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Abstract During incremental exercise tests, chronotropic

incompetence (CI), which is the inability of the heart rate

(HR) to rise in proportion to an increase in metabolic de-

mand, is often observed in patients with type 2 diabetes

mellitus (T2DM). Despite the fact that CI is associated

with exercise intolerance and elevated risks of develop-

ment of cardiovascular disease and premature death, this

clinical anomaly is often ignored or overlooked by clin-

icians and physiologists. CI is, however, a significant

clinical abnormality that deserves further attention, ex-

amination and treatment. The aetiology of CI in T2DM

remains poorly understood and is complex. Certain T2DM-

related co-morbidities or physiological anomalies may

contribute to development of CI, such as altered blood

catecholamine and/or potassium levels during exercise,

structural myocardial abnormalities, ventricular and/or ar-

terial stiffness, impaired baroreflex sensitivity and cardio-

vascular autonomic neuropathy. Clinicians should thus be

aware of the potential presence of yet undetected anomalies

or diseases in T2DM patients who experience CI during

exercise testing. However, an effective treatment for CI in

T2DM is yet to be developed. Exercise training pro-

grammes seem to be the only potentially effective and

feasible interventions for partial restoration of the

chronotropic response in T2DM, but it remains poorly

understood how these interventions lead to restoration of

the chronotropic response. Studies are thus warranted to

elucidate the aetiology of CI and develop an effective

treatment for CI in T2DM. In particular, the impact of

(different) exercise interventions on CI in T2DM deserves

greater attention in future studies.

Key Points

Chronotropic incompetence (CI) is often overlooked

by clinicians and physiologists, despite its

association with exercise intolerance and risks of

development of cardiovascular disease and

premature death.

Certain co-morbidities or physiological anomalies

related to type 2 diabetes mellitus (T2DM) may

contribute to development of CI. However, the

aetiology of CI in this population remains poorly

understood and is complex.

Studies are warranted to elucidate the aetiology of CI

and to develop an effective treatment for CI in

T2DM.

1 Introduction

During the second half of the 20th century, the global

prevalence of type 2 diabetes mellitus (T2DM) increased

substantially [1]. Recent data indicate that about 285 mil-

lion individuals worldwide have been diagnosed with dia-

betes, 90 % of whom suffer from T2DM [2]. It is
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anticipated that this prevalence will increase to 439 million

people worldwide by 2030, which represents 7.7 % of the

global population [2].

T2DM is associated with development of hypertension,

dyslipidaemia, retinopathy, nephropathy and cardiovascu-

lar disease. Moreover, disturbed lipolysis, a lowered resting

metabolic rate and exercise intolerance are often present in

T2DM [3–5]. As a result, T2DM is a disease that ultimately

leads to a reduced life expectancy (by *4.3 years) and a

significant socio-economic burden [6–8].

Traditionally, the three cornerstones of therapy for

T2DM are glucose-lowering medication, dietary interven-

tion and exercise training [3]. The clinical benefits of ex-

ercise training in T2DM are well documented: it reduces

systemic inflammation and leads to improvements in gly-

caemic control, insulin sensitivity, the lipid profile, body

composition, quality of life, endothelial function, cardiac

function and arterial compliance [1, 3, 4, 9–12]. It thus

follows that exercise therapy should be considered as a

cornerstone in the treatment of T2DM. The current rec-

ommendation for exercise training in T2DM is an exercise

volume of at least 150 minutes per week, which should be

spread throughout the week, and it is also recommended

that the exercises should be of the endurance type at a

moderate intensity (50–75 % of peak oxygen uptake) [13,

14]. The addition of strength training exercises (three sets

of 8–10 repetitions at a weight that cannot be lifted more

than 8–10 times) is also recommended [1].

Prior to initiation of an exercise training intervention,

T2DM patients are advised to undergo a cardiopulmonary

exercise test [5] to verify the absence of cardiovascular

abnormalities (myocardial ischaemia, arrhythmias or hy-

pertension) or pulmonary abnormalities [15]. In addition,

such exercise tests are very useful to examine exercise

tolerance and to properly determine training modalities

(intensity, frequency, volume and type) [5].

One commonly observed anomaly during exercise

testing in patients with T2DM is a suppressed peak heart

rate (HR), commonly mentioned in the literature as

chronotropic incompetence (CI) [16, 17]. Unfortunately,

even though a suppressed peak HR during exercise sig-

nifies a worse prognosis, is related to development of

exercise intolerance and could even be a marker for

other (subclinical) diseases or abnormalities, many clin-

icians and physiologists do not notice CI in their eval-

uation, or even ignore it. Therefore, clinicians should be

stimulated to systematically verify the presence or ab-

sence of CI [18]. The aim of this review is to stimulate

clinicians and physiologists to assess the chronotropic

response to exercise in T2DM more often in clinical

practice, to offer a valid methodology for the detection

of CI, and to provide insights into interventions for the

treatment of CI. Finally, the need for studies on the

aetiology of CI in T2DM and the impacts of different

interventions are highlighted.

2 Chronotropic Incompetence

CI is defined as the inability of HR to rise in proportion to

an increase in activity or metabolic demand. During phy-

sical exercise, a sufficient increase in HR is necessary to

augment cardiac output and increase perfusion of working

muscles. CI is therefore a significant contributor to exercise

intolerance and reduced quality of life [18]. This clinical

anomaly is frequently seen in patients with (yet undiag-

nosed) cardiovascular disease. Moreover, CI is an inde-

pendent predictor of major cardiovascular events and

premature death [18]. It thus follows that CI should be

considered a significant clinical abnormality that deserves

further attention, examination and treatment.

2.1 Prevalence and Assessment Methodology

Because of the absence of standardized criteria and con-

sistent methodology for determining CI, and depending on

the population examined, various prevalence rates of CI

(9–89 %) have been reported in the current literature [19–

22]. A recent study showed that CI was present in *42 %

of male T2DM patients, as opposed to *6 % of their

healthy counterparts [17]. With the exception of the latter

study, the data on CI prevalence in T2DM are limited.

Therefore, CI should be assessed more often in clinical

practice and in experimental studies, in order to determine

the prevalence and severity of CI in large cohorts of T2DM

patients. From these data, associations between CI severity

and patient characteristics can be studied, as well as the

prognostic impact of CI severity. For example, Hansen and

Dendale observed a greater likelihood of CI in T2DM

patients with a greater waist circumference [17]. The au-

thors hypothesized that visceral fat accumulation could be

an important contributor to development of CI in T2DM

patients. As a result, it could thus be proposed that inter-

ventions that lead to decrements in visceral fat mass could

(partly) restore the chronotropic response during exercise

in T2DM patients. This hypothesis is discussed in Sect. 4.3

of the present review.

The most commonly used criterion for diagnosing CI is

when HR is not able to reach a given percentage (80–85 %)

of the age-predicted maximal HR (220 bpm - age) during

maximal endurance exercise testing [23, 24]. However, a

major disadvantage of this method is the fact that on an

individual basis, the maximal HR during exercise testing

can vary considerably, even in healthy subjects [25, 26].

Another technique for determining CI is via the HR reserve

method, which is defined as the change in HR from rest to
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peak endurance exercise, minus HR at rest [18]. Thus, the

adjusted HR reserve (the change in HR from rest to peak

exercise, minus resting HR) divided by the difference be-

tween the resting HR (measurement of the radial pulse

during a 1-min recording, after a 5-min rest in the supine

position [18, 27]) and the age-predicted maximal HR is

commonly used to establish CI [28]. From this calculation,

the most widely used criterion for CI is the inability to

reach C80 % of HR reserve during maximal endurance

exercise testing on a bike or treadmill [18].

To diagnose CI correctly, subjects have to perform an

exercise test until maximal exercise effort is achieved [18].

To quantify the level of exertion during exercise testing,

ratings of perceived exertion (Borg RPE) can be used.

However, because of the altered motivation of T2DM pa-

tients with regard to exercise (many T2DM patients lack

the motivation to exercise), this criterion for maximal ef-

fort during exercise testing should be used with great

caution. Therefore, persons with T2DM report greater Borg

RPE during exercise than non-diabetic controls while being

exposed to identical absolute work rates and physiological

loads [29]. The respiratory gas exchange ratio (RER; vol-

ume of carbon dioxide output/volume of oxygen uptake

[VO2]) is the most objective measure of exercise effort.

RER is a continuous variable with a range from\0.85 at

rest to[1.20 during exhaustive exercise [18]. RER values

should be [1.10 at peak exercise to obtain the reliable

exercise test results needed for determination of CI. Ex-

ercise tests with continuous gas exchange monitoring are

thus advised. It follows that facilities that are not equipped

with ergospirometers are severely limited in their ability to

diagnose CI in patients with T2DM.

In clinical practice, physicians and physiologists are

often confronted with patients who are not able or willing

to execute a maximal cardiopulmonary exercise test (pa-

tients with kinesiophobia, lack of motivation and/or

orthopaedic limitations). Therefore, in these specific cases,

clinicians need to be able to diagnose CI from a sub-

maximal exercise test. In this regard, the metabolic–

chronotropic relationship (MCR; the chronotropic index),

which is calculated from the ratio of HR reserve to

metabolic reserve (the relationship between HR and VO2)

during submaximal exercise, is used. Using the MCR to

evaluate CI could sometimes be more feasible because

maximal exercise tests are not necessary [30]. In healthy

subjects, the achieved percentage of HR during exercise

equals the percentage of metabolic reserve (mobilization of

glycogen, a switch of substrate oxidation from fat to car-

bohydrates and the capacity to increase oxidative meta-

bolism of energy-providing substrates). Hereby, it is

possible to state that for a single HR at any point during

endurance exercise (HRstage), this HR can be determined as

being (in)consistent with normal chronotropic function. By

using the Wilkoff equation, it is possible to calculate the CI

index [30]:

HRstage ¼ 220� age� HRrestð Þ
� METsstage � 1
� �

= METspeak � 1
� �

þ HRrest

In order to use this formula (where metabolic

equivalents [METs] = VO2 in mL kg-1 min-1/3.5) to

evaluate CI, the following parameters should be recorded

during a dynamic exercise test (Bruce protocol, RAMP

exercise protocol): age, resting HR (HRrest), age-predicted

maximal HR (APMHR) = 220 bpm - age, age-predicted

HR reserve (= APMHR - HRrest), maximally achieved

HR during exercise (HRmax), oxygen consumption

(VO2 = mL kg-1 min-1) and RER.

Here, METsstage equals VO2 (mL/kg/min)/3.5 at the

respective stage, and METspeak equals VO2 (mL/kg/min)/

3.5 under maximum stress [31].

This formula then provides a CI index, where the cut-off

value is set at 0.80. Thus, a patient with an MCR of B0.80

can be diagnosed as having CI [18, 30].

2.2 Prognosis and Clinical Consequences of CI

in T2DM

An important determinant of quality of life is the ability to

perform physical work with maximal comfort throughout

the day. Because CI leads to a suppressed (increase in)

cardiac output, perfusion of working muscles will be

compromised. This can lead to severe or symptomatic

exercise intolerance [6, 18, 31, 32]. Subsequently, T2DM

patients who experience CI during exercise will be very

likely to suffer from exercise intolerance, a reduced quality

of life and reduced motivation to exercise. Because of the

reduced motivation to exercise, these patients become or

stay sedentary, which further leads to worsening of their

cardiovascular disease risk factors and hence their prog-

nosis. In this way, a vicious cycle can develop. It should

therefore be of no surprise that CI has frequently been

associated with increased risks of major cardiovascular

events and premature death [17, 33–35]. For example, in

one study, patients with CI were at a 2.5-fold greater risk of

premature death and experienced a greater need for cardiac

transplantation and ventricular assist device placement

[33]. Moreover, the worse the degree of CI during exercise

testing, the greater the risk of adverse cardiovascular events

becomes [34].

It is thus evident that CI is associated with major and

pervasive medical risks in T2DM, although the prognosis is

variable and is dependent on the underlying aetiology of CI

[5, 15]. CI could thus indicate the presence of other, yet

undiagnosed, diseases or medical anomalies. The aetiology

of CI in T2DM patients should therefore be determined, as

the treatment for CI may vary accordingly [34].
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Moreover, CI may induce diverse practical complica-

tions during diagnosis and rehabilitation of T2DM patients.

For example, during assessment of cardiac function (for

example, stress echocardiography) or during medical

imaging (for example, cardiac positron emission tomog-

raphy), a given HR is often aimed at. Because of CI, the

cardiac metabolic demand at certain HR thresholds may be

higher than anticipated in T2DM patients. This may thus

complicate the interpretation of such diagnostic tests.

Furthermore, in rehabilitation programmes, exercise in-

tensity is often based on a theoretically given HR. In

T2DM patients with CI, there is a greater likelihood that

too high a target HR will be prescribed during exercise

training. This complicates participation in exercise inter-

ventions. It is thus important that clinicians and physiolo-

gists take CI into account in T2DM patients when

executing cardiac function tests and/or prescribing exercise

training intensities [7, 14, 16].

3 Aetiology of Chronotropic Incompetence

3.1 Chronotropic Response During Exercise

in Healthy Individuals

Before discussing anomalies in HR response during exer-

cise in T2DM patients and exploring the aetiology of CI,

the cascades and mechanisms leading to increments in HR

during exercise should be discussed in healthy subjects first

(see Fig. 1).

An increase in HR with dynamic exercise reflects the

ability of both sympathetic and vagal activity to respond

adequately to an increase in metabolic demand.

Before exercise, feed-forward control by brain centres

(= central command) causes vagal withdrawal and allows

sympathetic activity to dominate and produce cardiac ac-

celeration, causing an increase in HR [36, 37]. Therefore,

the earliest increase in HR, immediately before initiation of

an exercise test, is mainly dependent on the patient’s an-

ticipation of exercise. This response can vary considerably

and should be taken into account during an attempt to

assess resting HR, because this may not be the ideal setting

for doing so.

At the onset of exercise (within the first 20 s, up to an

HR of 100 beats/min), a rapid HR increase is noticed,

which is mainly attributable to withdrawal of tonic vagal

activity. This vagal tone withdrawal causes very rapid

changes in HR and hence cardiac output. After about 30 s

of incremental exercise, or when the HR exceeds

100 beats/min, the HR change is taken over by other

mechanisms [38].

As the intensity of exercise increases, a further incre-

ment in sympathetic stimulation from the central nervous

system emerges, together with an increase in circulatory

catecholamine levels. Because of reduced parasympathetic

tone and increased sympathetic tone, the stimulation of the

sinus node increases, which leads to an increase in HR.

Thus, the chronotropic response to endurance exercise re-

flects the vagal and sympathetic outflow to the sinus node

[38].

Another mechanism contributing to an adequate HR

increase during endurance exercise is the baroreflex, which

is activated by stimulation of the baroreceptors. These re-

ceptors, which are located in the arterial vessel wall, in-

fluence and modulate the activity of the brainstem

cardiovascular and respiratory centres through connections

with the central nervous system. The arterial blood pressure

is constantly regulated by these baroreceptors, which are

sensitive to stretching of the vessel wall. Under normal

physiological conditions, firing of these baroreceptors ex-

erts a tonic inhibitory action on sympathetic outflow from

the medulla. Hypotension, on the other hand, leads to

disinhibition of the medulla centres, resulting in increased

sympathetic and decreased parasympathetic outflow. Under

the influence of these autonomic changes, peripheral

vasoconstriction occurs, leading to tachycardia and thus

restoration of arterial blood pressure [39]. Thus, the

baroreflex contributes to a chronotropic response to en-

durance exercise through modulation of blood pressure and

HR.

The baroreflex also interacts with another mechanism

responsible for the regulation of HR and blood pressure—

namely, the chemoreflex. This reflex controls the regula-

tion of ventilatory responses to changes in arterial oxygen

and carbon dioxide content. Both peripheral and central

chemoreceptors influence neural circulatory control, par-

ticularly in situations involving pronounced changes in

arterial oxygen and/or carbon dioxide (e.g. during en-

durance exercise), as these receptors are sensitive to hy-

poxia and hypercapnia [40].

Activation of the chemoreflex causes an increase in

sympathetic activation, HR, blood pressure and ventilation.

Activation of these mechanisms is seen during endurance
Fig. 1 Active mechanisms of a normal chronotropic response to

exercise
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exercise, where HR, blood pressure and ventilation ought

to increase proportionally to an increase in activity or

metabolic demand [40].

Other reflex mechanisms contributing to changes in HR

during exercise are the mechanoreflex and the metabore-

flex. The muscle mechanoreflex is activated by stimulation

of mechanoreceptors (e.g. by a tendon stretch), which are

located in the group III and IV sensory fibres of exercising

muscles. Activation of mechanoreceptors induces an in-

crease in muscle sympathetic activity, blood pressure and

HR, and also reduces cardiac vagal activity. Metabore-

ceptors, which share the same location as mechanorecep-

tors, evoke activation of the metaboreflex, which leads to

cardiovascular responses during exercise. These receptors

are activated by accumulation of certain metabolites (lactic

acid, bradykinin, potassium) in contracting skeletal mus-

cles. This leads to increases in blood pressure, cardiac

output and vascular resistance, thus contributing to normal

HR responses during exercise [37, 41].

All of the above-mentioned reflex mechanisms con-

tribute to a collective increase in sympathetic tone, which

leads to increased synthesis/release of circulatory

catecholamines (epinephrine, norepinephrine). These

catecholamines activate the sinus node and cardiomyocytes

to increase HR and stroke volume [42–44].

3.2 Impaired Chronotropic Response in T2DM

In T2DM patients, a disturbed HR response to exercise is

often present [16, 17], though the underlying mechanisms

of CI in T2DM are not fully understood. T2DM is, how-

ever, associated with certain co-morbidities that may con-

tribute to development of CI. These co-morbidities are

altered catecholamine and/or potassium levels during ex-

ercise, structural myocardial alterations, ventricular and/or

arterial stiffness, impaired baroreflex sensitivity (BRS) and

cardiovascular autonomic neuropathy (CAN). The asso-

ciations between these clinical anomalies and CI in T2DM,

and their mechanisms, are described in detail in Sects.

3.2.1–3.2.5. It must be mentioned, however, that we can

only partly explain the aetiology of CI in T2DM, because

of its complexity and because of the lack of data/studies.

3.2.1 Arterial Stiffness and Altered Baroreceptor/

Chemoreflex Sensitivity

In T2DM patients, myocardial fibrosis and microvascular

disease are often present [16]. It is believed that these my-

ocardial and microvascular disturbances in T2DM are in-

duced by hyperglycaemia, accumulation of advanced

glycation end products (AGEs), a disturbed lipid profile

(lowered blood high-density lipoprotein levels and elevated

low-density lipoprotein levels), long-term hypertension and

(mainly visceral) obesity. The presence of these co-mor-

bidities can lead to chronic low-degree inflammation and

stimulation of the renin–angiotensin–aldosterone system,

from which interstitial and perivascular fibrosis emerges

[16]. The latter eventually leads to increased arterial/ven-

tricular stiffness and diastolic dysfunction in T2DMpatients.

Coherent with the previously discussed influences of

altered baroreceptor sensitivity, increased arterial stiffness,

as in atherosclerosis, may attenuate the HR response during

exercise in T2DM patients [39, 45, 46]. Given that the

baroreceptors are ‘stretch’ receptors, decreased compliance

of the vessel wall would lead to decreased stretching of

these receptors during exercise, causing an attenuated HR

response [39, 45, 47–52]. Consistent with these findings,

Fukuma et al. [46] showed that reduced baroreflex function

is associated with CI during exercise. In that study, the

chronotropic index was lower in patients with depressed

BRS than in those with normal BRS. These data indicate

that impaired BRS may alter sympathetic and parasympa-

thetic nervous system activity and thus attenuate the HR

increment during exercise. In this regard, atherosclerosis

seems to play a pivotal role in development of this reduced

baroreflex activity in T2DM patients.

The baroreflex has the potential to affect sympathetic

nervous system activity both directly and indirectly during

exercise. In addition, the baroreflex also interacts with the

chemoreflex, which is an important mechanism in

regulating sympathetic activity. As the chemoreflex in-

duces an increase in sympathetic activity, HR, blood

pressure and ventilation, it is presumable that impairment

of this reflex causes an attenuated HR increment during

dynamic exercise. Disturbance of chemoreflex sensitivity

could be caused by habituation of the sympathetic nervous

system via persistent sympathetic excitation [46], as seen in

T2DM patients. This altered chemoreflex sensitivity would

then complicate a normal HR increase during exercise.

3.2.2 Ventricular Stiffness and Structural Myocardial

Alterations

The role of increased ventricular stiffness and diastolic

dysfunction (caused by T2DM) in development of CI is

uncertain. It is hypothesized that contraction of a stiffened

ventricle may stimulate ventricular mechanoreceptors with

greater magnitude, as opposed to contraction of a non-

stiffened ventricle. The augmented stimulation of ventricle

mechanoreceptors gives way to a greater increase in vagal

activation, which counteracts a sympathetically mediated

increase in HR during exercise [47]. Via this mechanism,

an increase in HR during exercise becomes suppressed. If

this hypothesis holds true, CI during exercise testing could

indicate the presence of ventricular stiffness as well in

T2DM patients.
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In addition, it could also be argued that a hypertensive

response to exercise develops in T2DM patients because of

structural changes in the myocardium (myocardial fibrosis

and/or ventricular stiffening) that result in an impaired HR

response to exercise. For example, diastolic dysfunction is

often present in T2DM patients, possibly resulting from

diabetic cardiomyopathy induced by long-term hypergly-

caemia. Diastolic dysfunction in T2DM entails delayed

myocardial relaxation, impaired left ventricular (LV) fill-

ing and increased myocardial stiffness [53]. These struc-

tural and biomechanical changes could then result in an

inability to increase the stroke volume commensurately

with the degree of effort, causing inadequate HR responses

to exercise.

Furthermore, Poanta et al. [54] described a correlation

between LV diastolic dysfunction and cardiac dysautono-

mia in T2DM patients. In that study, patients with re-

stricted LV filling showed significant lower HR variability

(a marker of cardiac autonomic function) than patients with

non-restrictive LV filling. Hence, because of the correla-

tion with cardiac autonomic dysfunction, diastolic dys-

function may contribute to a disturbed HR response during

exercise.

Vandergoten et al. [51] described additional factors

contributing to development of CI, such as ischemia (due

to coronary artery disease) and LV dysfunction. Oliveira

et al. [52] found an association between the prevalence of

CI and ventricular wall motion abnormalities. It is

speculated that myocardial ischemia (which often leads to

ventricular wall abnormalities) during exercise could lead

to development of CI in T2DM patients. Consistent with

this, silent myocardial ischemia is often detected in T2DM

patients during maximal exercise testing. It thus follows

that T2DM patients with CI during exercise testing should

have an examination of myocardial perfusion to rule out

(silent) myocardial ischemia.

3.2.3 Blood Potassium Levels During Exercise

T2DM is associated with suppressed blood potassium

levels during exercise. This abnormality is linked to hy-

pertension during exercise and cardiac arrhythmias. As a

result, altered blood potassium levels during exercise

could, at least in part, explain CI in T2DM patients [55].

Under normal circumstances, physical stress entails an

increase in plasma catecholamine levels, leading to an in-

crease in HR and potassium release from contracting

muscles. Since potassium is considered an important

stimulator of HR during exercise, the release and re-uptake

of potassium by contracting muscles could play an im-

portant role in the regulation of cardiac activity during

physical exercise [56]. Release of potassium into the cir-

culation is primarily caused by contracting muscles during

exercise, whereas potassium re-uptake is mediated by b-
adrenergic receptors to prevent exercise hyperkalaemia.

In obesity, lower circulatory potassium levels are seen

during exercise, which result in a less prompt cardiovas-

cular response to higher workloads and thus a smaller in-

crease in HR. These lower plasma potassium levels in

obesity could be due to type 2 muscle fibre hypertrophy in

obesity, which is associated with higher Na?–K? pump

activity during exercise. The higher Na?–K? pump activity

then leads to greater K? re-uptake from the circulation and

thus a reduced plasma potassium level [56].

As T2DM is often associated with obesity and CI has

been detected in T2DM patients mainly with an increased

waist circumference [17], it is possible that CI is partly due

to altered muscular potassium handling [57].

Salvadori et al. [56] reported that insulin resistance is

related to abnormal regulation of muscle K? uptake and

metabolism during exercise. Such abnormalities in K?

uptake during dynamic exercise could possibly lead to a

disturbed cardiovascular response to higher workloads. It

thus seems likely that the blood potassium content plays an

important role in the HR response to exercise and could

therefore contribute to an incompetent chronotropic re-

sponse in T2DM patients.

3.2.4 Blood Catecholamine Levels During Exercise

An adequate increase in plasma catecholamine levels is im-

perative during exercise, to achieve a sufficient rise in HR in

response to an increase in metabolic demand. However,

Mittendorfer et al. [58] reported a blunted rise in blood

catecholamine levels during exercise in obese patients. Un-

fortunately, the mechanism responsible for an attenuated

catecholamine response during exercise in obese men

presently remains unknown [58]. Because obesity is often

associatedwith development of insulin resistance andT2DM,

it is plausible that smaller changes in blood catecholamine

levels occur during exercise testing in T2DM patients. A

blunted catecholamine release prevents HR from increasing

concomitantly with the increase in metabolic demand.

Therefore, disturbed catecholamine responses could be partly

responsible for the presence of CI in T2DM patients during

dynamic exercise. CI during exercise testing in T2DM pa-

tients could thus alert clinicians to suspect endocrine hor-

mone disturbances during exercise in these patients.

3.2.5 Cardiovascular Autonomic Neuropathy

T2DM patients are at an elevated risk of developing CAN

[59, 60]. In diabetes, CAN is ultimately the result of

worsened long-term glycaemic control and interactions

among factors such as diabetes duration, age-related neu-

ronal attrition and disturbed blood pressure (hypertension).
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Hyperglycaemia plays a key role in development and

progression of CAN. Initially, CAN is characterized by

increased sympathetic activity with an increased resting

HR [16, 60], followed by damage to nerves of the auto-

nomic nervous system in the longer term (mainly

parasympathetic fibres, such as the vagus nerve) [61, 62].

This leads to a predominance of sympathetic nervous

system activity and thus a compromised sympathovagal

balance during exercise, which may lead to development of

CI. The sympathetic predominance in CAN leads to dis-

turbances in blood pressure and HR, possibly arising from

post-synaptic desensitization of the b-adrenergic receptor

pathways in the sinoatrial node. This complication arises

from frequent/chronic activation of sympathetic nerves,

which leads to down-regulation of b-adrenergic receptors

in the sinus node. This ultimately results in post-synaptic

desensitization [63–66]. As the HR response to exercise is

determined by the extent of sympathetic drive to the heart

and the ability of b-adrenergic receptors in the sinoatrial

node to respond to circulating catecholamines, such de-

sensitization could then result in a disturbed HR regulation/

response during exercise [64, 67]. Thus, hyperglycaemia in

T2DM patients induces CAN, leading to sympathetic pre-

dominance, ultimately contributing to development of CI

by post-synaptic desensitization of the b-adrenergic re-

ceptor pathways in the sinoatrial node. CI during exercise

testing could thus be an indicator of CAN in T2DM

patients.

4 Therapy for CI in T2DM

Considering the significant impact of CI during exercise on

the prognosis and health of T2DM patients, it is imperative

that an effective therapy for this clinical anomaly is de-

veloped for T2DM patients. However, to develop an ef-

fective treatment for a symptom or disease, its aetiology

needs to be known. Unfortunately, this has not yet been

established for CI. Therefore, the examined treatments for

CI are only partly effective, at best. It is currently

speculated that CI during exercise in T2DM patients could

be partly remedied or modulated through four different

types of interventions: implantation of cardiac devices,

medication, diet or exercise. The possible effects of these

therapies on CI in T2DM patients are discussed in Sects

4.1–4.4.

4.1 Cardiac Devices

In theory, to treat cardiac sinus node dysfunction, im-

plantation of a pacemaker may be suggested. Therefore, it

could be hypothesized that T2DM patients with CI during

exercise testing are candidates for pacemaker implantation.

Rate-responsive pacing, as a pacemaker-based therapy

to modulate severe CI and to improve maximal exercise

capacity, has been used in previous studies and in other

populations [33, 68]. Rate-adaptive pacing has been shown

to enhance functional capacity in patients with an inade-

quate chronotropic response [18] by restoring cardiac

output changes during exercise. At first glance, pacemaker

implantation may seem a logical choice for the treatment of

CI in T2DM patients. It remains questionable, however,

whether pacemaker implantation should be executed in

T2DM patients with CI during exercise. First, pacemaker

implantation is a surgical procedure, which is associated

with certain complications and is relatively expensive. It

therefore remains uncertain whether the clinical benefits of

this therapy (reductions in mortality and morbidity, if

present) would be greater than the costs for patients and the

community (surgery and follow-up consultations). Second,

the aetiology of CI is not targeted by pacemaker implan-

tation. It thus follows that the underlying cause of CI (for

example, atherosclerosis, CAN, ventricular stiffness or

myocardial ischemia) remains untreated and could be of

potential danger to the patient in the long term. Third,

when CI could be improved by other non-surgical inter-

ventions (see Sects. 4.2–4.4) as well, implantation of a

pacemaker becomes significantly less appealing, because

of its invasive and expensive character. It therefore seems

unlikely that pacemaker implantation will become the

(gold) standard treatment for CI in T2DM.

4.2 Medication

In patients with CI, it could be questioned whether ad-

ministration of HR-lowering drugs is appropriate and/or

whether HR-increasing drugs should be prescribed.

Intake of b-blockers leads to a reduction in resting HR

and exercise peak HR, and may thus result in pharmaco-

logically induced CI during exercise, or may worsen al-

ready present CI [18, 65]. In patients with T2DM, b-
blockers are, however, often prescribed to treat hyperten-

sion. Thus, it is questioned whether b-blocker treatment

should be stopped in T2DM patients with CI, and whether

b-blockers should be replaced by other blood pressure-

lowering medication (such as calcium channel antagonists

or angiotensin-converting enzyme [ACE] inhibitors).

However, this should be considered with great caution and

determined for each patient individually. In T2DM patients

experiencing heart failure or arrhythmias, replacement of

b-blockers by other anti-hypertensive drugs is not debat-

able. If, instead, b-blockers are prescribed to T2DM pa-

tients who experience hypertension only, it could be argued

that these should be replaced by other blood pressure-

lowering medication, thus preventing pharmacologically

induced CI during exercise.
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Nevertheless, Witte et al. [65] observed that although

the prevalence of CI was greater in patients taking b-
blockers, patients experiencing CI during exercise who did

not take b-blockers had a higher mortality rate than patients

who did take b-blockers. Therefore, to prevent premature

death in patients with T2DM and hypertension, intake of b-
blockers should be continued.

Besides the withdrawal of HR-lowering medications, it

may also be argued that T2DM patients with CI should

receive HR-increasing medication. Munagala et al. [69]

reported the impact of administration of atropine, which is

an anticholinergic agent causing an increase in HR, in

patients with CI during treadmill stress testing (TMST).

Intake of atropine led to an increase in resting HR by

*10 bpm. This effect persisted throughout the entire ex-

ercise test and during the recovery period. Therefore, pa-

tients were able to reach a significantly higher HR through

intake of atropine. However, whether atropine would im-

prove exercise capacity remains uncertain [69–71]. More-

over, further studies are warranted to verify whether long-

term intake of atropine is medically safe and feasible for

treatment of CI in T2DM patients during exercise [70]. For

example, it could be argued that long-term intake of at-

ropine would lead to elevated blood pressure, resulting in

(worsening of) hypertension in T2DM patients [69–71] and

a worse prognosis for those patients. It thus seems doubtful

that long-term atropine administration is an intelligent

choice in the treatment of CI in T2DM.

4.3 Dietary Intake Restriction Intervention

in T2DM Patients with CI

Dietary intake restriction interventions in T2DM patients

lead to improvements in glycaemic control, insulin sensi-

tivity, the lipid profile, endothelial dysfunction, LV dias-

tolic function and body composition [72–76]. Because

some of these parameters are believed to be related to

development of CI, it should thus be examined whether

such an intervention will also lead to improved HR re-

sponses to exercise in T2DM patients with CI.

Poirier et al. [77] described a correlation between body

weight and autonomic cardiac modulation. Cardiac auto-

nomic dysfunction, caused by an imbalance between

sympathetic and parasympathetic activity, could contribute

to development of CI. Because sympathetic predominance

leads to sympathetic desensitization, altered HR responses

during exercise emerge. Moreover, Poirier et al. [77] re-

ported that weight gain caused a decrement in parasym-

pathetic tone and thus an increased HR at rest and during

exercise. Conversely, weight loss was associated with

significant improvements in autonomic cardiac modulation

through enhancement of parasympathetic modulation,

which clinically translates into a decrease in resting HR.

However, as promising as these results seem to be, in-

formation regarding changes in peak HR during dietary

interventions is sparse. Most studies that have investigated

the impact of dietary intake restriction focused on body

composition. Even when exercise tolerance is discussed in

these studies, peak HR during exercise testing is often not

mentioned. In two studies by Brinkworth et al. [71, 78],

caloric intake restriction did not translate into an increase

in peak HR during exercise testing, despite a significant

reduction in adipose tissue mass. However, further studies

are warranted to study the impact of dietary intake re-

striction on peak HR during exercise testing. It is therefore

concluded that it remains undecided whether caloric intake

restriction interventions should be initiated to treat CI in

T2DM.

4.4 Exercise Therapy

Exercise training leads to improvements in glycaemic

control, insulin sensitivity, the lipid profile, body compo-

sition, endothelial function, LV diastolic function and

physical fitness, and less arterial stiffness and systematic

inflammation in T2DM patients [1, 4, 10]. Because many

of these parameters and factors are associated with devel-

opment of CI, it may be hypothesized that exercise training

could contribute to prevention or treatment of CI in T2DM.

The impact of exercise training interventions on the

chronotropic response to exercise has been investigated in

other populations—but only infrequently in T2DM pa-

tients, unfortunately.

In heart failure patients, exercise training leads to in-

creases in peak HR during exercise testing, cardiac output

and VO2 peak [18]. In line with these observations, Miossi

et al. [79] described improvements in chronotropic re-

sponses during exercise as the result of a 3-month exercise

training programme (resistance and endurance training) in

patients with systemic lupus erythematosus. Keteyian et al.

[35] showed that exercise training for a duration of 24

weeks resulted in an increase in peak HR and HR reserve

during exercise testing, as well as partial reversal of CI, in

patients with heart failure. Adams et al. [80] found im-

provements in the chronotropic index after a 12-week ex-

ercise training programme (39/week; 50–80 % HR

reserve) in patients with cardiovascular disease. Finally,

Brubaker and Kitzman [32] reported improvements in the

chronotropic response (increases in peak HR and cardiac

output) and exercise capacity with endurance exercise

training in patients with heart failure. Other authors [18]

have mentioned that exercise training leads to favourable

changes in chronotropic function, as indicated by a de-

crease in resting HR and submaximal exercise HR and a

faster decline in post-exercise HR. It thus seems fair to

conclude that exercise training intervention is effective to
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improve chronotropic responses to exercise, at least in

patients with heart failure or other diseases.

Improvements in chronotropic responses to exercise

through exercise training are believed to be related to al-

terations in the balance between sympathetic and

parasympathetic tone at rest and during exercise. More-

over, exercise training positively affects baroreceptor sen-

sitivity and HR variability [18]. It is thus speculated that

improved chronotropic responses during exercise testing,

as a result of endurance exercise training, are related to

increases in b-adrenergic receptor sensitivity and improved

nervous system parasympathetic–sympathetic balance [18,

32, 35, 79, 80]. In addition, improvements in chronotropic

responses during exercise testing seem to correlate with

improvements in VO2 peak and cardiac output [18, 32, 35,

79, 80].

Although the impact of exercise training on the

chronotropic response during exercise has been studied

sporadically in T2DM, the few available data seem

promising [81]. Morton et al. [81] showed that T2DM

patients were able to increase peak HR during exercise

testing when following a 7-week walking programme in a

randomised controlled trial. The increase in peak HR

during exercise testing was believed to be related to im-

provements in myocardial functional capacity. In that

study, improvements in LV ejection fraction, end-diastolic

volume and stroke volume were observed. These im-

provements could eventually lead to better chronotropic

responses to exercise in T2DM.

As promising as these results are, the impact of exercise

therapy on chronotropic responses during exercise testing

in T2DM patients needs to be studied more frequently. In

this regard, also, the impact of different selections of

training modalities (for example, different intensities, ex-

ercise and programme durations, exercise volumes and

exercise types) on the chronotropic response to exercise

should be examined in T2DM patients.

5 Conclusion

CI is often present in T2DM patients and is an independent

predictor of major cardiovascular events and premature

death. CI in T2DM is probably due to altered blood cate-

cholamine and/or potassium levels during exercise, struc-

tural myocardial alterations, ventricular and/or arterial

stiffness, impaired BRS and CAN. Clinicians should thus

suspect other, yet undiagnosed, anomalies that deserve

further attention in T2DM patients who experience CI

during exercise testing. According to the current literature,

exercise training is the only potentially clinically effective

and feasible treatment for CI in T2DM. Further research

regarding the aetiology and treatment of CI in T2DM is

warranted.
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