2006). Late in dias-
tole, a small amount of Ca2+ is released from the 
sarcoplasmic reticulum (SR) in SAN cells via 
ryanodine receptors (RyR). This can occur spon-
taneously or be triggered by Cav1.3-mediated ICaL 
(Torrente et  al. 2016). Some of the Ca2+ is 
removed from the cell by the Na+-Ca2+ exchanger 
(NCX), which extrudes one Ca2+ ion while 
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Fig. 7.3 (a) Sinoatrial node cell action potential and 
associated ionic fluxes. (b) Effect of sympathetic and 
parasympathetic stimulation on sinoatrial node cell action 
potential. Ca2+ calcium, ICaL long-lasting L-type calcium 
current, ICaT transient T-type calcium current; sodium- 
calcium exchanger current, If “funny” current, IK repola-
rising potassium current, INCX sodium-calcium exchanger 
current, SR sarcoplasmic reticulum
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 bringing in three Na+ ions, thus generating a net 
inward current (INCX) that causes SAN depolari-
sation. The remainder of the Ca2+ is returned to 
the SR by the sarco/endoplasmic reticulum Ca2+-
ATPase, SERCA, pump (Lakatta et  al. 2008). 
Diastolic SR Ca2+ release also occurs in cells of 
the working myocardium but the release is 
enhanced in SAN cells due to a higher basal level 
of cyclic adenosine monophosphate (cAMP), 
which through a number of downstream pro-
cesses, results in a higher uptake of Ca2+ by 
SERCA, and therefore, the potential for greater 
SR Ca2+ release (Vinogradova et  al. 2006; Li 
et al. 2016).

It is still much debated whether diastolic 
depolarization of the SAN is driven primarily by 
the membrane or calcium clock (Rosen et  al. 
2012; DiFrancesco and Noble 2012; Maltsev and 
Lakatta 2012). However, because the 
sarcolemmal- bound NCX plays a critical role in 
the Ca2+-clock by generating the required trans-
membrane depolarising current, these two 
‘clocks’ are intricately linked. It is now generally 
accepted that overlapping and redundant mecha-
nisms combine to cause SAN automaticity by 
forming a coupled system (Rosen et  al. 2012; 
Lakatta et al. 2010) which is under tight extrinsic 
and intrinsic control.

 Extrinsic SAN Control

 Central Nervous System

The primary extrinsic mediator of SAN activity 
is the central nervous system, which acts through 
direct extracardiac sympathetic and parasympa-
thetic innervation of intracardiac neural circuits 
and SAN cells (Gordan et al. 2015). Postganglionic 
sympathetic neurons that project from sympa-
thetic ganglia directly to SAN cells release nor-
epinephrine. This stimulates sarcolemmal 
Gαs-coupled β-adrenergic receptors (β-AR) and 
increases intracellular cAMP levels. By binding 
to the C-terminals of HCN channels and increas-
ing their phosphorylation by PKA, cAMP 
increases HCN channel open probability, 
increases If, and thereby increases the rate of dia-

stolic depolarisation and HR (Larsson 2010). 
β-AR stimulation also has effects on other com-
ponents important for SAN automaticity, all of 
which will increase the rate of diastolic depolari-
sation and thus HR (Fig. 7.3b).

In contrast to sympathetic neurons, pregangli-
onic parasympathetic neurons project from brain-
stem vagal motor nuclei to postganglionic 
parasympathetic neurons within the heart. These 
release acetylcholine, which stimulate intracar-
diac neurons that project to SAN cells to also 
release acetylcholine, which activates sarcolem-
mal Gαi/o-coupled cholinergic M2 muscarinic 
receptors. Stimulation of these receptors results 
in reduced intracellular cAMP concentration, as 
well as rapid Gβγ subunit activation of an 
acetylcholine- activated K+ current (IKACh) through 
G-protein-regulated K+ (GIRK) channels, which 
negatively shift MDP, reduce the rate of diastolic 
depolarization, and decrease HR (Accili et  al. 
1998; Renaudon et al. 1997) (Fig. 7.3b).

 Circulating Factors

SAN function also is affected by circulating 
biogenic amines such as norepinephrine, epi-
nephrine, histamine, serotonin, thyroid hormone 
(Gordan et  al. 2015). Circulating catechol-
amines released by the adrenal glands (epineph-
rine, norepinephrine, and dopamine, when 
converted to epinephrine or norepinephrine) 
bind to α- or β-ARs and cause an increase in HR 
through similar mechanisms to neurotransmit-
ters released by sympathetic neurons. 
Histamines are released primarily from mast 
cells in the heart, but also from basophils, and 
cause an increase in HR by activating G protein-
coupled receptors that increase intracellular 
cAMP and PKA levels. It also acts as a neuro-
modulator by stimulating the release of norepi-
nephrine from sympathetic nerves (Kevelaitis 
et al. 1994). The response to serotonin (5-HT) is 
complex. It binds to many different receptor 
types (Saxena and Villalon 1990), both directly 
on cardiac tissue and also on autonomic nerve 
terminals. Thus, it can cause both an increase or 
a decrease in HR (Linden et al. 1999; Villalon 
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and Centurion 2007; James 1964; Centurion 
et  al. 2002; Gothert et  al. 1986). Thyroid hor-
mones act on nuclear hormone receptors and 
alter expression of cardiac ion channels. They 
influence HR over a longer timescale. High thy-
roid hormone levels cause an increase in HR by 
increasing If by increasing HCN channel expres-
sion (Renaudon et  al. 2000; Pachucki et  al. 
1999; Gloss et al. 2001). Similarly, parathyroid 
hormone, synthesized by the parathyroid gland, 
acts on parathyroid receptors to increase intra-
cellular cAMP and PKA (Potthoff et  al. 2011; 
Chorev 2002), which increases the amplitude of 
If (Critchley et  al. 2010), and thus the rate of 
diastolic depolarization and HR (Shimoni 
1999).

In summary, HR is influenced by multiple 
extrinsic factors, some of which increase HR, pri-
marily by increasing If and diastolic depolarisa-
tion through enhanced cAMP and PKA 
production, and some which decrease HR, pri-
marily by lowering MDP and inhibiting diastolic 
depolarization. Together, these processes main-
tain HR at closely controlled levels.

 Intrinsic SAN Control

 Intracardiac Nervous System

As is the case with extrinsic control of the SAN, 
intrinsic control occurs partly through neuronal 
mechanisms, mediated by the intracardiac ner-
vous system (ICNS). The ICNS comprises a col-
lection of efferent, interconnecting, and afferent 
neurons within the heart (Ardell and Armour 
2016). Functional and anatomical data have 
shown that the ICNS not only receives input from 
extrinsic efferent neurons, but also from local 
interneurons and afferent neurons from other 
locations within the heart. It thus forms intracar-
diac circuits, which are important for the internal 
processing and reflex control of cardiac function 
(Beadling et al. 1999; Gagliardi et al. 1988). As a 
result, even after acute (Gagliardi et al. 1988) or 
chronic (Hodgin et al. 2001) isolation of the heart 
from the central nervous system (decentraliza-
tion), the ICNS remains responsive to changes in 

the cardiac environment. It has been estimated 
that less than 20% of intracardiac neurons receive 
direct inputs from extrinsic nerves, and instead 
act as interconnecting neurons (Armour 2008).

 Myogenic Peptides

Locally released peptides from cardiac myo-
cytes, fibroblasts, and endothelial cells within or 
in close proximity to the SAN can modulate HR 
by paracrine or autocrine actions. They often are 
released as neurotransmitters and act in con-
junction with the autonomic nervous system as 
neuropeptides, neuromodulators, or neurohor-
mones (Beaulieu and Lambert 1998). For 
instance, vasoactive intestinal polypeptide 
(VIP) is a neuropeptide co-released with acetyl-
choline from parasympathetic neurons. It has 
the opposite effect of acetylcholine and thus 
moderates its effect. VIP binds to GPCRs that 
activate Gs- protein cascades that increase cAMP 
and PKA and which shifts the activation curve 
of If. The result is increase in the rate of dia-
stolic depolarisation and HR (Hoover 1989; 
Chang et al. 1994; Accili et al. 1996). Release of 
VIP potentially could be a factor in the persis-
tent tachycardia often seen in patients with pan-
creatitis without being related to volume status. 
Another example is the calcitonin gene-related 
peptide (CGRP), a neuromodulator that 
increases HR by blocking vagal stimulation 
(Bell and McDermott 1996), but in the presence 
of autonomic antagonists, also acts directly on 
SAN cells (Beaulieu and Lambert 1998). 
Another example of a locally synthesized pep-
tide with both neuromodulatory and direct SAN 
cell effects is angiotensin II, which is highly 
concentrated at the level of the SAN artery 
(Saito et al. 1987). Angiotensin II can stimulate 
the release of catecholamines from sympathetic 
neurons (Torrente et  al. 2016), but also stimu-
lates type 1 angiotensin II receptors to decrease 
ICaL and HR (Lambert 1995; Habuchi et al. 1995; 
Sheng et  al. 2011; Kobayashi et  al. 1978; 
Lambert et al. 1991; Sechi et al. 1992). Similarly, 
endothelin-1 and -3, produced and secreted by 
endothelial cells and acting through endothelin 
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receptors A and B, can cause an increase or 
decrease in HR (Saito et  al. 1987; Ono et  al. 
2001; Tanaka et al. 1997; Ishikawa et al. 1988; 
Ju et al. 2011; Minkes et al. 1990).

Perhaps the most important myogenic pep-
tides in terms of their HR effects are natriuretic 
peptides (NP), one of the primary factors released 
by atrial cells (Potter and Magder 2006; Reinhart 
et al. 2004). Three principal NPs are present in 
cardiac myocytes and fibroblasts, atrial NP 
(ANP), B-type NP (BNP), and C-type NP (CNP), 
which act on three NP receptors (NPR), NPR-A, 
NPR-B, and NPR-C (Moghtadaei et  al. 2016). 
NPR-A, which binds ANP and BNP, and NPR-B, 
which is selectively activated by CNP, are guany-
lyl cyclase-linked receptors and enhance cGMP 
signalling (Lucas et  al. 2000). NPR-C, which 
binds all NPs with similar affinity, is coupled to 
inhibitory G-proteins which inhibit adenylyl 
cyclase and thus cAMP signalling (Rose and 
Giles 2008; Anand-Srivastava 2005). Among 
their other functions, NPs affect HR through 
direct effects on SAN cells (Rose and Giles 2008; 
Springer et al. 2012; Azer et al. 2012). By acting 
on NPR-A, BNP and CNP, they increase If and 
total ICa,L and thus the rate of diastolic depolarisa-
tion and HR (Springer et al. 2012; Lonardo et al. 
2004). In contrast, activation of NPR-C does not 
affect SAN activity in basal conditions, but in the 
presence of β-AR activation it decreases ICa,L (but 
interestingly not If), the rate of diastolic depolari-
sation, and HR (Springer et al. 2012; Azer et al. 
2012; Rose et al. 2004). Thus, NPs can modulate 
the SAN via activation through both stimulatory 
NPR-A/B and inhibitory NPR-C, which elicit 
opposing effects that increase HR in some condi-
tions but decrease it in others. The net results 
depend on the extent of β-AR activation and the 
relative contribution of each NPR under varying 
physiological conditions (Moghtadaei et  al. 
2016; Azer et al. 2012, 2014).

 Tissue Stretch

Cardiac function is affected by feedback from the 
myocardium’s mechanical state to its electrical 
activity. This phenomenon known as mechano- 

electric feedback or coupling (Quinn et al. 2014; 
Quinn and Kohl 2016). The SAN specifically 
responds on a beat-by-beat basis to changes in 
hemodynamic load (Quinn and Kohl 2012; Quinn 
et  al. 2011). This was first recognized as an 
increase in HR with atrial distension by intrave-
nous fluid injection (Crystal and Salem 2012). 
Similar effects have since been observed in a 
wide variety of vertebrates (Pathak 1973), includ-
ing human (Donald and Shepherd 1978). Stretch- 
induced increases in HR occur also in the isolated 
heart (Blinks 1956), SAN tissue (Blinks 1956; 
Deck 1964), and SAN cells (Cooper and Kohl 
2005), indicating that the response is intrinsic to 
the heart. Furthermore, the response is insensitive 
to ablation of intracardiac neurons (Wilson and 
Bolter 2002), blockage of neuronal sodium chan-
nels (Wilson and Bolter 2002; Chiba 1977), as 
well as adrenergic and cholinergic blockade 
(Blinks 1956; Wilson and Bolter 2002; Chiba 
1977; Brooks et al. 1966). This implies that non- 
neuronal mechanisms are involved. The increase 
in HR with stretch is associated with both an 
increase in MDP and the rate of diastolic depo-
larisation allowing for shorter time to an AP 
(Deck 1964). This can be explained by a 
mechano- sensitive whole-cell current presum-
ably carried by cation non-selective stretch- 
activated channels (Cooper and Kohl 2005; 
Cooper et  al. 2000; Peyronnet et  al. 2016), 
although a stretch-induced increase in the current 
and activation and deactivation rate of HCN 
channels also has been observed (Lin et al. 2007; 
Calloe et al. 2005).

There appears to be an interaction between 
mechanical and autonomic HR modulation. In 
intact animals (Bolter and Wilson 1999; Bolter 
1994) and isolated atria (Bolter 1996; Wilson 
and Bolter 2001; Barrett et al. 1998), an increase 
in atrial pressure induces both HR acceleration 
and a significant reduction in the percentage 
response to vagal stimulation. Vice versa, when 
HR is first reduced by vagal stimulation, the HR 
response with stretch is augmented which could 
have value for a more rapid increase in heart 
rate with the onset of exercise in well-condi-
tioned persons who usually have high basal 
cholinergic tone.
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 Determinants of the Heart Rate 
Dependence of the Length 
of the Action Potential

As already discussed, if the duration of systole 
does not shorten at fast heart rates, diastolic fill-
ing is compromised. For systole to shorten, AP 
duration (APD) must shorten (Fig. 7.4). After an 
increase in HR, or an early excitation, there first 
is an immediate change in APD, followed by a 
slower transient change if the new faster HR is 
maintained, after which APD eventually reaches 
a new steady state. Different mechanisms account 
for each.

 Immediate Change in APD After 
a Sudden Decrease in HR or 
a Premature Excitation

In general, the first APD after a sudden increase 
in HR, or a premature excitation, is shortened, an 
effect known as restitution. The degree of the ini-
tial change in APD depends on how soon after 
repolarisation of the previous AP the early excita-
tion occurred (‘coupling interval’). This is 

explained by considering the dynamics (activa-
tion/inactivation and deactivation/re-priming) of 
ion currents in cardiac cells. When there is an 
early excitation, ion currents that inactivate dur-
ing an AP have a decreased amplitude during the 
early excitation. The effect on the amplitude pro-
gressively increases with an increase in coupling 
interval. In working myocytes, this impacts the 
inward INa and ICaL currents, and results in faster 
repolarisation and thus APD shortening. In con-
trast, reduced amplitude of outward currents that 
undergo inactivation (i.e. Ito and IKur) prolongs 
APD. However, during most of the AP, other key 
outward currents that do not inactivate (i.e. IKr 
and IKs) undergo mainly activation, and do not 
deactivate until the diastolic phase. As a result, 
when a premature excitation occurs, these cur-
rents remain partly active and accumulate with 
the additional AP and contribute to faster repo-
larisation and APD shortening (Carmeliet 2004; 
Carmeliet 2006).

While these are the dominant ion current 
changes for the immediately shortening of APD 
with early excitation, there also is a contribution 
of rapid changes in ion fluxes carried by trans-
porters. During premature excitation, the ampli-
tude of the inward INCX is markedly decreased 
because it depends primarily on the amount of 
Ca2+ released from the SR, which is reduced dur-
ing early excitation because of incomplete SR 
refilling (Janvier et  al. 1997). Similar to the 
decrease in other inward currents, this reduction 
in INCX results in a shorter AP.

In summary, with a sudden increase in HR or 
a premature excitation, the combined action of INa 
and ICaL inactivation and IKr and IKs accumulation 
accelerate repolarisation, leading to an immedi-
ate shortening of APD (Carmeliet 2004, 2006). It 
should be noted, however, that the restitution pro-
cess is highly species-dependent; this chapter 
deals with humans.

Along with the effects of increased HR or 
early excitation on APD being species- dependent, 
effects vary regionally across the heart (i.e. dif-
ferences between the atria and ventricles and the 
sub-endocardium and -epicardium) due to differ-
ences in channels and transporters. For instance, 
in the ventricle, Ito is more highly expressed and 
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Fig. 7.4 Significance of the plateau of the myocardial 
action potential for cardiac contractions. Ca2+ enters 
myofibres, and is released from the sarcoplasmic reticu-
lum during the plateau of the action potential and results 
in contraction. Ca2+ entry can be visualized by fluores-
cent probes, and this is seen to follow by contraction (ten-
sion) of the myofibre. The process ends when the myofiber 
repolarized which means that the plateau of the AP sets 
the limit of time for contraction and the peak force 
obtained during the cycle
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recovers from inactivation faster in sub- epicardial 
compared to sub-endocardial cells, resulting in a 
greater decrease in APD (Nabauer et al. 1996).

 Transient Change in APD After 
a Decrease in HR

The initial shortening of APD when there is a sud-
den increase in HR generally followed by a slow, 
gradual decrease in APD that occurs over a few 
seconds to minutes although in the first few sec-
onds oscillations in APD (alternans) can occur, 
due to the diastolic interval alternating in a short-
long sequence before gradually reaching a steady 
state. The transient decrease in APD is principally 
driven by: (i) increased intracellular Na+ concen-
tration ([Na+]i, due to the increased influx of Na+ at 
the increased HR; (ii) increased intracellular Ca2+ 
concentration ([Ca2+]i, due to the decrease in the 
diastolic interval, which alters the equilibrium 
between Ca2+ influx via ICaL during the AP and 
Ca2+ efflux via the NCX during diastole, as well as 
Ca2+ influx via reverse-mode NCX activity driven 
by the increase in [Na+]i with the increased HR; 
and (iii) increased extracellular concentration of 
K+ ([K+]o) (Carmeliet 2004, 2006). These changes 
in ion concentrations affect APD by altering the 
flux of ions through various channels and trans-
porters (Carmeliet 2004, 2006).

In addition to changes in ion concentrations, 
transmembrane ion fluxes also are altered by the 
increased sympathetic nervous system activity 
that often drives the increase in HR. Activation of 
PKA by stimulation of β-ARs results in phosphor-
ylation of RyR, and SERCA. This increases the 
load of Ca2+in the SR which facilitates Ca2+ 
release (Carmeliet 2004, 2006). The increased SR 
Ca2+-release causes Ca2+-induced inactivation of 
ICaL and activation of ICl and protein kinase C 
(PKC), which further increase IKr and INaK and 
inhibits the slowly inactivating (also known as the 
late, sustained, or persistent) Na+ current whose 
magnitude is further reduced due to accumulation 
of intracellular Na+ with an increase in HR 
(Tateyama et  al. 2003). Combined, these β-AR-
driven changes contribute further to more rapid 
repolarisation and a subsequent decrease in APD.

 APD at a New Steady State

Once steady state is reached after an increase in 
HR, APD generally is decreased in a 
HR-dependent manner. This relationship, how-
ever, does not hold true at lower HRs (of around 
60 beats per minute or less). In this range, little 
change in APD occurs with a change in HR.

 Intrinsic Heart Rate

In a classic paper, Jose and Collison determined 
the spontaneous intrinsic beating frequency of 
hearts of healthy individuals without any auto-
nomic activity (Jose and Taylor 1969; Jose and 
Collison 1970). To do so, they inhibited parasym-
pathetic activity by blocking muscarinic recep-
tors with atropine, and sympathetic activity by 
blocking beta-adrenergic receptors with propa-
nol. The average heart rate in 25 year-old- subjects 
was 106/minute. Intrinsic heart rate declined with 
age at a rate of 0.057 beats/min per year. By the 
age of 60, intrinsic heart rate was 90 beats/min. 
They also found that subjects with myocardial 
dysfunction had an additional loss of the intrinsic 
rate not accounted for by age alone.

Normal resting heart rate in humans with rest-
ing autonomic activity is 70 beats/min and often 
lower in active individuals. This indicates that 
parasympathetic activity must dominate the rest-
ing state. However, there also must be resting 
sympathetic activity because beta-blockade low-
ers the resting heart rate (Jose and Taylor 1969). 
This is an example of nature driving with her 
foot on the gas and break at the same time 
(Magder 2012). The advantage of having oppo-
site processes active at the same time is that it 
allows a more rapid change. For example, at the 
start of exercise, the parasympathetic output is 
quickly withdrawn and the sympathetic output 
increased so that there is a rapid acceleration of 
the heart rate which then can accommodate a 
rapid increase in venous return (Notarius and 
Magder 1996).

The ratio of heart mass to body weight of 0.6% 
is consistent throughout all mammals,  including 
humans (Dobson 2003, Bettex 2014). Heart mass 
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ranges from around 0.5  kg in a normal male to 
600  kg in a blue whale. Resting heart rate is 
inversely proportional to body size and ranges 
from 600 min−1 in a shrew (2–5 g) to 6–12 min−1 
for blue whale (Levine 1997). Life expectancy is 
also related to heart rate (Levine 1997), which 
means that the total number of heart beats in a 
lifetime is relatively constant at 1.1 billion and the 
total body O2 consumed per body weight is also 
similar.

 Normal Control of Heart Rate 
During Exercise

The importance of parasympathetic withdrawal 
at the onset of exercise was demonstrated by 
Fagraeus and Linnarsson (1976). They used com-
bined parasympathetic and sympathetic blockade 
to determine the role of these systems in the 
change in heart rate from rest to light exercise. 
The increase in heart rate was primarily due to 
vagal withdrawal and occurred in approximately 
10 s. Over the ensuing 20 s, vagal tone increased 
and produced some slowing of the heart rate, 
indicating an initial overshoot and a dynamic 

interaction between sympathetic and parasympa-
thetic systems.

Maximal aerobic exercise is one of for the 
greatest challenges to the cardiovascular system, 
and the adaptations of cardiac output and heart 
rate provide important insights into how the sys-
tem is regulated (Magder et al. 2019). Peak exer-
cise is determined by the amount of oxygen that 
can be consumed by the working muscle (VO2). 
VO2 can increase 12-fold at peak performance in 
a healthy young males (Astrand 1976). The rise 
in VO2 is associated with a linear increase in car-
diac output, which can increase to 4–5 times the 
normal resting value (Åstrand et  al. 1964) 
(Fig. 7.5). The relationship of cardiac output to 
VO2 is so tight that if the oxygen consumption is 
known, and the haemoglobin is normal, the 
increase in cardiac output can be estimated with 
an accuracy of about ± 5%. This indicates that 
under normal physiological activity, cardiac out-
put tightly follows the energy demands which is 
represented by VO2.

The control of heart rate, though, is very dif-
ferent. Heart rate, too, increases relatively lin-
early with energy demands, but not as precisely 
as cardiac output. More importantly, heart rate 

Arm vs leg work

Absolute Relative

180
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Fig. 7.5 Concept of relative work load and illustrated by 
arm versus leg exercise. Because legs are much larger than 
arms, they can generate a higher workload and thus a 
higher oxygen consumption (VO2). Heart rate increases 
linearly with VO2. However, maximum heart rate is the 
same with leg and arm exercise. Accordingly, the slope of 

the increase in heart rate with VO2 is flatter with leg exer-
cise than arm exercise. However, if instead of the x-axis 
being VO2 in absolute numbers, it is instead plotted as a 
percent of maximal capacity of the muscle (i.e. relative 
capacity), the two curves overlap
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increases in proportion to what is called the ‘rela-
tive workload’. To understand these concepts, it 
first needs to be appreciated that maximum heart 
rate is related to age. Thus, at the same age, male 
and females, tall versus short, high aerobic capac-
ity versus low aerobic capacity, and fit versus 
unfit persons, all have the same maximum heart 
rate, assuming that they are healthy. However, 
they obviously do not have the same aerobic 
capacity. Thus, at any given workload and VO2 in 
L/min (not normalized to body size), the heart 
rate is lower in a person who has a higher maxi-
mum VO2 than in a person who has a lower maxi-
mum VO2 (Fig.  7.5) because the workload is a 
lower percent of the person’s capacity. Based on 
this, most women have a higher heart rate at a 
given workload than men because they are on 
average smaller and have a lower maximum VO2 
max. However, if heart rate is normalized to the 
percent of the individual’s capacity, that is, the 
person’s work load as a percentage of their maxi-
mum VO2, the lines of heart rate versus percent of 
capacity for all subjects are superimposable. The 
usefulness of this is that if you know your maxi-
mum heart rate, then the percent of your maxi-
mum heart rate at which you are exercising 
indicates what the percentage the workload is of 
your maximum capacity. A useful training rate is 
around 70% of peak aerobic capacity because 
that is a rate that can be sustained for more pro-
longed periods; above that rate, lactate increases 
and steady-state conditions usually cannot be 
sustained (Astrand and Rodahl 1977).

A likely explanation for the relationship of 
heart rate to the ‘relative’ workload is that output 
from the sympathetic nervous system increases 
in proportion to muscle effort through both cen-
tral command and afferent signals from periph-
eral muscle (Mitchell and Shephard 1993). As 
discussed above, increased beta-adrenergic 
 activity is a major factor in increasing the SAN 
depolarization.

There are important pathophysiological con-
sequences of these basic concepts. Cardiac out-
put is the product of heart rate and stroke volume. 
Heart rate is controlled by the relative workload 
and cardiac output by the VO2. Since heart rate 
and cardiac output are controlled variables, it fol-

lows that stroke volume must be a dependent 
variable. There is no central sensor for stroke vol-
ume; changes in stroke volume occur through the 
Frank-Starling length–tension relationship.

The increase in heart rate is a predominant 
factor for the increase in cardiac output during 
exercise. In a young male, heart rate can increase 
almost threefold, whereas the stroke volume in 
the upright posture increases by 60–90% (Åstrand 
et al. 1964; Cassidy and Mitchell 1981) and only 
about 10% when supine (Magder et  al. 1987). 
The increase in heart rate creates a steep rise to 
the cardiac function curve. As a consequence, the 
heart becomes much more preload responsive 
because every stroke volume is affected and there 
are more stroke volumes per minute (Fig.  7.6). 
The effect of heart rate on the preload responsive-
ness is likely a variable that should be accounted 
for when examining the sensitivity of predictors 
of fluid responsiveness. The percent change in 
cardiac output for the same change in preload 
likely is higher at higher heart rates because of 
the steeper slope to the cardiac function curve, 
although this has not been tested.

Q
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0 4 10

Fig. 7.6 Illustration of the dependence of the change in 
cardiac output for a change in preload to an increase in 
heart rate. An increase in heart rate makes the upslope of 
the cardiac function curve steeper and the plateau higher. 
Thus, the change in cardiac output is much large for a 
change in preload

7 Physiology of Heart Rate



98

Heart rate during exercise is driven by three 
mechanisms: central drive, baroreceptor feed-
back, and afferent signals from working muscle 
(Mitchell and Shephard 1993; McCloskey and 
Mitchell 1972). In addition, other central nervous 
system outputs (i.e. conscious thoughts), hor-
mones, and generalized metabolic signals can 
change heart rate through the many currents dis-
cussed in the section on regulation of the SAN. As 
a consequence, based on the discussion above, 
changes in stroke volume are much less predict-
able than changes in cardiac output. Central drive 
describes the process by which motor signals 
descending to muscles from the parietal cortex 
and spillover into hypothalamic and medullary 
centres that regulate autonomic activity. This 
increases sympathetic output and inhibits vagal 
output. The initial vasodilation in the working 
skeletal muscle produces a large decrease in sys-
temic vascular resistance which would markedly 
decrease arterial pressure except for the rapid 
response by the carotid baroreceptors, which 
decreases output from the cardio-inhibitory para-
sympathetic pathway and decreases the inhibi-
tion of the cardio-stimulatory centre (Raven et al. 
2019). The net effect is increased sympathetic 
output, including direct stimulation of the sinus 
node. The third factor is relevant to the critically 
ill patient. Type III and IV thin unmyelinated 
afferent nerve fibres are activated by metabolic 
signals in working muscles (McCloskey and 
Mitchell 1972; Kaufman et  al. 1982; Kaufman 
et al. 1985; Magder 2001). These signals include 
mechanical stretch, increased concentration of 
K+ and arachidonic acid metabolites, osmolality, 
hypoxia, and hydrogen ions (Kaufman et  al. 
1982). The diaphragm and other respiratory mus-
cles also have these afferents. When the work of 
breathing is increased, afferents signals from 
these tissues increase central sympathetic output 
and contribute to an increased heart rate. These 
afferent signals also increase the drive to breathe 
which produces the rapid shallow breathing asso-
ciated with fatigued respiratory muscles (Magder 
2001; Teitelbaum et  al. 1993; Hussain et  al. 
1991). Adding to this the patient’s mental distress 
and a tachycardia is inevitable. Small unmyelin-
ated afferents in other organs, too. They are par-

ticularly dense in the region of the celiac axis. 
These can be activated by inflammation in this 
region, and also can drive an increase in heart 
rate. Likely, for this reason, patients with pancre-
atitis often have sustained high sinus rates. As 
discussed above, release of vasoactive peptide by 
the pancreas and its surrounding sympathetic 
fibres may also contribute (Said 1986). Their 
heart rates often can be in the 120–130 beats/min 
range, and it is important to appreciate that this 
does not indicate hypovolemia even though these 
patients often are intravascular volume-depleted.

 Heart Rate, Beta Blockers, 
and Ejection Fraction

As already noted, cardiac output is tightly related 
to metabolic demand. This means that venous 
return, too, is regulated by metabolic demand, 
and the heart handles this return through its heart 
rate and stroke volume. This has an important 
consequence when pharmacologically manipu-
lating heart rate with, for example, a beta blocker. 
Except for perhaps some adjustments when a 
beta blocker is first started, cardiac output usually 
does not change with chronic beta blocker ther-
apy. Thus, venous return also must be the same. If 
venous return is the same and heart rate is slowed, 
the end-diastolic volume must be increased and 
the stroke volume then is increased through the 
Frank-Starling mechanism. This normal response 
can happen as long as right ventricular end- 
diastolic volume is not limited and the heart is 
functioning on the flat part of the cardiac function 
curve. Because both stroke volume and end- 
diastolic volume increase, the calculated ejection 
fraction increases, but this does not mean that 
there actually was any change in cardiac function 
as often is argued. The increase in ejection frac-
tion is simply a mathematical result of the chang-
ing ratio of stroke volume to end-diastolic 
pressure. On the other side, in distributive shock, 
venous return is increased but there are no central 
command signals to produce the usual increase in 
heart rate (except perhaps form the hypotension 
and baroreceptor activation as well as through 
direct cytokine activation); the myocardium often 
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also is depressed in sepsis. Consequently, right- 
sided filling pressures usually are increased and 
the right ventricle becomes limited at an end- 
diastolic volume that is not sufficient to provide 
the necessary higher blood pressure to match the 
decrease in peripheral resistance. Blood pressure 
then decreases.

Another important consequence of the inter-
action of heart rate, stroke volume, and cardiac 
output is the addition of the cyclic heart–lung 
interactions from ventilation. As discussed in the 
chapters on right ventricular function and heart–
lung interactions, the independent respiratory 
effects on filling and loading of the right and left 
ventricles, and time delay for changes in the right 
ventricle to reach the left ventricle, are modified 
by the phasic interactions of the cardiac cycle. In 
the background is the return of blood, which is 
relatively constant over time since it is based on 
the metabolic activity of the body, that is, flow 
follows metabolic need. A modification of this is 
needed when there is active recruitment of 
abdominal muscles because the changing perito-
neal pressure can alter emptying of the splanch-
nic venous reservoir, as well as the return of 
blood from the legs. The implication is that the 
final magnitude of the impact of ventricular and 
ventilator interactions cannot be studied in isola-
tion. The dominant variable is the steady-state 
flow need, and moment-to-moment changes in 
ventricular size may be measureable but likely 
have only modest effects on overall oxygen 
delivery.

 Tachycardia and Hypovolemia

Medical personnel often react to tachycardia as a 
sign of hypovolemia, but heart rate bears a poor 
relationship to hypovolemia because there are no 
‘volume’ receptors in the system except for some 
mild afferent fibers in the atria and ventricles 
(Coleridge and Coleridge 1980). More than likely 
the increase in heart rate with hypovolemia is due 
to local receptors that are activated by the isch-
emia from inadequate tissue perfusion, or by 
direct action of the cytokines involved in inflam-
mation acting on the cardiac excitatory centres in 

the brain and directly on the SAN. A number of 
studies have examined the sensitivity of heart rate 
and the blood pressure response to hypovolemia. 
One study compared the detection of hypovole-
mia by measurement of the pH in the stomach 
wall by gastric tonometry (pHi) to changes in 
heart rate and blood pressure. To do so, they 
removed 20% of predicted blood volume in nor-
mal subjects (Hamilton-Davies et al. 1997). In 5 
of the 6 subjects, heart rate and blood pressure 
did not change, and in the sixth heart rate slowed 
because he became vasovagal. The gastric tonom-
eter, however, detected a decrease pH in the gas-
tric mucosa in all subjects indicating that 
splanchnic perfusion was impaired despite the 
lack of change in heart rate and blood pressure. If 
the subjects had stood up, though, they likely 
would have been tachycardic because the gravita-
tional stress would have increased the effect of 
the hypovolemia and induced a baroreceptor 
response. These observations indicate that loss of 
volume has to be severe to activate an increase in 
heart rate in a supine patient. In trauma, pain and 
anxiety are more likely to be the cause of the 
tachycardia than hypovolemia.

An accelerated heart rate allows a more rapid 
increase in cardiac output. This is seen especially 
in racing animals, but also can be seen in humans 
as an ‘anticipatory’ response. The faster heart 
rate means that the diastolic volume is lower than 
normal and can immediately handle an increase 
in venous return per beat.

 Bainbridge Reflex

Another factor that can increase heart rate is 
called the Bainbridge reflex (Crystal and Salem 
2012; Bainbridge 1915; Hakumaki 1987). As dis-
cussed in the section on regulation of the SAN, 
stretch of atrial tissue can directly alter the rate of 
SAN depolarization, even in isolated SAN cells 
without innervation (Blinks 1956; Cooper and 
Kohl 2005). This unusual reflex is a feed-forward 
mechanism. A sudden increase in right atrial 
 distension triggers an increase in heart rate. It also 
blocks normal baroreceptor activity that would 
have suppressed the heart rate increase. This was 
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made evident by showing that inactivation of the 
baroreceptors dos not alter the heart rate response 
(Vatner et al. 1975). In the intact person, a reflex 
pathway also is active. The mechanism for the 
reflex is thought to be activation of atrial type B 
receptors by atrial stretch (Crystal and Salem 
2012; Hakumaki 1987). Afferent signals from 
these cells increase sympathetic discharge to the 
heart and decrease vagal activity. Sympathetic 
activity to peripheral resistance vessels also 
increases and maintains the increased arterial 
pressure. As originally proposed by Bainbridge, 
the reflex allows the heart rate to respond faster to 
a sudden increase in venous return as occurs at the 
onset of exercise as discussed under the rapid 
vagal withdrawal at the onset of exercise (Notarius 
and Magder 1996; Fagraeus and Linnarsson 1976; 
Linnarsson 1974). As will be seen later, the conse-
quent shortened diastolic time also limits the dis-
tension of the right heart. Finally, the suppression 
of baroreceptor reflex prevents it from countering 
the increase in heart rate. The activity of this 
reflex likely is minor in critically ill patients 
receiving volume boluses. In one study, there was 
only an average decrease of 1 mmHg whether a 
colloid or crystalloid was given (Magder and 
Bafaqeeh 2007).

 Heart Rate and the Interaction 
of Venous Return and Cardiac 
Function in the Guyton Analysis

The impact of a change in heart rate on cardiac 
output can be analysed with Guyton’s venous 
return cardiac function diagram, which was dis-
cussed in Chap. 2. An increase heart rate shifts 
the cardiac function upward and to the left. As a 
consequence, the cardiac function curve inter-
sects the venous return curve at a lower right 
atrial pressure and higher cardiac output. This 
effectively makes the heart more ‘permissive’, 
in that it allows more blood to come back. The 
cardiac function curve shifts because at the 
same right atrial pressure, that is, same preload, 
there are more stroke volumes per minute. An 

increase in heart rate also means that there are 
more plateaus of the action potential which 
results in greater intracellular calcium influx, a 
major determinant of cardiac contractility. This 
increases the peak slope of the end-systolic 
pressure–volume relationship (end-systolic 
elastance).

However, there are limits to these processes, 
and these have clinical implications. When right 
atrial pressure is below atmospheric pressure, 
and the pressure inside a floppy vein is less than 
the pressure outside, the vessel collapses. This 
creates a plateau on the venous return curve and 
flow does not increase when right atrial pressure 
is lowered further. This means that in the steady 
state an increase in cardiac function may lower 
right atrial pressure but does not increase car-
diac output. Furthermore, if cardiac output does 
not change, and heart rate increases, stroke vol-
ume has to decrease. This is the normal state 
when sitting or standing, but not when moving 
(Notarius et  al. 1998). The cardiac function 
curve also frequently intersects the plateau of 
the venous return curve in patients who are on 
positive pressure ventilation because the limita-
tion to venous return occurs at pressures above 
atmospheric pressure. A clinical consequence of 
this physiological point is that when cardiac 
output is measured with a device that is based 
on a stroke volume measurement, a fall in stroke 
volume does not mean that there necessarily has 
been a fall in cardiac output; the product of heart 
rate and stroke volume must be examined.

At the other end of the spectrum, that is, when 
the venous return curve intersects the plateau of 
the cardiac function, giving volume cannot 
increase stroke volume and an increase in heart 
rate, an increase in contractility, or a decrease in 
afterload are required to increase cardiac output 
by shifting the cardiac function upwards. 
However, what is not evident with the Guyton 
venous return curve is that the heart rate effect 
can be limited if the inevitably shortened dia-
stolic time limits venous return per beat. In this 
case, cardiac output falls. This would ‘appear’ as 
an increase in venous resistance.
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 Heart Rate and Diastolic Limitation

Heart rate is especially important when there is 
left ventricular diastolic dysfunction and end- 
diastolic pressure needs to be higher for a given 
end-diastolic volume. As discussed above, slow-
ing the heart rate by beta blocker requires an 
increase in stroke volume to maintain cardiac 
output. In a heart with decreased diastolic capac-
ity, this can significantly increase end-diastolic 
pressure. This is especially a problem during 
exercise because the stroke volume needs to 
increase even more. It is important to determine 
if a patient’s dyspnea on exertion is due to myo-
cardial ischemia, in which case limiting the heart 
rate is a good therapeutic option, or whether is it 
due to a stiff left ventricle, in which case a beta 
blocker will can make congestive symptoms 
worse.

The limit of diastolic filling in the right heart 
and the decline in peak heart with aging is a 
major factor for the decline in VO2 with age. An 
estimate of the age-related peak heart rate is: 
Max heart = 220 − age in beats per minute. Based 
on this, the peak heart rate of a 20-year old is 
close to 200 and in a 60-year old, it only is 160 
beats per minute. Normally, exercise that is pro-
longed for more than 5–10 minutes only can be 
sustained at approximately 70–80% of the per-
son’s maximum aerobic capacity; in a 60-year 
old male, 80% of peak heart rate is 128 b/min 
compared to 160 in the 20-year old.

The significance of heart rate limitation can be 
seen in a quantitative analysis. If the aerobic 
demand requires a cardiac output of 20  L/min, 
and the peak heart rate is only 120 b/min, the 
stroke volume would have to be 168 ml. However, 
in an average-sized person, the limit of diastolic 
filling is less than 140  ml so that this is not 
possible.

A low heart rate has different effects on the 
right and left ventricles. On the right side, dia-
stolic filling pressures generally are low until the 
limit of right-sided filling is reached. Assuming a 
right ventricular end-diastolic volume of 130 ml, 
and a cardiac output of 5  L/min to meet meta-
bolic needs, the lowest tolerable heart rate would 
be 38 b/min; a heart beat lower than this will 

lower the cardiac output because the stroke vol-
ume would be limited. On the left side, because 
of the steeper diastolic filling curve, and espe-
cially in subjects with diastolic dysfunction, a 
low heart rate can markedly increase end- diastolic 
pressure and the likelihood of pulmonary 
congestion.

 Supply Demand of the Heart

The risk of myocardial ischemia is analysed by 
considering the factors determining myocardial 
oxygen demand and the factors affecting the sup-
ply of oxygen. Myocardial oxygen consumption 
(MVO2) is determined by a baseline need to 
maintain cell function and the need for the work 
done by the heart. The three determinants of oxy-
gen for cardiac work are heart rate, contractility, 
and wall tension, the latter of which is determined 
by the peak systolic pressure and the radius of 
curvature of the ventricular walls (Katz 1992). 
Heart rate and systolic pressure are easy to obtain, 
and contractility usually rises with a rise in heart 
rate. Thus, the product of heart rate and systolic 
pressure gives a good indication of MVO2. This is 
the rationale behind standard exercise testing. 
Most of the information is given by just the heart 
rate but adding the systolic pressure gives what is 
called the rate-pressure product, which gives a 
pretty good indication of myocardial oxygen 
demand.

O2 is supplied to the heart by coronary flow. 
Just as occurs in the whole body, coronary blood 
flow is tightly related to MVO2. ‘Rest state’, 
means a heart rate of approximately 70 b/min, 
where the heart extracts about 70% of the oxygen 
content in the coronary blood. In comparison, 
only about 25% is extracted from the blood for 
the whole body. Because of this, the heart is espe-
cially dependent upon coronary flow. There is 
little reserve for more extraction and anaerobic 
metabolism provides too little energy to maintain 
the working heart. Besides coronary flow, the 
other factors affecting O2 delivery to the heart are 
haemoglobin concentration and arterial oxygen 
saturation. Coronary flow is determined by the 
pressure difference between the aorta and a 
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downstream critical pressure of 25–30  mmHg 
(Bellamy 1978), which is dependent upon the 
diastolic pressure in the ventricle and activity of 
the heart.

The range of coronary flows in the heart is 
huge. Resting coronary blood flow is in the range 
of 80 ml/min/100 g of tissue. At peak exercise in 
a young male, this can increase to 500  ml/
min/100  g, a greater than fivefold increase 
(Bellamy 1978, 1980). In comparison, flow in 
resting skeletal muscle is 5–7 ml/min/100 g, and 
at peak exercise blood flow in aerobically active 
muscles reaches around 200 ml/min/100 g. The 
implication of this is that coronary reserves are 
very large and as long as there is no proximal 
coronary artery stenosis, the myocardium can 
handle a large increase in heart rate. Furthermore, 
most of the resistance in the coronary vasculature 
is at the level of arterioles. Only about 5% of the 
pressure drop occurs in the large epicardial coro-
nary vessels seen on an angiogram. It can be 
shown that it requires more than a 70% proximal 
stenosis of a coronary vessel to impact signifi-
cantly on maximum coronary flow.

 Conclusion

Control of heart rate is a complex process that is 
affected by the autonomic activity of the sympa-
thetic and parasympathetic systems as well as the 
impact of many endogenous and other circula-
tory factors directly on the SAN. Under normal 
conditions, the heart rate increases according to 
the relative external workload, whereas the car-
diac output increases according to the absolute 
workload. This means that stroke volume 
becomes a dependent variable based on the car-
diac output venous return and the heart rate. The 
heart rate sets the time available for filling and 
ejection by the heart, which ultimately deter-
mines what the heart can pump out. When the 
heart rate is increased by factors not related to 
aerobic workload, adaptations in the return of 
blood to heart, and in the ratio of diastolic to sys-
tolic time, may not be adequate for optimal car-
diac filling and emptying. Both ends of the 
spectrum of heart rates are important for cardiac 

output. If the heart rate is too fast for the rate of 
venous return, stroke volume is decreased. If the 
heart rate is too slow for the rate of returning 
blood, stroke volume becomes limited. Heart rate 
is the major factor for large normal increases in 
cardiac output but it also is a major factor in the 
energy needs of the heart. With normal coronary 
circulation, this is not a problem because of the 
large coronary reserves but it can be a problem 
when coronary oxygen delivery is limited.

References

Accili EA, Redaelli G, DiFrancesco D. Activation of the 
hyperpolarization-activated current (if) in sino-atrial 
node myocytes of the rabbit by vasoactive intestinal 
peptide. Pflugers Arch. 1996;431(5):803–5.

Accili EA, Redaelli G, DiFrancesco D.  Two distinct 
pathways of muscarinic current responses in rab-
bit sino-atrial node myocytes. Pflugers Arch. 
1998;437(1):164–7.

Anand-Srivastava MB. Natriuretic peptide receptor-C sig-
naling and regulation. Peptides. 2005;26(6):1044–59.

Ardell JL, Armour JA. Neurocardiology: structure-based 
function. Compr Physiol. 2016;6(4):1635–53.

Armour JA.  Potential clinical relevance of the 'lit-
tle brain' on the mammalian heart. Exp Phys. 
2008;93(2):165–76.

Astrand PO. Quantification of exercise capability and eval-
uation of physical capacity in man. In: Sonnenblick 
EH, Lesch M, editors. Exercise and heart disease. A 
progress in cardiovascular disease reprint. New York: 
Grune and Stratton; 1976. p. 87–103.

Astrand PO, Rodahl K. Physiological bases of exercise. 
Textbook of work physiology. Montreal: McGraw- 
Hill; 1977.

Åstrand P-O, Cuddy TE, Saltin B, Stenberg J.  Cardiac 
output during submaximal and maximal work. J Appl 
Physiol. 1964;19(2):268–74.

Azer J, Hua R, Vella K, Rose RA.  Natriuretic peptides 
regulate heart rate and sinoatrial node function by 
activating multiple natriuretic peptide receptors. J Mol 
Cell Cardiol. 2012;53(5):715–24.

Azer J, Hua R, Krishnaswamy PS, Rose RA. Effects of 
natriuretic peptides on electrical conduction in the 
sinoatrial node and atrial myocardium of the heart. J 
Physiol. 2014;592(Pt 5):1025–45.

Bainbridge FA. The influence of venous filling upon the 
rate of the heart. J Physiol. 1915;50(2):65–84.

Barrett CJ, Bolter CP, Wilson SJ.  The intrinsic rate 
response of the isolated right atrium of the rat, Rattus 
norvegicus. Comp Biochem Physiol A Mol Integr 
Physiol. 1998;120(3):391–7.

Bartos DC, Grandi E, Ripplinger CM. Ion channels in the 
heart. Compr Physiol. 2015;5(3):1423–64.

T. A. Quinn and S. Magder



103

Beadling C, Druey KM, Richter G, Kehrl JH, Smith 
KA.  Regulators of G protein signaling exhibit dis-
tinct patterns of gene expression and target G pro-
tein specificity in human lymphocytes. J Immunol. 
1999;162(5):2677–82.

Beaulieu P, Lambert C. Peptidic regulation of heart rate 
and interactions with the autonomic nervous system. 
Cardiovasc Res. 1998;37(3):578–85.

Bell D, McDermott BJ. Calcitonin gene-related peptide in 
the cardiovascular system: characterization of recep-
tor populations and their (patho)physiological signifi-
cance. Pharmacol Rev. 1996;48(2):253–88.

Bellamy RF. Diastolic coronary artery pressure-flow rela-
tions in the dog. Circ Res. 1978;43(1):92–101.

Bellamy RF. Calculation of coronary vascular resistance. 
Cardiovasc Res. 1980;14:261–9.

Blinks JR. Positive chronotropic effect of increasing right 
atrial pressure in the isolated mammalian heart. Am J 
Phys. 1956;186(2):299–303.

Bettex DA, Pretre R, Chassot PG. Is our heart a well-
designed pump? The heart along animal evolution. Eur 
Heart J. 2014;35(34):2322–32.

Bolter CP.  Intrinsic cardiac rate regulation in 
the anaesthetized rabbit. Acta Physiol Scand. 
1994;151(4):421–8.

Bolter CP.  Effect of changes in transmural pressure on 
contraction frequency of the isolated right atrium of 
the rabbit. Acta Physiol Scand. 1996;156(1):45–50.

Bolter CP, Wilson SJ. Influence of right atrial pressure on 
the cardiac pacemaker response to vagal stimulation. 
Am J Phys. 1999;276(4 Pt 2):R1112–7.

Brooks CM, Lu HH, Lange G, Mangi R, Shaw RB, 
Geoly K.  Effects of localized stretch of the sino-
atrial node region of the dog heart. Am J Phys. 
1966;211(5):1197–202.

Cabanac M.  Regulation and modulation in biology. A 
reexamination of temperature regulation. Ann N Y 
Acad Sci. 1997;813:21–31.

Calloe K, Elmedyb P, Olesen SP, Jorgensen NK, Grunnet 
M. Hypoosmotic cell swelling as a novel mechanism 
for modulation of cloned HCN2 channels. Biophys J. 
2005;89(3):2159–69.

Carmeliet E.  Intracellular Ca(2+) concentration and 
rate adaptation of the cardiac action potential. Cell 
Calcium. 2004;35(6):557–73.

Carmeliet E. Action potential duration, rate of stimulation, 
and intracellular sodium. J Cardiovasc Electrophysiol. 
2006;17(Suppl 1):S2–7.

Cassidy S, Mitchell J. Effects of positive pressure breath-
ing on right and left ventricular preload and afterload. 
Fed Proc. 1981;40:2178–81.

Centurion D, Ortiz MI, Saxena PR, Villalon CM.  The 
atypical 5-HT2 receptor mediating tachycardia 
in pithed rats: pharmacological correlation with 
the 5-HT2A receptor subtype. Br J Pharmacol. 
2002;135(6):1531–9.

Chandler NJ, Greener ID, Tellez JO, Inada S, Musa H, 
Molenaar P, et al. Molecular architecture of the human 
sinus node: insights into the function of the cardiac 
pacemaker. Circulation. 2009;119(12):1562–75.

Chang F, Yu H, Cohen IS. Actions of vasoactive intestinal 
peptide and neuropeptide Y on the pacemaker current 
in canine Purkinje fibers. Circ Res. 1994;74(1):157–62.

Chiba S. Pharmacologic analysis of stretch-induced sinus 
acceleration of the isolated dog atrium. Jpn Heart J. 
1977;18(3):398–405.

Chorev M.  Parathyroid hormone 1 receptor: insights 
into structure and function. Receptors Channels. 
2002;8(3–4):219–42.

Coleridge HM, Coleridge JC.  Cardiovascular afferents 
involved in regulation of peripheral vessels. Annu Rev 
Physiol. 1980;42:413–27.

Cooper PJ, Kohl P. Species- and preparation-dependence 
of stretch effects on sino-atrial node pacemaking. Ann 
N Y Acad Sci. 2005;1047:324–35.

Cooper PJ, Lei M, Cheng LX, Kohl P. Selected contribu-
tion: axial stretch increases spontaneous pacemaker 
activity in rabbit isolated sinoatrial node cells. J Appl 
Physiol. 2000;89(5):2099–104.

Critchley LA, Lee A, Ho AM.  A critical review of 
the ability of continuous cardiac output monitors 
to measure trends in cardiac output. Anesth Anal. 
2010;111(5):1180–92.

Crystal GJ, Salem MR. The Bainbridge and the "reverse" 
Bainbridge reflexes: history, physiology, and clinical 
relevance. Anesth Analg. 2012;114(3):520–32.

Deck KA. Dehnungseffekte am spontanschlagenden, iso-
lierten Sinusknoten. Pflugers Arch Gesamte Physiol 
Menschen Tiere. 1964;280:120–30.

DiFrancesco D.  The role of the funny current in pace-
maker activity. Circ Res. 2010;106(3):434–46.

DiFrancesco D, Noble D. The funny current has a major 
pacemaking role in the sinus node. Heart Rhythm. 
2012;9(2):299–301.

Dobson GP. On being the right size: heart design, mito-
chondrial efficiency and lifespan potential. Clinical 
and experimental  pharmacology & physiology. 
2003;30(8):590–7.

Donald DE, Shepherd JT.  Reflexes from the heart and 
lungs: physiological curiosities or important regulatory 
mechanisms. Cardiovasc Res. 1978;12(8):446–69.

Fagraeus L, Linnarsson D. Autonomic origin of heart rate 
fluctuations at the onset of muscular exercise. J Appl 
Physiol. 1976;40(5):679–82.

Gagliardi M, Randall WC, Bieger D, Wurster RD, Hopkins 
DA, Armour JA.  Activity of in  vivo canine cardiac 
plexus neurons. Am J Phys. 1988;255(4 Pt 2):H789–800.

Gloss B, Trost S, Bluhm W, Swanson E, Clark R, 
Winkfein R, et  al. Cardiac ion channel expression 
and contractile function in mice with deletion of thy-
roid hormone receptor alpha or beta. Endocrinology. 
2001;142(2):544–50.

Gordan R, Gwathmey JK, Xie LH. Autonomic and endo-
crine control of cardiovascular function. World J 
Cardiol. 2015;7(4):204–14.

Gothert M, Schlicker E, Kollecker P. Receptor-mediated 
effects of serotonin and 5-methoxytryptamine on 
noradrenaline release in the rat vena cava and in the 
heart of the pithed rat. Naunyn Schmiedeberg’s Arch 
Pharmacol. 1986;332(2):124–30.

7 Physiology of Heart Rate



104

Guyton AC.  Textbook of medical physiology. 1st ed. 
Philadelphia: W.B. Saunders; 1956.

Habuchi Y, Lu LL, Morikawa J, Yoshimura 
M.  Angiotensin II inhibition of L-type Ca2+ cur-
rent in sinoatrial node cells of rabbits. Am J Phys. 
1995;268(3 Pt 2):H1053–60.

Hakumaki MO.  Seventy years of the Bainbridge reflex. 
Acta Physiol Scand. 1987;130(2):177–85.

Hamilton-Davies C, Mythen MD, Salmon JB, Jacobson D, 
Shukla A, Webb AR. Comparison of commonly used 
clinical indicators of hypovolaemia with gastrointesti-
nal tonometry. Intensive Care Med. 1997;23:276–81.

Hodgin JB, Krege JH, Reddick RL, Korach KS, Smithies 
O, Maeda N.  Estrogen receptor alpha is a major 
mediator of 17 beta-estradiol's atheroprotective 
effects on lesion size in Apoe-/- mice. J Clin Investig. 
2001;107(3):333–40.

Hoover DB.  Effects of guinea pig vasoactive intestinal 
peptide on the isolated perfused guinea pig heart. 
Peptides. 1989;10(2):343–7.

Hussain SNA, Chatillon A, Comtois A, Roussos C, 
Magder S.  Chemical activation of thin-fiber phrenic 
afferents: (2) the cardiovascular responses. J Appl 
Physiol. 1991;70:159–67.

Irisawa H, Brown HF, Giles W.  Cardiac pacemaking in 
the sinoatrial node. Physiol Rev. 1993;73(1):197–227.

Ishikawa T, Yanagisawa M, Kimura S, Goto K, Masaki 
T.  Positive inotropic action of novel vasoconstrictor 
peptide endothelin on guinea pig atria. Am J Physiol 
Heart Circ Physiol. 1988;255:H970–H3.

James TN. The chronotropic action of serotonin studied 
by direct perfusion of the sinus node. J Pharmacol Exp 
Ther. 1964;146:209–14.

Janvier NC, McMorn SO, Harrison SM, Taggart P, Boyett 
MR. The role of Na(+)-Ca2+ exchange current in elec-
trical restitution in ferret ventricular cells. J Physiol. 
1997;504(Pt 2):301–14.

Jose AD, Collison D. The normal range and determinants 
of the intrinsic heart rate in man. Cardiovasc Res. 
1970;4(2):160–7.

Jose AD, Taylor RR. Autonomic blockade by propranolol 
and atropine to study intrinsic myocardial function in 
man. J Clin Invest. 1969;48(11):2019–31.

Ju YK, Chu Y, Chaulet H, Lai D, Gervasio OL, Graham 
RM, et al. Store-operated Ca2+ influx and expression 
of TRPC genes in mouse sinoatrial node. Circ Res. 
2007;100(11):1605–14.

Ju YK, Liu J, Lee BH, Lai D, Woodcock EA, Lei M, 
et  al. Distribution and functional role of inositol 
1,4,5- trisphosphate receptors in mouse sinoatrial 
node. Circ Res. 2011;109(8):848–57.

Katz AM. Energy utilization (work and heat). Physiology 
of the heart. 2nd ed. New York: Raven Press; 1992. 
p. 129–50.

Kaufman MP, Iwamoto GA, Longhurst JC, Mitchell 
JH.  Effects of capsaicin and bradykinin on affer-
ent fibers with endings in skeletal muscle. Circ Res. 
1982;50:133–9.

Kaufman MP, Rybicki KJ, Mitchell JH. Hindlimb mus-
cular contraction reflexly decreases total pulmonary 
resistance in dogs. J Appl Physiol. 1985;59:1521–6.

Kevelaitis E, Abraitis R, Lazhauskas R.  Histamine and 
pacemaker shift in the sinoatrial node. Agents Actions. 
1994;41 Spec No:C87–8.

Kobayashi M, Furukawa Y, Chiba S.  Positive chrono-
tropic and inotropic effects of angiotensin II in the dog 
heart. Eur J Pharmacol. 1978;50(1):17–25.

Lakatta EG, Vinogradova TM, Maltsev VA. The missing 
link in the mystery of normal automaticity of cardiac 
pacemaker cells. Ann N Y Acad Sci. 2008;1123:41–57.

Lakatta EG, Maltsev VA, Vinogradova TM.  A coupled 
SYSTEM of intracellular Ca2+ clocks and surface 
membrane voltage clocks controls the timekeep-
ing mechanism of the heart’s pacemaker. Circ Res. 
2010;106(4):659–73.

Lambert C.  Mechanisms of angiotensin II chrono-
tropic effect in anaesthetized dogs. Br J Pharmacol. 
1995;115(5):795–800.

Lambert LE, Whitten JP, Baron BM, Cheng HC, Doherty 
NS, McDonald IA. Nitric oxide synthesis in the CNS, 
endothelium and macrophages differs in its sensi-
tivity to inhibition by arginine analogues. Life Sci. 
1991;48:69–75.

Larsson HP. How is the heart rate regulated in the sino-
atrial node? Another piece to the puzzle. J Gen 
Physiol. 2010;136(3):237–41.

Lei M, Zhang H, Grace AA, Huang CL.  SCN5A and 
sinoatrial node pacemaker function. Cardiovasc Res. 
2007;74(3):356–65.

Levine HJ. Rest heart rate and life expectancy. Journal of 
American College of Cardiology. 1997;30(4):1104–6.

Li Y, Sirenko S, Riordon DR, Yang D, Spurgeon H, 
Lakatta EG, et  al. CaMKII-dependent phosphoryla-
tion regulates basal cardiac pacemaker function via 
modulation of local Ca2+ releases. Am J Physiol Heart 
Circ Physiol. 2016;311(3):H532–44.

Lin W, Laitko U, Juranka PF, Morris CE.  Dual stretch 
responses of mHCN2 pacemaker channels: acceler-
ated activation, accelerated deactivation. Biophys J. 
2007;92(5):1559–72.

Linden A, Desmecht D, Amory H, Lekeux P. Cardiovascular 
response to intravenous administration of 5-hydroxy-
tryptamine after type-2 receptor blockade, by metren-
perone, in healthy calves. Vet J. 1999;157(1):31–7.

Linnarsson D. Dynamics of pulmonary gas exchange and 
heart rate changes at start and end of exercise. Acta 
Physiol Scand. 1974;415:1–68.

Lonardo G, Cerbai E, Casini S, Giunti G, Bonacchi M, 
Battaglia F, et al. Atrial natriuretic peptide modulates 
the hyperpolarization-activated current (If) in human 
atrial myocytes. Cardiovasc Res. 2004;63(3):528–36.

Lucas KA, Pitari GM, Kazerounian S, Ruiz-Stewart I, 
Park J, Schulz S, et al. Guanylyl cyclases and signaling 
by cyclic GMP. Pharmacol Rev. 2000;52(3):375–414.

MacDonald EA, Stoyek MR, Rose RA, Quinn 
TA. Intrinsic regulation of sinoatrial node function and 

T. A. Quinn and S. Magder



105

the zebrafish as a model of stretch effects on pacemak-
ing. Prog Biophys Mol Biol. 2017;130(Pt B):198–211.

MacDonald EA, Rose RA, Quinn TA. Neurohumoral 
control of sinoatrial node activity and heart rate: 
experimental insight and findings from human. Front 
Physiol. 2020;11:170.

Magder S.  Venous mechanics of contracting gastroc-
nemius muscle and the muscle pump theory. J Appl 
Physiol. 1995;79(6):1930–5.

Magder S. Effects of respiratory muscle afferent on the 
breathing and the afferent hypothesis. In: Scharf SM, 
Pinsky MR, Magder S, editors. Respiratory-circulatory 
interactions in health and disease. 2nd ed. New York: 
Marcel Dekker, Inc.; 2001. p. 405–25.

Magder SA. The ups and downs of heart rate. Crit Care 
Med. 2012;40(1):239–45.

Magder S, Bafaqeeh F.  The clinical role of central 
venous pressure measurements. J Intensive Care Med. 
2007;22(1):44–51.

Magder SA, Daughters GT, Hung J, Savin WM, Alderman 
EL, Ingels NB Jr. Adaptation of human left ventricular 
volumes to the onset of supine exercise. Eur J Appl 
Physiol. 1987;56:467–73.

Magder S, Famulari G, Gariepy B. Periodicity, time con-
stants of drainage and the mechanical determinants of 
peak cardiac output during exercise. J Appl Physiol. 
2019;127(6):1611–9.

Maltsev VA, Lakatta EG. The funny current in the context 
of the coupled-clock pacemaker cell system. Heart 
Rhythm. 2012;9(2):302–7.

Maltsev VA, Vinogradova TM, Lakatta EG.  The 
emergence of a general theory of the initiation 
and strength of the heartbeat. J Pharmacol Sci. 
2006;100(5):338–69.

Mangoni ME, Nargeot J.  Genesis and regulation of the 
heart automaticity. Physiol Rev. 2008;88(3):919–82.

McCloskey DI, Mitchell JH.  Reflex cardiovascular and 
respiratory responses originating in exercising muscle. 
J Physiol (Lond). 1972;224(1):173–86.

Mesirca P, Torrente AG, Mangoni ME. Functional role of 
voltage gated Ca(2+) channels in heart automaticity. 
Front Physiol. 2015;6:19.

Minkes RK, Bellan JA, Saroyan RM, Kerstein MD, Coy 
DH, Murphy WA, et al. Analysis of cardiovascular and 
pulmonary responses to endothelin-1 and endothe-
lin- 3  in the anesthetized cat. J Pharmacol Exp Ther. 
1990;253(3):1118–25.

Mitchell JH, Shephard JT. Control of the circulation dur-
ing exercise. In: Paul McNeil H, editor. Exercise – the 
physiological challenge. Auckland: Conference Pub.; 
1993. p. 55–85.

Modell H, Cliff W, Michael J, McFarland J, Wenderoth 
MP, Wright A. A physiologist’s view of homeostasis. 
Adv Physiol Educ. 2015;39(4):259–66.

Moghtadaei M, Polina I, Rose RA. Electrophysiological 
effects of natriuretic peptides in the heart are medi-
ated by multiple receptor subtypes. Prog Biophys Mol 
Biol. 2016;120(1–3):37–49.

Nabauer M, Beuckelmann DJ, Uberfuhr P, Steinbeck 
G.  Regional differences in current density and rate- 
dependent properties of the transient outward cur-
rent in subepicardial and subendocardial myocytes of 
human left ventricle. Circulation. 1996;93(1):168–77.

Notarius CF, Magder S.  Central venous pressure dur-
ing exercise: role of muscle pump. Can J Physiol 
Pharmacol. 1996;74(6):647–51.

Notarius CF, Levy RD, Tully A, Fitchett D, Magder 
S. Cardiac vs. non-cardiac limits to exercise following 
heart transplantation. Am Heart J. 1998;135:339–48.

Ono K, Masumiya H, Sakamoto A, Christe G, Shijuku 
T, Tanaka H, et  al. Electrophysiological analysis of 
the negative chronotropic effect of endothelin-1  in 
rabbit sinoatrial node cells. J Physiol. 2001;537(Pt 
2):467–88.

Pachucki J, Burmeister LA, Larsen PR.  Thyroid hor-
mone regulates hyperpolarization-activated cyclic 
nucleotide- gated channel (HCN2) mRNA in the rat 
heart. Circ Res. 1999;85(6):498–503.

Pathak CL.  Autoregulation of chronotropic response 
of the heart through pacemaker stretch. Cardiology. 
1973;58(1):45–64.

Peyronnet R, Nerbonne JM, Kohl P.  Cardiac mechano- 
gated ion channels and arrhythmias. Circ Res. 
2016;118(2):311–29.

Potter B, Magder S. Protocol performance of randomized 
trial of colloid vs crystalloid for fluids after cardiac 
surgery. Proc Am Thorac Soc. 2006;3(April):A651.

Potthoff SA, Janus A, Hoch H, Frahnert M, Tossios P, 
Reber D, et  al. PTH-receptors regulate norepineph-
rine release in human heart and kidney. Regul Pept. 
2011;171(1–3):35–42.

Quinn TA, Kohl P. Mechano-sensitivity of cardiac pace-
maker function: pathophysiological relevance, experi-
mental implications, and conceptual integration with 
other mechanisms of rhythmicity. Prog Biophys Mol 
Biol. 2012;110:257–68.

Quinn TA, Kohl P.  Rabbit models of cardiac mechano- 
electric and mechano-mechanical coupling. Prog 
Biophys Mol Biol. 2016;121(2):110–22.

Quinn TA, Bayliss RA, Kohl P.  Mechano-electric feed-
back in the heart: effects on heart rate and rhythm. 
In: Tripathi ON, Ravens U, Sanguinetti MC, editors. 
Heart rate and rhythm: molecular basis, pharmaco-
logical modulation and clinical implications. 1st ed. 
Heidelberg: Springer; 2011. p. 133–51.

Quinn TA, Kohl P, Ravens U.  Cardiac mechano- 
electric coupling research: fifty years of progress 
and scientific innovation. Prog Biophys Mol Biol. 
2014;115(2–3):71–5.

Raven PB, Young BE, Fadel PJ. Arterial baroreflex reset-
ting during exercise in humans: underlying signaling 
mechanisms. Exerc Sport Sci Rev. 2019;47(3):129–41.

Reinhart K, Kuhn HJ, Hartog C, Bredle DL. Continuous 
central venous and pulmonary artery oxygen satura-
tion monitoring in the critically ill. Intensive Care 
Med. 2004;30(8):1572–8.

7 Physiology of Heart Rate



106

Renaudon B, Bois P, Bescond J, Lenfant J. Acetylcholine 
modulates I(f) and IK(ACh) via different pathways 
in rabbit sino-atrial node cells. J Mol Cell Cardiol. 
1997;29(3):969–75.

Renaudon B, Lenfant J, Decressac S, Bois P. Thyroid hor-
mone increases the conductance density of f-channels 
in rabbit sino-atrial node cells. Receptors Channels. 
2000;7(1):1–8.

Rose RA, Giles WR.  Natriuretic peptide C receptor 
signalling in the heart and vasculature. J Physiol. 
2008;586(2):353–66.

Rose RA, Lomax AE, Kondo CS, Anand-Srivastava MB, 
Giles WR.  Effects of C-type natriuretic peptide on 
ionic currents in mouse sinoatrial node: a role for the 
NPR-C receptor. Am J Physiol Heart Circ Physiol. 
2004;286(5):H1970–7.

Rosen MR, Nargeot J, Salama G.  The case for the 
funny current and the calcium clock. Heart Rhythm. 
2012;9(4):616–8.

Said SI.  Vasoactive intestinal peptide. J Endocrinol 
Investig. 1986;9(2):191–200.

Saito K, Gutkind JS, Saavedra JM. Angiotensin II binding 
sites in the conduction system of rat hearts. Am J Phys. 
1987;253(6 Pt 2):H1618–22.

Saxena PR, Villalon CM.  Cardiovascular effects of 
serotonin agonists and antagonists. J Cardiovasc 
Pharmacol. 1990;15(Suppl 7):S17–34.

Sechi LA, Griffin CA, Grady EF, Kalinyak JE, Schambelan 
M.  Characterization of angiotensin II receptor sub-
types in rat heart. Circ Res. 1992;71(6):1482–9.

Sheng JW, Wang WY, Xu YF.  Angiotensin II decreases 
spontaneous firing rate of guinea-pig sino-atrial node 
cells. Eur J Pharmacol. 2011;660(2–3):387–93.

Shimoni Y.  Hormonal control of cardiac ion chan-
nels and transporters. Prog Biophys Mol Biol. 
1999;72(1):67–108.

Springer J, Azer J, Hua R, Robbins C, Adamczyk A, 
McBoyle S, et  al. The natriuretic peptides BNP and 
CNP increase heart rate and electrical conduction by 
stimulating ionic currents in the sinoatrial node and 
atrial myocardium following activation of guanylyl 

cyclase-linked natriuretic peptide receptors. J Mol 
Cell Cardiol. 2012;52(5):1122–34.

Tanaka H, Habuchi Y, Yamamoto T, Nishio M, Morikawa 
J, Yoshimura M.  Negative chronotropic actions of 
endothelin-1 on rabbit sinoatrial node pacemaker 
cells. Br J Pharmacol. 1997;122(2):321–9.

Tateyama M, Kurokawa J, Terrenoire C, Rivolta I, Kass 
RS. Stimulation of protein kinase C inhibits bursting 
in disease-linked mutant human cardiac sodium chan-
nels. Circulation. 2003;107(25):3216–22.

Teitelbaum J, Vanelli G, Hussain SNA. Thin-fibre phrenic 
afferents mediate the ventilatory response to diaphrag-
matic ischemia. Respir Physiol. 1993;91:195–206.

Torrente AG, Mesirca P, Neco P, Rizzetto R, Dubel S, 
Barrere C, et  al. L-type Cav1.3 channels regulate 
ryanodine receptor-dependent Ca2+ release during 
sino-atrial node pacemaker activity. Cardiovasc Res. 
2016;109(3):451–61.

Vatner SF, Boettcher DH, Heyndrickx GR, McRitchie 
RJ. Reduced baroreflex sensitivity with volume load-
ing in conscious dogs. Circ Res. 1975;37(2):236–42.

Villalon CM, Centurion D.  Cardiovascular responses 
produced by 5-hydroxytriptamine:a pharmacologi-
cal update on the receptors/mechanisms involved and 
therapeutic implications. Naunyn Schmiedeberg’s 
Arch Pharmacol. 2007;376(1–2):45–63.

Vinogradova TM, Lyashkov AE, Zhu W, Ruknudin AM, 
Sirenko S, Yang D, et  al. High basal protein kinase 
A-dependent phosphorylation drives rhythmic internal 
Ca2+ store oscillations and spontaneous beating of 
cardiac pacemaker cells. Circ Res. 2006;98(4):505–14.

Wilson SJ, Bolter CP.  Interaction of the autonomic ner-
vous system with intrinsic cardiac rate regulation 
in the guinea-pig, Cavia porcellus. Comp Biochem 
Physiol A Mol Integr Physiol. 2001;130(4):723–30.

Wilson SJ, Bolter CP.  Do cardiac neurons play a role 
in the intrinsic control of heart rate in the rat? Exp 
Physiol. 2002;87(6):675–82.

Zhang H, Holden AV, Boyett MR. Sustained inward current 
and pacemaker activity of mammalian sinoatrial node. 
J Cardiovasc Electrophysiol. 2002;13(8):809–12.

T. A. Quinn and S. Magder


	Acknowledgements
	Contents
	Contributors
	1: Introduction: To the Love of Physiology
	Part I: Physiological Basics: Cardiovascular Basics
	2: Volume and Regulation of Cardiac Output
	Pressure-Volume Relationship
	Capacitance
	Uniqueness of Volume-Pressure Relationship of the Cardiac Chambers
	Pressure-Flow Relationship
	Importance of Compliance for Blood Flow
	Flow from a Single Compliant Region
	Bathtub Concept
	Difference Between Hydraulic and Electrical Models of the Circulation
	Guyton’s Analysis
	Guyton’s, Graphical Approach
	Summary of Interaction of Cardiac and Return Functions
	Limits of the Cardiac and Return Functions
	Krogh’s Two-Compartment Model of the Circulation
	Summary
	References

	3: Function of the Right Heart
	Introduction
	Origins of the Right Heart
	Differences Between RV and LV
	Right Ventricular Ejection
	Basic Principles
	Pressure-Volume Loops of the Right and Left Ventricles
	Role of Pulmonary Arterial Compliance
	Pressure Load vs. Volume Load
	Definitions of Right Ventricular Limitation, Dysfunction, Failure

	Right and Left Ventricular Interactions
	Is the Right Ventricle Necessary for Normal Aerobic Function?
	Importance of Right Coronary Blood Flow
	Why Is Presence of a Dysfunctional Right Ventricle Often Worse than No Right Ventricle?
	Conclusion
	References

	4: Function of the Left Heart
	Basic Cardiac Muscle Characteristics
	Cardiac Muscle Tension-Length Relationships
	Ventricular Pressure-Volume Relationships
	The End-Systolic Pressure-Volume Relationship (ESPVR) and Emax
	Time-Varying Elastance and Maximum Elastance (Emax)
	Isovolumic Measures of Ventricular Contractility
	Ventricular Energetics
	Myocardial Oxygen Consumption
	Connection of Pressure-Volume Relationships with Ventricular Function
	Summary
	References

	5: Pulmonary Vascular Resistance
	Introduction
	Definitions
	Nonlinearities in the Pulmonary Circulation
	Vascular Distensibility
	Starling Resistors
	Pulmonary Vascular Resistance in Presence of Starling Resistors

	Vascular Compliance
	Interpretation of Overall PVR
	Effect of Lung Inflation on PVR
	Summary
	References

	6: Fluid Filtration in the Microcirculation
	Introduction
	The Revised Starling Principle: Basic Science Principles
	The Endothelial Glycocalyx: Primary Barrier to Circulating Plasma Proteins
	The Sub-Glycocalyx Space

	Classical Versus Revised Starling Principle
	Filtration Rate as a Function of Microvascular Pressure in the Revised Starling Principle
	Recap and a Textbook Figure to Forget
	Passive Coupling Ensures Epithelial-Endothelial Fluid Reabsorption
	Filtration and Reabsorption in the Kidney
	Filtration and Reabsorption in the Intestinal Mucosa
	Reabsorption in the Lymph Nodes

	Regulation of Microvascular and Tissue Pressures
	Microvascular Pressure
	Regulation of Interstitial Pressure

	Clinical Examples
	Blood Loss and Saline Infusion
	Lung Fluid Balance
	Further Considerations

	Monitoring the Stability of the Endothelial Glycocalyx
	Circulating Glycocalyx Components
	Optical Methods
	Measurement of Whole Body Glycocalyx Volume

	References

	7: Physiology of Heart Rate
	Time Constants and Volume Constraints
	Cardiac Rhythmicity at the Cellular Level
	Sinoatrial Node Control
	Mechanisms of SAN Automaticity
	Membrane Clock
	Calcium Clock


	Extrinsic SAN Control
	Central Nervous System
	Circulating Factors

	Intrinsic SAN Control
	Intracardiac Nervous System
	Myogenic Peptides
	Tissue Stretch

	Determinants of the Heart Rate Dependence of the Length of the Action Potential
	Immediate Change in APD After a Sudden Decrease in HR or a Premature Excitation
	Transient Change in APD After a Decrease in HR
	APD at a New Steady State

	Intrinsic Heart Rate
	Normal Control of Heart Rate During Exercise
	Heart Rate, Beta Blockers, and Ejection Fraction
	Tachycardia and Hypovolemia
	Bainbridge Reflex
	Heart Rate and the Interaction of Venous Return and Cardiac Function in the Guyton Analysis
	Heart Rate and Diastolic Limitation
	Supply Demand of the Heart
	Conclusion
	References

	8: Physiological Aspects of Arterial Blood Pressure
	Physical Principles
	Elastic Energy
	Kinetic Energy
	Gravitational Energy
	Why Is Mammalian Arterial Pressure Set So High Compared to Lower Species?
	Regional Distribution of Flow
	Critical Closing Pressure
	What Determines Pulse Pressure?
	Impedance
	Where Should Pressure Be Measured and Which Pressure?
	Conclusion
	References

	9: Pulsatile Haemodynamics and Arterial Impedance
	Arterial Wall Properties and Pulsatile Haemodynamics
	Vascular Impedance
	Arterial Wave Reflections
	Changes of Waveforms in the Arterial System
	Non-invasive Assessment of Pulsatile Haemodynamics and Central Aortic Pressure
	Pulsatile Haemodynamics and Ventricular Arterial Coupling
	Conclusions
	References

	10: Basics of Fluid Physiology
	Introduction
	What Is the Role of Water in Organisms?
	Volume and the Generation of Blood Flow
	Compartments
	Regulation of the Distribution of Body Water and Electrolytes
	What Are Osmoles?
	Extracellular Fluid Dynamics
	Movement and Distribution of Fluids
	Pure Water and Dextrose in Water
	Normal Saline
	Hypertonic Sodium Chloride Solutions
	Iso-oncotic Colloids
	Hyper-oncotic Solutions
	Sodium Bicarbonate Solution

	Summary
	References

	11: Cerebral Hemodynamics
	Introduction to Intracranial Physiology
	Cerebral Blood Flow and Circulation

	CPP and Pressure Autoregulation
	Cerebral Perfusion Pressure
	Pressure Autoregulation
	Elevated ICP and Relationships/Targets of CPP
	Cerebral Metabolic Rate of Oxygen

	Cerebral Oxygenation and CO2 Reactivity
	Ischemia
	Mitochondria
	Carbon Dioxide and Hyperventilation


	Pharmacologic Regulation
	Osmotherapy
	Mannitol
	Hypertonic Saline

	Sedation
	Propofol
	Benzodiazepines
	Opioids
	Barbiturates


	Dexmedetomidine
	Neuromuscular Junction Blockers

	Conclusion
	References


	Part II: Physiological Basics: Pulmonary Basics
	12: Stress, Strain, and the Inflation of the Lung
	Introduction
	Stress and Strain in 1D: Pressure and Volume
	More Complicated Models of Lung Inflation
	Prestress and the Shear Modulus
	Stress Transmission in the Lung
	Nonuniform Inflation: Stress Multipliers
	Barotrauma and Volutrauma
	Viscoelasticity, Respiratory Rate, and Mechanical Power
	Conclusion
	References

	13: Physiology of PEEP and Auto-PEEP
	Introduction and Definitions
	Fundamental Concepts
	Transmural Pressure
	Regional Heterogeneity
	PEEP, Mean Airway Pressure, and Hemodynamics
	Interaction of the Venous Return and Starling Curves
	Influence of PEEP on the Determinants of Cardiac Output
	PEEP and Transmural Cardiac Pressures
	PEEP and Afterload
	Left Ventricular Afterload
	Right Ventricular Afterload
	PEEP Effects on Myocardial Contractility and Compliance
	“Braking” Effect of PEEP on Heart Rate

	PEEP and Lung Edema
	Spontaneous Vs. Passive Inflation and PEEP’s Cardiopulmonary Effects
	Selected Clinical Applications
	Hemodynamic Monitoring
	Dynamic Hyperinflation and Auto-PEEP
	PEEP on Auto-PEEP

	Conclusion
	References

	14: Basics of Ventilation/Perfusion Abnormalities in Critically Ill Ventilated Patients
	Introduction
	General Considerations and Theoretical Basis of Gas Exchange
	Ventilation–Perfusion Relationships
	Shunt
	Bohr Dead Space
	The Alveolar-Arterial Difference (AaDO2)

	Assessing Matching with the Multiple Inert Gas Elimination Technique (MIGET)
	Clinical Assessment of Ventilation-Perfusion Matching
	Ventilation-Perfusion Matching in Healthy Young Subjects
	Effects of Gravity and Posture
	Effect of Aging
	Effect of Obesity
	Effect of Lung Disease
	Relationships in Acute Respiratory Distress Syndrome (ARDS)
	Effect of Positive Airway Pressure
	Tidal Volume, Ventilation Mode, and Cardiac Output
	References

	15: Control of Breathing
	Control of Breathing
	Respiratory Rhythm Generation
	Modulation: Chemoreflex, Mechanoreflex, and Negative Feedback
	Efferent Pathways: CNS-Processed Signal Targeting Effector Respiratory Muscles

	Ventilatory Response to Arterial PO2, PCO2, and pH
	Central Chemoreceptors
	Arterial Chemoreceptors

	Reflexes from the Lungs and Airways
	Nose and Upper Airways
	Lungs and Lower Airways
	Pulmonary Stretch Receptors
	Bronchial C-Fibers
	Juxtacapillary Receptors
	Autonomic Nervous System in the Lungs
	Patients in the Intensive Care Unit


	Clinical Implications
	References

	16: Respiratory Muscle Blood Flow and Heart–Lung Interactions
	Introduction
	The Respiratory Muscles
	Anatomy
	Energetics and Mechanics

	Normal Resting Respiratory Muscle Blood Flow and the System at Peak Effort
	Role of Afferent Fibers
	Conclusion
	References

	17: Surfactant Activity and the Pressure-Volume Curve of the Respiratory System
	Introduction
	Surface Tension
	Pressure-Volume Behavior, Recruitment, and Static Surface Tension
	Recruitment and the Origin of Crackles
	Surfactant Composition
	Surfactant Activity
	Surfactant Secretion and the Subphase
	Alveolar Collapse and Phase Transitions in Surfactant Lipid Layers
	Current View of Surfactant Function
	Surfactant Function and Replacement in Acute Respiratory Distress Syndrome (ARDS)
	Conclusion
	References


	Part III: Physiological Basics: Interactions
	18: Heart-Lung Interactions
	Introduction
	Guyton’s Graphical Analysis of the Regulation of Cardiac Output
	Changes in Ppl
	Fall in Ppl: Spontaneous Breath
	Effect of Decrease in Ppl on the LV
	Rise in Ppl: PEEP and Mechanical Ventilation
	Effect of Increase in Ppl on the LV
	Effect of Transpulmonary Pressure
	Effect of Lung Inflation
	Respiratory Variations in Heart Rate
	RV-LV Interactions During Ventilation
	Pulsus Paradoxus
	Inverse Pulsus Paradoxus
	HJR
	Active Expiration
	Kussmaul’s Sign
	Mueller Maneuver
	Valsalva
	Summary
	References


	Part IV: The Tools: Cardiovascular
	19: Evaluation of Devices for Measurement of Blood Pressure
	Introduction
	Invasive Arterial Blood Pressure Measurement (Arterial Catheter)
	Intermittent Non-invasive Arterial Blood Pressure Measurement
	Non-invasive Continuous Arterial Blood Pressure Measurement
	The Future of Arterial Blood Pressure Measurement
	Conclusion
	References

	20: Measurement of Cardiac Output
	Cardiac Output and Clinical Decision-Making
	Normalization of Cardiac Output Measurement
	The Fick Principle
	General Theory

	Sources of Error Using the Fick Principle
	Errors of Sampling and Analysis
	Errors due to Changes in Cardiac Output
	Errors due to Changes in Respiration

	Continuous Cardiac Output BT the Fick Method
	Indicator Dilution Methods
	Thermodilution Technique
	General Theory

	Sources of Variability
	Errors Related to the Injectate
	Errors Related to Physiologic and Pathophysiologic Factors
	Analytical Problems
	Reliability
	Continuous Thermodilution Technique
	Use of Expired Gases and the Fick Principle to Measure Cardiac Output
	Rebreathing Technique
	Potential Problems
	Single-Breath Technique
	Foreign Gas Method
	Pulse Contour Analysis
	Vigileo™-FloTrac System
	LiDCO plus® System
	PiCCO System
	Esophageal Doppler

	Echocardiographic Techniques
	Transthoracic Echocardiography
	Transesophageal Echocardiography

	Methods that Assess Changes in Thoracic Volume
	Thoracic Electrical Bioimpedance

	Thoracocardiography
	Conclusions and Future Directions
	References

	21: Evaluations of Devices for Measurement of Cardiac Output
	Quality Criteria Common to Measurements and Devices
	Specific Quality Criteria for Devices
	Procedures for the Device Validation
	Conclusion
	References

	22: Basics of Hemodynamic Measurements
	Volume Versus Pressure Measurements
	Importance of Understanding Pressure Measurements
	How to Measure a Pressure
	Transmural Pressure
	Where on the Tracing Do You Make the Measurement?
	Frequency Response
	Use of CVP
	Use of Ppao
	Pulmonary Artery Pressure
	Conclusion
	References

	23: Cerebral Hemodynamic Monitoring Techniques
	Introduction
	Background
	Intracranial Pressure
	Anatomy and Physiology
	History
	Waveform Analysis and Trends
	Modes of Measurement
	Clinical Application
	Indications

	Cerebral Perfusion Pressure
	Cerebral Oxygenation
	Cerebral Microdialysis
	Electrophysiology
	Take-Home Points
	References

	24: Transthoracic Echocardiography for Monitoring Cardiopulmonary Interactions
	Introduction
	TTE Imaging
	Left Heart Function
	Right Heart Function
	Pericardium
	Valves

	Classical Hemodynamical Parameters
	Cardiac Output and Stroke Volume
	Pulmonary Artery Pressures
	Pulmonary Artery Occlusive Pressure (PAOP)

	Clinical Conditions
	General Assessment of Patients with Shock
	Findings in Specific Shocks
	Septic Shock
	Cardiogenic Shock

	Respiratory Failure
	Other Clinical Situations

	Pitfalls and Limitations of Echocardiography
	Practical Problems (Monitoring, Number of Echo Machines, Price, Quality of the Machines, Time Constraints)
	Education
	Echocardiography a Continuous Monitoring Technique?
	Conclusion
	References

	25: Transesophageal Echocardiography for Monitoring Cardiopulmonary Interactions
	Introduction
	Monitoring Cardiac Flows by Doppler
	Monitoring Transmural Cardiac Pressures by 2-D TEE
	Clinical Applications
	Conclusion
	References

	26: Extra-cardiac Doppler Hemodynamic Assessment Using Point-of-Care Ultrasound
	Introduction
	Principles of Doppler Ultrasound
	The Arterial Doppler Waveform
	The Venous Doppler Waveform
	The Portal Doppler Waveform

	Clinical Application of Doppler Ultrasound in Critically Ill Patients
	Differential Diagnosis of Undifferentiated Shock
	Assessment of Fluid Responsiveness, Fluid Status, and Hemodynamic Management
	Evaluation of Organ Injury

	Conclusions
	References

	27: Measurements of Fluid Requirements with Cardiovascular Challenges
	Introduction
	Static Indices of Cardiac Preload
	Fluid Challenge
	Standard Fluid Challenge
	Mini Fluid Challenge

	Pulse Pressure Variation, Stroke Volume Variation
	Principle
	Demonstration
	Limitations

	Variability of the Diameter of Vena Cava
	Principle
	Measurement Method
	Limitations

	Passive Leg Raising Test
	Principle
	Reliability
	Cardiac Output Measurement Technique
	Other Practical Aspects
	Limitations

	Respiratory Occlusion Tests
	Principle
	End-Expiratory Occlusion Test
	Association of End-Inspiratory and End-Expiratory Occlusions
	Limitations

	Other Tests Using Heart–Lung Interactions
	Nobody Is Perfect!
	Conclusion
	References

	28: CO2-Derived Indices to Guide Resuscitation in Critically Ill Patients
	Introduction
	The Meaning of PCO2 Gap
	What Is the PCO2 Gap?
	CO2 Production
	How Is CO2 Transported?
	How Is CO2 Eliminated?
	What Is the Relationship Between CCO2 and PCO2?
	What Are the Determinants of the PCO2 Gap?

	What Is the Place of the PCO2 Gap in Clinical Practice?
	How to Interpret the PCO2 Gap in Practice?

	Combination of ΔPCO2 and Oxygen-Derived Variables
	vs. PCO2-Derived Indices
	Errors and Pitfalls of the PCO2 Gap
	Conclusion
	References

	29: Microcirculatory Monitoring to Assess Cardiopulmonary Status
	Introduction
	Microcirculation and Tissue Oxygenation
	Microcirculatory Monitoring Techniques
	Assessment of Microcirculatory Perfusion
	Videomicroscopic Techniques
	Capillaroscopy
	Handheld Vital Microscopes (HVM)

	Laser-based Techniques
	Laser Doppler Techniques
	Laser Doppler Flowmetry (LDF)
	Laser Doppler Perfusion Imaging (LDPI)

	Laser Speckle Contrast Imaging (LSCI)


	Assessment of Microcirculatory Function
	Oxygen Electrodes and Optode Sensors
	Near-infrared Spectroscopy (NIRS)

	Conclusion
	References

	30: Clinical Assessment and Monitoring of Peripheral Circulation During Shock and Resuscitation
	Introduction
	Skin Blood Flow Regulation
	Rationale for Monitoring Peripheral Perfusion During Shock
	Assessment of Peripheral Perfusion
	Clinical Assessment of Peripheral Perfusion
	Subjective Assessment and Skin Temperature Gradients
	Skin Mottling
	Capillary Refill Time (CRT)

	Optical Methods
	Peripheral Perfusion Index
	Pleth Variability Index
	NearInfrared Spectroscopy (NIRS) of the Thenar Eminence


	Peripheral Perfusion Indexes During Shock and Resuscitation
	Correlation of Peripheral Perfusion Indexes with Perfusion of Internal Organs
	Peripheral Perfusion Indexed During Resuscitation
	Peripheral Perfusion Indexes as a Target of Resuscitation

	Limitations
	Summary and Conclusions
	References

	31: Optimizing Oxygen Delivery in Clinical Practice
	Introduction
	Oxygen Delivery Equation
	Optimizing Cardiac Output
	Fluid Administration
	Vasoactive Medications
	Mechanical Ventilation

	Optimizing Arterial Oxygen Content
	Oxygen Delivery to Tissues
	Relative Effects of DO2 Variables on Oxygen Delivery
	Maximizing Oxygen Delivery in the Critically Ill
	Summary and Conclusions
	References


	Part V: The Tools: Respiratory
	32: Measuring Volume, Flow, and Pressure in the Clinical Setting
	Introduction
	Spirometry
	Body Plethysmography
	Resistance and Elastance
	Oscillometry and Impedance
	Clinical Applications
	Summary
	References

	33: Measurement of Pleural Pressure
	Esophageal Pressure as an Estimate of Pleural Pressure
	Positioning of the Esophageal Balloon
	Calibration
	Technical Pitfalls
	Clinically Relevant Measures
	Transpulmonary Pressure
	Patient’s Effort When the Respiratory Muscles Are Active
	Patient-Ventilator Interaction

	References

	34: Ultrasound Assessment of the Lung
	Introduction
	Principles
	Basic Physics of Ultrasound
	Ultrasound Systems

	Lung Ultrasound Findings
	Normal Lung Ultrasound (Figs. 34.2 and 34.3; Table 34.1)
	Interstitial Syndrome (Fig. 34.4 and Table 34.1)
	Alveolar Syndrome (Fig. 34.5 and Table 34.1)

	Lung Ultrasound for the Diagnosis and Monitoring of Lung Pathologies
	Pneumothorax. (Fig. 34.6; Tables 34.1 and 34.2)
	Pleural Effusion (Fig. 34.7; Tables 34.1 and 34.2)
	Diffuse Lung Diseases
	Focal Lung Diseases (Table 34.2)

	Diagnostic Approach
	Training

	Future Directions
	Conclusion
	References

	35: Diaphragm Ultrasound: Physiology and Applications
	Introduction
	Physiological Basis of Diaphragm Ultrasound
	Basic Functional Anatomy of the Diaphragm
	Basic Mechanics of Diaphragm Contraction
	Sonographic Correlates of Diaphragm Structure and Function
	Structure
	Motion
	Shortening
	Diaphragm Thickening: Relation to Inspiratory Volume
	Diaphragm Thickening: Relation to Inspiratory Pressure
	Diaphragm Strain



	Technical Approach to Diaphragm Ultrasound
	Diaphragm Excursion
	Diaphragm Thickness and Thickening
	Diaphragm Echodensity
	Diaphragm Speckle Tracking

	Clinical and Research Applications of Diaphragm Ultrasound
	Detecting Structural Changes in the Diaphragm
	Facilitating Nerve Conduction and Electromyography Studies
	Evaluating Diaphragm Function
	Predicting Weaning Outcomes

	References

	36: Monitoring Respiratory Muscle Function
	Clinical Assessment
	Pulmonary Function Testing
	Respiratory Muscle Pressure Output
	Respiratory Muscle Pressure Output: Strength
	Voluntary Maneuvers: Airway Pressures
	Voluntary Maneuvers: Transdiaphragmatic Pressure
	Mueller Maneuver
	Mueller-Expulsive Maneuver
	Sniff Pdi
	Pressure Relaxation Rate

	Voluntary Maneuvers: Cough Pga
	Voluntary Maneuvers: Clinical Usefulness of Transdiaphragmatic Pressure Measurements
	Evoked Maneuvers
	Evoked Maneuvers: Phrenic Nerve Stimulation
	Electrical Stimulation
	Magnetic Stimulation
	Comparison of Electrical and Magnetic Stimulation
	Twitch Pressure: Airway Twitch Pressure
	Twitch Interpolation Technique: General Concepts
	Twitch Interpolation Technique: Central Fatigue

	Evoked Maneuvers: Pgatw

	Respiratory Muscle Pressure Output: Effort
	Work of Breathing
	Pressure–Time Product
	Tension–Time Index of the Diaphragm


	Esophageal and Gastric Pressure Tracings
	Pleural Pressure–Abdominal Pressure Diagram
	Ratio of Change in Gastric-to-Esophageal Pressure
	Ratio of Change in Gastric-to-Transdiaphragmatic Pressure

	Electromyography
	Analysis of EMG Signals
	Frequency-Domain Analysis
	Time-Domain Analysis
	Neuromechanical Coupling
	Neuromuscular Coupling
	Neuroventilatory Coupling


	Clinical Applications of Electromyography

	Imaging
	Chest X-ray and Fluoroscopy
	Computed Tomography
	Magnetic Resonance Imaging
	Diaphragm Ultrasonography
	Ultrasound Measurement of Diaphragm Thickness (Zone of Apposition)
	Ultrasound Estimation of Diaphragm Strength and Recruitment (Zone of Apposition)
	Diaphragm Thickening
	Two-Dimensional Speckle Tracking Imaging
	Shear-Wave Elastography

	Ultrasound Measurement of Diaphragm Motion (Dome)


	Assessment of Muscle Fiber Vibration
	Surface Phonomyography
	Surface Mechanomyography

	Conclusion
	References

	37: Basics of Electrical Impedance Tomography and Its Application
	Introduction
	Basics of Bioimpedance
	EIT Measurements and Image Reconstruction
	Functional Imaging and EIT Waveform Analysis
	Ventilation Monitoring Using EIT
	Validation of EIT Measurements
	Global Ventilation
	Global Changes in End-Expiratory Lung Volume (EELV) and Impedance (EELI)
	Regional Changes in Lung Ventilation or Volume

	EIT Measures for Analyzing Spatial Distribution of Ventilation
	Subtracting fEIT Images
	Impedance Ratio
	Regional Respiratory System Compliance (CRS)
	Regional Pressure–Volume (P/V) Curves
	Alveolar Overdistension and Collapse (ODCL)
	Center of Ventilation (CoV)
	Global Inhomogeneity Index (GI Index)

	EIT Measures for Analyzing Temporal Distribution of Ventilation
	Regional Ventilation Delay (RVD): Regional Ventilation Delay Index (RVDI)
	Intratidal Gas Distribution (ITV)

	Clinical Application
	Estimation of Lung Collapse and Overdistension
	Pneumothorax Detection
	Monitoring Lung Volumes During Endotracheal Suctioning
	Monitoring Positioning of Endotracheal Tubes
	Monitoring Ventilatory Dyssynchrony


	Perfusion Monitoring Using EIT
	Measurement Principle
	Perfusion Monitoring Using Cardiac Activity
	Perfusion Monitoring Using Contrast Agents


	Conclusion
	References

	38: Clinical Monitoring by Volumetric Capnography
	Time-Based and Volume-Based Capnography
	Respiratory Monitoring
	Monitoring ventilation by VCap
	Monitoring Gas Exchange by VCap

	Hemodynamic Monitoring
	Preload Assessment by VCap

	Summary
	References

	39: MRI in the Assessment of Cardiopulmonary Interaction
	Introduction
	Techniques for Mapping Cardiopulmonary Interaction
	Dynamic Contrast Enhanced (DCE) MRI
	Proton Imaging
	Oxygen Enhanced MRI

	Hyperpolarized Gases
	Fluorine Gas MRI

	Applications of MR Imaging in Cardiopulmonary Interactions
	Pulmonary Perfusion
	Lung Parenchyma (Diffuse Lung Disease)
	Ventilation (Gas Exchange)
	Heart Disease
	Imaging of Lung Mechanics

	Summary
	References


	Part VI: The Tools: Interaction
	40: Respiratory Function of Hemoglobin: From Origin to Human Physiology and Pathophysiology
	Introduction
	Anaerobic Origin of Hemoproteins
	Hemoglobin as Oxygen Carrier
	Erythrocytes as Hemoglobin Carrier
	Bohr and Haldane Effects
	2,3-Bisphosphoglycerate
	Effects of Temperature
	Erythrocyte as a Source of Bioactive NO
	Antioxidation

	Adaptation of Erythrocytes for Oxygen Transport
	Size
	Shape
	Distribution
	Production, Storage and Release

	Adaptation to Life Without Hemoglobin
	Clinical Physiology and Pathophysiology
	Increased Metabolic Demand
	Adaptation to Ambient Hypoxia
	Hemoglobinopathy
	Unstable Hemoglobins
	Hemoglobin Variants with Altered O2 Affinity
	Carboxyhemoglobinemia
	Methemoglobinemia
	Post-translational Modification of Hemoglobin

	Conclusions
	References

	41: Acid-Base and Hydrogen Ion
	Introduction
	Importance of Water
	Importance of Strong Ions
	Importance of CO2
	Importance of Albumin
	Approach to Identifying the Cause of a Disturbance of Blood [H+] (pH)
	Base Excess: Direct Estimation of Metabolic Derangements in Acid–Base Status
	BE Approach to Evaluation of Acid–Base Disorders (Table 41.1)
	How Are the “Water” (i.e., Dilutional Effects), [Cl-] Effects, and [Albumin] Evaluated?
	Water Effect
	Chlorideeffect
	Proteineffect
	“Other Effects”

	Summary
	Case Examples
	Case 1
	Case 2

	References


	Part VII: Applications
	42: Use of Maintenance and Resuscitation Fluids
	Introduction
	Volume and the Generation of Blood Flow
	Clinical Administration of Fluids
	Assessment of Hydration, Na+ Balance, and Vascular Volume
	Maintenance and Daily Needs

	Use of Fluids for Resuscitation
	Goals

	What Types of Fluids?
	Crystalloid Solutions
	Colloids
	Managing Hydration Status
	Summary

	References

	43: Identifying and Applying Best PEEP in Ventilated Critically Ill Patients
	Introduction
	Classical Methods to Set PEEP: Compliance and PEEP-FiO2 Tables
	The Best Respiratory System Compliance
	PEEP-FiO2 Tables and EXPRESS Approach
	Airway Closure: A Major Confounding Factor

	Esophageal Manometry
	Estimating Transpulmonary Pressure with Esophageal Pressure
	Guiding PEEP with Esophageal Pressure

	Electrical Impedance Tomography
	Guiding PEEP with EIT
	Decremental PEEP Steps
	Center of Ventilation

	Direct Assessment of Lung Recruitability
	Rationale
	CT Scan
	Pressure-Volume Curves, Lung Volume, and a Simplified Method

	Global Integrative Clinical Approach
	References

	44: Cardiopulmonary Monitoring in the Prone Patient
	Introduction
	Prone Position and Hemodynamics
	Prone Position and the Lung
	Prone Position Maneuver
	Monitoring in Prone Position
	Summary
	References

	45: Cardiopulmonary Interactions in the Management of Acute Obstructive Disease
	Introduction
	Normal Respiratory Mechanics
	Airflow Limitation in Obstructive Lung Diseases
	Heart-Lung Interaction in Health
	Pleural Pressure and the Right Heart
	Pleural Pressure and the Left Heart
	Intra-pulmonary Vessels

	Heart-Lung Interaction in Obstructive Disease – The Spontaneously Breathing Patient
	Auto-PEEP and Hyperinflation
	Pulsus Paradoxus

	Heart-Lung Interaction in Severe Obstructive Disease – The Mechanically Ventilated Patient
	Therapeutic Strategy
	Conclusion
	References

	46: Evaluation and Management of Ventilator-Patient Dyssynchrony
	Introduction
	Classification
	Over-Assistance (Low Respiratory Drive)
	Ineffective Efforts
	Delayed or Prolonged Cycling

	Insufficient Assistance (High Respiratory Drive)
	Flow Starvation
	Short or Premature Cycling
	Double Trigger and Breath Stacking

	The Entrainment Phenomenon: Reverse Triggering

	Assessment of Asynchronies
	Management – A Clinical Approach
	Clinical Consequences
	Conclusion
	References

	47: Cardiopulmonary Monitoring in the Patient with an Inflamed Lung
	ARDS as an Inflammatory Disease
	Pathophysiology of ARDS
	Exudative Phase
	Proliferative Phase
	Fibrotic Phase

	ARDS Phenotypes: The “Hyperinflammation”

	Ventilator-Induced Lung Injury and Inflammation
	Evolving Definitions and Pathophysiology of VILI: From “Barotrauma” to “Ergotrauma”
	Mechanotransduction and Ventilator-Induced Lung Injury
	Biotrauma and Inflammation
	VILI, Inflammation and Fibrosis

	Biological Modulation of the Inflamed Lung
	Future Perspectives

	References

	48: Ventilation During Veno-Venous Extracorporeal Membrane Oxygenation
	Introduction
	Principles of Gas Exchange During VV-ECMO in Acute Respiratory Failure
	Mechanical Ventilation Strategies During VV-ECMO
	Ventilatory Strategy During the Early Phase of VV-ECMO
	Assisted Mechanical Ventilation During VV-ECMO

	References

	49: Vasopressor Support for Patients with Cardiopulmonary Failure
	Introduction
	Differences Between Various Agents
	Adrenergic Vasopressor Agents
	Non-adrenergic Vasopressor Agents
	Vasopressin Derivatives
	Angiotensin II


	Impact on Outcome
	Effects of Vasopressors on Left Ventricular Function
	Effects of Vasopressors in Right Heart Failure: (Fig. 49.1)
	Conclusions
	References

	50: Cardiogenic Shock Part 1: Epidemiology, Classification, Clinical Presentation, Physiological Process, and Nonmechanical Treatments
	Definition
	Cardiogenic Shock with Acute Coronary Syndromes
	Cardiogenic Shock Without an Acute Coronary Syndrome
	Presentation of Shock
	Congestive Component
	Distributive Component

	Physiology and Pathophysiology
	Limitation to Filling
	Clinical Consequences of the Above Analysis

	Management
	Monitoring
	Diagnostic value of PA catheter
	Management value of PA catheter

	Volume
	Pharmacological Approaches
	Epinephrine (Epi)
	Norepinephrine (NE)
	Epi versus NE
	Dobutamine
	Dopamine
	Milrinone
	Sodium bicarbonate (NaHCO3)


	Role of Ventilation in Cardiogenic Shock
	Summary
	References

	51: Cardiogenic Shock Part 2: Mechanical Devices for Cardiogenic Shock
	Introduction
	IABP
	Devices that Support Ventricular Outflow
	General Principles
	LV Off-loading by Percutaneous Micro-axial Trans-aortic Devices (Impella®)
	Physiological Considerations with Micro-axial LVAD Support
	Surgically Implantable Devices for LV Decompression

	Left Atrial Decompression of the LV: TandemHeart® p-VAD
	Physiological Considerations Related to Devices Based on LA Drainage
	Comparison of Hemodynamic Profile of TandemHeart Versus Impella®

	Extracorporeal Membrane Oxygenation (ECMO)
	Physiological Considerations with ECMO

	Right Ventricular Failure
	Right Heart Support

	Summary
	References

	52: Pathophysiology of Sepsis and Heart-Lung Interactions: Part 1, Presentation and Mechanisms
	Introduction
	Definition
	Clinical Presentation
	Epidemiology
	Presentation in Experimental Inflammatory Syndromes
	Human Data
	Animal Data

	Vascular Mechanics Required for the High Cardiac Output State
	Coronary Blood Flow and Myocardial Ischemia
	Basic Cellular Mechanisms
	Triggering the Process: Cytokine Cascade
	Drivers of the Clinical Manifestations

	Vascular Failure in Sepsis
	Mechanisms of Vascular Dysfunction
	Role of Potassium ATP Channel
	Nitric Oxide and Superoxide
	Mitochondrial Dysfunction
	Intracellular Calcium Regulation
	Permeable Barriers

	Synthesis of Mechanisms
	References

	53: Pathophysiology of Sepsis and Heart-Lung Interactions: Part 2, Treatment
	Treatments
	Management of O2 Delivery
	Role of Volume
	Synthesis of the Defects
	Norepinephrine
	Phenylephrine
	Vasopressin
	Epinephrine
	Dobutamine
	Milrinone
	Miscellaneous Therapies
	Heart-Lung Component
	Summary
	References

	54: Cardiopulmonary Monitoring of Patients with Pulmonary Hypertension and Right Ventricular Failure
	Introduction
	Pulmonary Pathophysiology
	Cardiopulmonary Hemodynamics
	Normal Pulmonary Circulation
	Pulmonary Hypertension (PH)

	Other Pulmonary Vascular Physiologic Parameters
	Introduction
	Pulmonary Vascular Compliance
	Pulmonary Artery Elastance
	Pulmonary Artery Impedance

	Pulmonary Hypertension
	Introduction
	Relationship Between Pulmonary Vascular Physiologic Parameters
	Clinical Significance of Altered Pulmonary Vascular Physiology


	Other Aspects of Pulmonary Physiology
	Pulmonary Gas Exchange
	Pulmonary Diffusing Capacity (DLco)
	Airway Function
	Pulmonary Compliance/Volumes


	Pathophysiology of RV Failure in PAH
	Normal RV Function
	Introduction

	RV Failure
	Introduction
	RV Failure: RV-PA Coupling Versus Decoupling
	RV Failure: RV Ischemia
	RV Failure: Ventricular Interdependence


	Cardiopulmonary Monitoring of the PAH Patient
	Introduction
	Cardiopulmonary Monitoring of the PAH Patient: Clinical Parameters
	Symptomatic/Functional Classification
	Recommendations for Clinical Practice

	Health-Related Quality of Life (HRQoL)
	Recommendations for Clinical Practice

	Physical Examination
	Recommendations for Clinical Practice


	Cardiopulmonary Monitoring of the PAH Patient: Exercise Capacity
	Introduction
	6-Minute Walk Test (6MWT)
	Introduction
	Effects of PH on 6MWT
	Effects of PH-Targeted Therapy on 6MWT
	Prognostic Value of 6MWT in PH

	Cardiopulmonary Exercise Test (CPET)
	Introduction
	CPET Patterns in PAH
	Correlation of CPET Parameters with Severity of PAH
	Prognostic Value of CPET Parameters in PAH
	Summary
	Recommendations for Clinical Practice
	Diagnosis of PH
	Assessment of PH Severity/Prognosis




	Cardiopulmonary Monitoring of the PAH Patient: Invasive Hemodynamics
	Right Heart Catheterization (RHC)
	Introduction
	RHC in PH Patients
	Clinical Importance of Pulmonary Hemodynamics in PH
	Recommendations for Clinical Practice



	Cardiopulmonary Monitoring of the PAH Patient: Echocardiography
	Introduction
	Echocardiography in PH
	Overall Approach
	2-D Evaluation
	Doppler Examination
	Right-Heart Chamber Evaluation
	Recommendations for Clinical Practice



	Cardiopulmonary Monitoring of the PAH Patient: Cardiac MR
	Introduction
	Cardiac MR in PH
	Recommendations for Clinical Practice


	Cardiopulmonary Monitoring of the PAH Patient: Biomarkers
	Introduction: PAH Vascular Biology
	Biomarkers Which Reflect the Pathobiology of PAH
	Natriuretic Peptides (ANP, BNP, NT-proBNP)
	Introduction
	Prognostic Role of BNP and NT-proBNP
	Recommendations for Clinical Practice



	Cardiopulmonary Monitoring of the PAH Patient: Summary

	References

	55: Monitoring and Management of Acute Pulmonary Embolism
	Introduction
	Pathophysiology
	Vasoconstrictive Mediators
	The Role of the Right Ventricle

	Categorization of Pulmonary Embolism
	Diagnosis of Acute PE
	Laboratory Testing
	Transthoracic Echocardiography
	Computed Tomography Angiography (CTA)

	Management
	Anticoagulation and Thrombolytics
	Vasoactive Medications
	Airway Management in PE

	Conclusion
	References

	56: Clinical Neurologic Issues in Cerebrovascular Monitoring
	References

	57: Delirium in the Critically Ill Patient
	Introduction: ICU Delirium and its Consequences
	Delirium Definition and Epidemiology
	Delirium Pathophysiology
	Delirium Identification
	Risk Factors
	Delirium Prevention and Treatment
	PADIS Guidelines and the ABCDEF Bundle
	Nonpharmacological Interventions
	Environment
	Early Rehabilitation and Mobilization
	Sleep

	Pharmacological Interventions
	Drugs for Delirium Prophylaxis and Treatment
	Analgesia and Sedation Management


	Conclusion
	References

	58: Obesity in Critically Ill Patients
	Introduction
	Changes in Baseline Physiology
	Obesity and the Abdomen
	Obesity Control of Breathing/OSA/ OHS
	Obesity as a Risk Factor for Critical Illness
	Airway Management
	Ventilator Management in Obese Patients
	Additional Considerations
	Obesity and Outcomes
	Conclusion
	References


	Part VIII: Epilogue
	59: The Future
	References


	Index

