The role of cardiopulmonary exercise testing in the initial evaluation of patients
wearing intracardiac devices submitted to cardiac rehabilitation
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Abstract
Cardiopulmonary exercise testing(CPET) can be used to determine the maximum exercise capacity, to identify the factors that cause
a limitation of the patient’s functional capacity, to evaluate symptoms triggered by physical exercise and to reveal specific
complications related to intracardiac devices that might occur during the physical rehabilitation program. The rehabilitation of a
patient that is wearing an intracardiac device raises some particular issues besides the ones that we meet in a conventionally treated
cardiovascular patient. Several clinical studies have shown that the programming mode of the cardiac pacemakers can have a
significant influence on the patients exercise capacity, a crucial element of any physical rehabilitation program. CPET is one of the
most accurate and comprehensive methods for the evaluation of the pacemaker-wearing patients, being able to optimize their
functional capacity and, therefore, should be recommended in all patients before inclusion in cardiac exercise rehabilitation programs.
Keywords: Cardiac rehabilitation, Intracardiac devices, Cardiopulmonary exercise testing.

published by Price JK et al in European Journal of
Preventive Cardiology in 2016 [4].
The rehabilitation program should be started with
moderate intensity training (40-50% of VO2 max)
and increased progressively up to 70-80% (high
intensity training). An alternative parameter to VO2
max is the heart rate reserve (HRR), which can also
be determined by standard exercise testing.
Another clinically significant result returned by
CPET is the estimation of functional capacity in
metabolic equivalents (METs), which can be used
to classify heart failure into NYHA classes and
establish the indication for both cardiac
resynchronization therapy and cardiac defibrillator
implantation.

Cardiopulmonary exercise testing(CPET) is one of
the most accurate methods currently used for
assessing the exercise capacity of the patients
submitted to cardiac rehabilitation programs [1]. It
can be used to determine the maximum exercise
capacity, to identify the factors that cause a
limitation of the patient’s functional capacity, to
evaluate symptoms triggered by physical exercise
and to reveal specific complications related to
intracardiac devices that might occur during the
physical rehabilitation program.
Evaluation of the patient’s maximum exercise capacity

This evaluation method is able to determine
parameters like VO2 max (the maximum oxygen
uptake of the patient during exercise), the
ventilatory threshold (VT - the moment when the
metabolism switches from aerobic to anaerobic),
the maximum exercise capacity estimated in
metabolic equivalents (METs), the respiratory
exchange ratio, all of them being important
indicators of the patient’s functional capacity [2,3].
The current clinical practice guidelines in terms of
cardiac rehabilitation recommend that physical
exercise should be prescribed only after
determining the VO2 max, which is considered to
be the most accurate indicator of the patient’s
exercise capacity, as shown in a review article

Identification of the factors that reduce the exercise
capacity

CPET can also be used to distinguish between
different pathological conditions that cause a
limitation of the exercise capacity: heart failure,
respiratory diseases or physical deconditioning.
VO2 max, a parameter determined only by CPET,
and VO2/HR (HR=heart rate) are direct predictors
of the left ventricular stroke volume and of the
cardiac output and can be used to diagnose cardiacrelated causes of low functional capacity or to
establish the severity of the symptoms in patients
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with known heart failure [5]. A VO2 max below
50% and a VT at
under 40% of the predicted values are indicators for
severe impairment of the exercise capacity.
On the other hand, the CPET evaluates the
efficiency of the respiratory gas changes by
calculating two slopes: Ve/VCO2 and Ve/VO2 (Ve
– tidal volume, VCO2 – carbon dioxide volume,
VO2 – oxygen volume) and, as a consequence, is
also able to detect respiratory causes of poor
exercise capacity [6,7,8].
The main causes of reduced exercise capacity and
the modified CPET parameters for each one of them
are presented in table 1.
Causes of reduced exercise
capacity
Circulatory impairment (heart
disease)
Respiratory impairment
(pulmonary disease)
Mixed lesions (both cardiac and
pulmonary)
Deconditioning / Ischemic heart
disease
Anxiety / Obesity / Mild disease

Peak
VO2


Anaerobic
threshold


Breathing
reserve
Normal



Normal











Normal

Normal

Normal

Normal

Normal

structural heart disease, especially when they are
caused by sustained ventricular arrhythmias.
Syncope that occurs during effort has significant
clinical implications, potential causes being:
supraventricular tachyarrhythmias with a very high
heart rate, especially in the presence of ventricular
preexcitation,
sustained
ventricular
tachyarrhythmias, severe aortic or mitral stenosis,
obstructive hypertrophic cardiomyopathy, Brugada
syndrome, long or short QT syndrome,
polymorphic
cathecholaminergic
ventricular
tachycardia.
Specific complications related to intracardiac devices

The optimization of the medical care in most
developed countries has determined an important
increase in the population life-expectancy, the
infectious diseases being replaced with
degenerative cardiovascular diseases as the main
cause of morbidity and mortality [11]. Patients
benefit nowadays from interventional cardiology
procedures and device therapy (cardiac pacemakers
and internal defibrillators implantation, cardiac
resynchronization therapy with biventricular
pacing), therapeutic measures that must be followed
by cardiac rehabilitation programs for optimal
results [12].

Table 1. Differential diagnosis of reduced exercise capacity
by CPET.
Diagnosis of symptoms triggered by effort

It can also provide the same valuable information as
a standard exercise ECG test: symptoms caused by
exercise (angina, palpitations, syncope), ECG
changes suggestive for ischemic heart disease,
arrhythmias (extra beats, atrial fibrillation,
ventricular tachycardia), abnormal blood pressure
response to physical exercise [9].
The diagnose of ischemic heart disease can be
difficult in patients with paced rhythm because the
abnormal ventricular repolarization caused by
pacing hides the typical ischemic ECG changes (ST
segment deviation, T wave inversion). In patients
with a high percentage of right ventricular pacing,
the “T wave memory” sign can be present, meaning
that the abnormal ventricular repolarization
(negative T wave) persists even after an intrinsic
ventricular depolarization. In these cases, a
different evaluation method (imaging method) for
myocardial ischemia might be required [10].
Palpitations during physical exercise can be benign
in young patients, in the absence of structural heart
disease, being caused by sinus tachycardia, but
suggest a negative prognostic in patients with

The rehabilitation of a patient that is wearing an
intracardiac device raises some particular issues
besides the ones that we meet in a conventionally
treated cardiovascular patient [13]. Pacemakers and
internal defibrillators are capable of adjusting the
heart rhythm to help the patient adapt to physical
training: in patients with bradyarrhythmias, they
prevent the heart rate to drop under a certain limit
(usually 60-70 beats/min), in patients with
chronotropic incompetence (failure to increase the
heart rate during exercise) some pacemakers have
the option to detect the level of exercise performed
by the patient and to increase the heart rate
accordingly (rate responsive function), some
pacemakers are programmed with algorithms that
favor the intrinsic activation of the ventricles during
exercise, activation that produces a much more
effective contraction compared to the activation
delivered by the right ventricular apical pacing,
dual-chamber
pacemakers
maintain
the
atrioventricular synchronism in patients in sinus
207

rhythm (each atrial contraction followed by a
ventricular contraction), internal defibrillators
detect life-threatening arrhythmias and deliver
specific electrical therapies (anti-tachycardia
pacing, internal electrical shock) [14, 15, 16].
Modified
CPET
parameter
during effort

Device type

Bradycardia

AAI, VVI,
DDD  R

Excessive/inap
propriate
tachycardia

DDD  R

Atrioventricula
r block

AAI  R

Lack of
chronotropic
response

AAI, VVI,
DDD

Antitachycardi
a
pacing/Internal
electrical shock

ICD, CRT-D

Untreated
sustained
ventricular
arrhythmias

ICD, CRT-D

Loss of
interventricula
r synchronism
(biventricular
pacing
replaced with
intrinsic
cardiac
rhythm)
Unchanged
VO2 max, VT,
VO2/HR ratio
after CRT

CRT-P,
CRT-D

CRT-P,
CRT-D

During physical rehabilitation, device wearing
patients, can experience several complications
either caused by device malfunctioning or that
interfere with the normal activity of the devices
(table 2).
Table 2. Potential malfunctions of the intracardiac
devices during physical exercise detectable by
cardiopulmonary
exercise
testing.
CPET=cardiopulmonary
exercise
testing;
AAI=single chamber atrial pacemaker; VVI=single
chamber ventricular pacemaker; DDD=dual
chamber
atrio-ventricular
pacing;
R=rate
responsive; ICD=implantable cardiac defibrillator;
CRT-P=cardiac resynchronization therapy pacing
only; CRT-D=cardiac resynchronization therapy
with defibrillation; VT=ventilator threshold; VO2=
volume of oxygen; HR=heart rate
The movements of the patients during exercise
cause artefacts that can be misinterpreted by the
devices as being real cardiac depolarization and, as
a consequence, pacemakers stop generating
electrical impulses, the heart rate drops and the
patient experiences a syncope (over sensing) and
implantable defibrillators deliver inappropriate
antitachycardia pacing or even electrical shocks
[17]. Sometimes a normal sinus tachycardia,
developed by the patient as a physiological
response to exercise, can reach the lower limit of
the ventricular tachycardia detection interval of the
defibrillator, which responds by initiating the
specific electrical therapies. To prevent these
malfunctions, the devices of the patients submitted
to physical rehabilitation have to be reprogrammed
accordingly after establishing their maximum heart
rate during the exercise test [18, 19].
Several clinical studies have shown that the
programming mode of the cardiac pacemakers can
also have a significant influence on the patients
exercise capacity, a crucial element of any physical
rehabilitation program (table 3) [20, 21, 22]. The
most frequently implanted pacemakers are singlechamber (VVI – right ventricular pacing) and dualchamber (DDD – right atrial and right ventricular
pacing), with or without the rate response function
activated. Cardiac resynchronization therapy
(triple-chamber pacing - right atrial, right
ventricular and left ventricular pacing) is reserved
only for patients with severe heart failure (severe
left ventricular systolic dysfunction) in the presence
of interventricular dissynchronism (wide QRS

Possible cause

Pacing deficit
Loss of ventricular
capture
Oversensing
Oversensing of atrial
activity
Undersensing of
ventricular activity
Pacemaker-induced
tachycardia
Atrioventricular
conduction abnormality
newly
acquired/undiagnosed at
the moment of
pacemaker implant
Rate responsive function
not activated / not
correctly programmed
Oversensing of
ventricular activity
Ventricular tachycardia
detection interval set too
low
Misdiagnosticated
supraventricular
arrhythmias with
functional bundle branch
block
Undersensing of
ventricular activity
Ventricular tachycardia
detection interval set too
high
AV delay programmed
too long
Incomplete blockage of
AV node

Non-responders to
cardiac
resynchronization
therapy
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palpitations, fatigue and reduced exercise capacity
due to the loss of atrial contribution to the cardiac
output. Upgrading to dual chamber pacing (DDD)
can relieve symptoms and significantly ameliorate
functional capacity.
In conclusion, cardiopulmonary exercise testing is
one of the most accurate and comprehensive
methods for the evaluation of the pacemakerwearing patients, being able to optimize their
functional capacity and detect potential
complications during effort and, therefore, should
be recommended in all patients before inclusion in
cardiac exercise rehabilitation programs.

complex) and is less frequently used, given the
complex implantation procedure and high costs.
A meta-analysis published by Carsten W. Israel in
2015 reviewed the clinical trials that compared
atrial and ventricular pacing modes in terms of
quality of life, symptoms of heart failure and
exercise capacity. While dual-chamber pacing,
especially DDDR, has proven to be superior to
single-chamber right ventricular pacing in terms of
maximum exercise capacity, studies that compared
DDD and VVIR pacing modes returned discordant
results [23]. This proves that the activation of the
rate responsive function of the single-chamber
ventricular pacemakers has an effect on the exercise
capacity of similar importance as the
atrioventricular synchronism maintained by the
dual chamber atrioventricular pacing. In other
words, the activation of a pacemaker programming
option, that is not activated by default in all
pacemakers, is able to increase the cardiac output
by the same percent as an efficient atrial
contraction, approximately 20%.
A similar conclusion was drawn by the authors of a
clinical study published in 2017 in Europace
(Palmisano et al.) after evaluating the exercise
capacity of 60 patients with biventricular pacing for
cardiac resynchronization therapy, showing that by
activating the rate responsive function of the
pacemaker, a significant improvement of the
functional capacity can be achieved [24].
Single chamber atrial pacemakers (AAI or AAIR)
can be used for the treatment of sick sinus syndrome
in patients with preserved atrioventricular
conduction. The use of passive fixation leads might
be preferred over active fixation ones, especially in
elderly, because of the lower risk of atrial wall
perforation and cardiac tamponade, but this implies
a higher risk of lead dislocation during effort, which
can cause sudden heart rate drop, cerebral
hypoperfusion and syncope [25]. This cathegory of
patients must be also evaluated by cardiopulmonary
exercise testing prior to inclusion in a cardiac
exercise rehabilitation program.
Another relatively frequently encountered
condition is the so called pacemaker syndrome,
which is caused by the atrioventricular
dyssynchrony met in patients in sinus rhythm
wearing a single chamber ventricular pacemaker
(VVI). In this case, the contraction of the atria
against closed atrioventricular valves causes

Parameter
Pacing mode

Minimum HR

Rate
responsive
function
RR
upper
rate

RR function
response time
Maximum
tracking rate

Pacema
ker type
DDD

AAI,
VVI,
DDD
AAIR,
VVIR,
DDDR
AAIR,
VVIR,
DDDR
AAIR,
VVIR,
DDDR
DDD

AV delay

DDD,
CRT-P,
CRT-D

PVARP

DDD,
CRT-P,
CRT-D

Description
Dual chamber pacemakers
can be programmed in AAI,
VVI, VDD modes
Usualy set at 60-70bpm
In most ICD 40bpm
Can be activated/deactivated
(not activated by default in
all pacemakers)
The maximum paced heart
rate that can be achieved at
peak exercise (usualy 110150 bpm)
The speed of heart rate
increase during exercise (can
be set to slow/ medium/ fast)
The maximum intrinsec atrial
rate transmited 1:1 to the
ventricles
In DDD – promotes intrinsec
activation of the ventricles
In CRT – keeps the patient on
resynchronization
paced
rhythm
Influences the AV delay and
the 2:1 block rate, protects
against pacemaker mediated
tachycardia

Table 3. Adjustable pacemaker parameters that can
influence the patients exercise capacity.
AAI=single chamber atrial pacemaker; VVI=single
chamber ventricular pacemaker; DDD=dual
chamber atrio-ventricular pacing; RR=rate
responsive; ICD=implantable cardiac defibrillator;
CRT-P=cardiac resynchronization therapy pacing
only; CRT-D=cardiac resynchronization therapy
with
defibrillation;
AV=atrioventricular;
PVARP=post ventricular atrial refractory period.
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