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Cardiovascular disease (CVD) is potentiated by risk factors including physical inactiv-
ity and remains a leading cause of morbidity and mortality. Although regular physical
activity does not reverse atherosclerotic coronary disease, precursory exercise improves
clinical outcomes in those experiencing life-threatening CVD events. Exercise precondi-
tioning describes the cardioprotective phenotype whereby even a few exercise bouts
confer short-term multifaceted protection against acute myocardial infarction. First
described decades ago in animal investigations, cardioprotective mechanisms responsi-
ble for exercise preconditioning have been identified through reductionist preclinical
studies, including the upregulation of endogenous antioxidant enzymes, improved cal-
cium handling, and enhanced bioenergetic regulation during a supply-demand mis-
match. Until recently, translation of this research was only inferred from clinically-
directed animal models of exercise involving ischemia-reperfusion injury, and rein-
forced by the gene products of exercise preconditioning that are common to mamma-
lian species. However, recent clinical investigations confirm that exercise preconditions
the human heart. This discovery means that simply the initiation of a remedial exercise
regimen in those with abnormal CVD risk factor profiles will provide immediate cardio-
protective benefits and improved clinical outcomes following acute cardiac events. In
conclusion, the prophylactic biochemical adaptations to aerobic exercise are comple-
mented by the long-term adaptive benefits of vascular and architectural remodeling in
those who adopt a physically active lifestyle. © 2021 Elsevier Inc. All rights reserved.
(Am J Cardiol 2021;148:8−15)
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Sedentary behavior is one of the most preventable causa-
tive factors for cardiovascular disease (CVD), while habit-
ual, structured physical activity (PA) is one of the most
potent countermeasures in treating and preventing CVD.
PA confers a cardioprotected phenotype which includes
anti-atherosclerotic, anti-thrombotic, anti-ischemic, and
anti-arrhythmic effects (Figure 1). Recent discoveries
reveal that the immediate cardioprotective impact of short-
term exercise includes transient biochemical upregulation
of protective cellular mediators, a phenomenon termed
exercise preconditioning, as a prophylactic therapy for
acute coronary events. Because this subfield is based on a
wealth of preclinical investigations, the clinical relevance
of exercise and ischemic models from animal-based studies
are reviewed. Next, emergent translational applications are
detailed as confirmation that exercise cardiac precondition-
ing enhances clinical outcomes. Finally, we discuss the
practical introduction of lifestyle PA, in addition to struc-
tured exercise, in the medical management of previously
sedentary individuals at high risk for CVD.
Practical Relevance of Preclinical Investigations on
Exercise Preconditioning

Exercise preconditioning is a line of scientific inquiry
into the short-term biochemical mediators of cardioprotec-
tion in exercised hearts. Relative to scientific lineage, exer-
cise preconditioning evolved from the 1986 discovery of
ischemic preconditioning, the observation that conditioned
animal hearts could be rendered resilient to acute myocar-
dial infarction (AMI) within hours following sub-lethal
bouts of coronary artery ligation.1 The time needed to
acquire a preconditioned phenotype following the adaptive
stimulus (due to exercise or ischemia) is on the order of
hours. This finding highlights the fundamental conclusion
that cardiac preconditioning necessitates upregulation, or
allosteric control, of endogenous biochemical mediators of
protection.2,3 Once evoked, the endogenous protective
mediators work in concert to strategically counter the asso-
ciated mechanisms of myocardial injury during AMI.

An ischemia reperfusion insult is characterized by cellu-
lar oxidative stress, cytosolic (and mitochondrial) calcium
overload, and bioenergetic dysregulation. From a cellular
perspective, these 3 facets of ischemic pathology are bio-
logically intertwined, with oxidative stress and calcium
dysregulation being subsequent to the bioenergetic crisis
caused by cardiac ischemia. Accordingly, the mechanisms
responsible for ischemic resilience in the preconditioned
heart include: antioxidant enzyme fortification; prevention
of calcium dyshomeostasis through bolstered calcium regu-
lation; and, improvements in bioenergetic supply-demand
ratios.2,3 The mechanisms of exercise preconditioning have
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Figure 1. Multiple mechanisms by which moderate-to-vigorous physical activity may reduce the risk of initial and recurrent cardiovascular events;

" = increased, # = decreased, O2 = oxygen.
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been previously described.3-5 Related studies demonstrate
that intracellular processes of cardioprotection appear to be
activated through receptor-mediated, autocrine/paracrine
pathways, due to multiple circulating factors including
endogenous opioids and interleukin-6.6,7 Importantly, the
mechanisms responsible for the exercise preconditioning
effects described herein are gene products common to
mammalian species. Moreover, exercise preconditioning
induces a phenotype which is largely unique and in contrast
to the protective mediators conferred by ischemic precondi-
tioning. Mechanistic differences between the exercise and
ischemia stimuli are founded on the fact that the former is a
sustainable hermetic stress,4,5 whereas the latter is
transient.8

The unique features, and clinical relevance, of the exer-
cise stimulus was advanced by the observation that rats
exposed to 3 days of moderate intensity treadmill running
were equally protected against a surgically induced MI as
compared with rats that performed several months of exer-
cise training.9,10 A subsequent investigation by different
investigators, also using treadmill run rats, found that pre-
conditioning against ischemia-reperfusion (IR) injury could
be evoked by as little as a single bout of exercise, further
highlighting the temporal nature of biochemical cardiopro-
tection.11 Subsequently, it was discovered that MI resistant
phenotype lasted for at least 9 days following the final bout
of a 3-day moderate intensity exercise regimen.12

With respect to clinical applicability, it was important to
clarify, “how much exercise is needed to precondition a
heart?” The encouraging answer, derived from a series of
animal studies, suggests that even a minimal amount of
exercise provides robust cardioprotection against an ische-
mic insult. To understand this finding, several aspects of the
animal “exercise prescription” should be considered. First,
across different animal species (albeit mostly rodents), per-
formed by independent research groups, the exercise
modalities used to precondition hearts have been experi-
mentally designed to parallel human exercise recommenda-
tions. Thus, within these research studies, exercise
frequency generally varied from 3 days/week to daily ses-
sions. The employed cardiovascular exercise intensities
ranged from »50% to 75% of aerobic capacity (VO2max)
for that particular animal species. In addition, the duration
of an individual exercise session ranged from 30 to
60 minutes. These research applications of animal exercise
as compared with humans are illustrated in Figure 2.
Finally, the exercise modalities common to cardiac precon-
ditioning research studies include forced running on tread-
mills or other rodent ergometers, swimming, or ladder
climbing. Although most of the previously reported investi-
gations used aerobic exercise, researchers found that a
rodent model of strength training also provided significant
cardioprotection against an experimental infarction chal-
lenge.3-5,13

A second important aspect of clinical relevance derived
from preclinical exercise preconditioning studies is that
there appears to be an intensity threshold, above which the
heart becomes preconditioned. Evidence for this conclusion
was primarily derived from 2 different studies by indepen-
dent laboratory groups working in parallel on exercise pre-
conditioning in the early 2000s. The first observation was
that regimented exercise below a moderate intensity
(»50% VO2max) does not protect against experimental MI
in isolated perfused rodent hearts.14,15 The second observa-
tion revealed that while moderate intensity exercise cardio-
protects against AMI, higher intensity exercise does not
bolster the magnitude of protection in a dose-dependent
fashion. Accordingly, the biochemical mechanisms of pro-
tection are activated in a threshold-dependent fashion
within exercise hearts.15 Moreover, it cannot be inferred
that higher exercise volumes (or cumulative doses of PA),
performed at a low intensity relative to VO2max, aren’t



Figure 2. Clinical applicability of exercise and physical activity models used in exercise preconditioning studies. Left Exercise is typically prescribed for

preclinical animal studies using the principle of Frequency, Intensity, Time, and Type (F.I.T.T.). The F.I.T.T. principle approach to cardioprotective exercise

in animal models reflects a conscious scientific effort to parallel the elements of a human exercise prescription. Right Representative images of mouse (top)

and rats (bottom) exercising on rodent treadmills.
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cardioprotective. Although this requires additional research,
cardioprotection afforded by long duration PA (<50%
VO2max) would also likely manifest in a threshold depen-
dent fashion.

Another tested hypothesis in animal exercise models
is that forced, regimented exercise is not required to
precondition the heart. A series of studies examined
whether rodents provided free access to running wheels
would self-select PA the extent that their hearts would
be preconditioned against IR injury. Findings indicated
ventricular ectopy was attenuated during experimental
MI, and myocardial bioenergetic status was preserved in
the animals with running wheel access.16,17 However,
these findings cannot necessarily be generalized to clini-
cal applications in that rodent behavior on running
wheels does not replicate spontaneous PA in most
humans. That is, rodents typically sprint on the running
wheels for dozens of 30-60 second bouts spread
throughout a 24-hour period. Other evidence, however,
suggests that PA performed by rodents on running
wheels may equate to humans in that the 24-hour cumu-
lative distance run by rodents with access to a running
wheel is comparable to the assigned distance run during
forced exercise (i.e., equal to the distance covered for
30 to 60 minutes at 50% of VO2 max).4,18 Although
lacking confirmation, it is tempting to speculate that bio-
logical signals prompt animals to self-select a volume of
PA that elicits a cardioprotected phenotype. Nonetheless,
scientific verification indicates that accumulating discon-
tinuous bouts of daily PA will precondition the heart if
the intensity of movement is sufficient. In this regard,
we recently employed ethnographic models (counts of
typical species behaviors) of quantifying daily PA in
rodents, ranging from activities of daily living to high
intensity running and jumping.19,20 As applied to
humans, these approaches to prescribing and
implementing cardioprotective levels of PA in preclini-
cal animal studies have relevance for mobilizing seden-
tary populations at risk for CVD.

Lastly, animal studies of preclinical exercise precondi-
tioning are reinforced by investigations which employ
quantification metrics of CVD that parallel clinical applica-
tions. IR injury is an evolutionary pathology, characterized
by the appearance of electrocardiographic (ECG) abnormal-
ities within moments of significant coronary artery occlu-
sion. Prolonged ischemia then causes deficits in ventricular
pump function, while ECG profiles worsen. Finally, unre-
mitting ischemia results in cardiomyocyte death due to
either necrotic or apoptotic processes.2,4,5,13

Induction of an experimental MI is most commonly per-
formed via ligation of the left anterior descending coronary.
The heart is accessed through a left thoracotomy in anesthe-
tized and mechanically ventilated animals. Another com-
mon approach is to perform either regional or global
ischemia using isolated perfused hearts from animals
assigned to sedentary or exercise groups. Advantages to the
former in vivo technique is that the animal is fully “intact,”
and subject to the pathological influences of the circulating
factors and immune system responses. Advantages to the
latter, that is, isolated perfused heart technique, is that pre-
load and afterload can be precisely controlled, providing
essential insights into ventricular function during MI.3,4,13

Regardless of the methodology, exercise preconditioning
remains one of the most scientifically reproducible observa-
tions in animal models, independent of age, sex, strain, or
species.13,21,22

Preclinical approaches to quantify myocardial injury and
tissue death due to IR are similar to those used in humans.
ECG tracings are obtained from limb electrodes provide
identical lead options to humans, typically defaulting to a
lead II configuration. Assessments typically involve
arrhythmia scoring rubrics, including ventricular ectopy.23

www.ajconline.org


Figure 3. Clinical applicability of experimental models of myocardial ischemia reperfusion injury and cardiac imaging. Surgical induction of myocardial

ischemia reperfusion injury, in vivo is a common experimental means of replicating MI as experienced in humans. Upper left image - an anesthetized mouse

receives mechanical ventilation prior to a left thoracotomy and subsequent ligation of the left anterior descending coronary artery. Blood pressure and ECG

tracings are recorded in real time from indwelling catheters and limb electrodes. Upper right image - A representative screen shot of ventricular ectopy dur-

ing surgical MI reveals normal sinus rhythm (at high basal rodent heart rates) followed by bigeminal PVCs, ventricular fibrillation, and ventricular tachycar-

dia. Lower left image - Short axis and long axis views of (anesthetized) rodent hearts visualized using high strength magnetic resonance imaging techniques.

Lower right image − a technician performs transthoracic cardiac echocardiography in an anesthetized mouse.
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Ventricular performance can be quantified using clinical
imaging techniques (e.g., transthoracic echocardiography,
magnetic resonance imaging) or implanted arterial cathe-
ters. Figure 3 illustrates several common experimental
approaches in our preconditioned animal studies which par-
allel clinical outcomes.

Finally, use of animal models has proven essential for
uncovering the mechanisms of tissue death due to AMI.
While the clinical standards for circulating biomarkers of
cardiac injury (e.g., cardiac specific troponin, cTnT) are
also common to animal-based exercise preconditioning
studies, it is the post mortem analyses from the harvesting
of heart tissues that can be most revealing. Indeed, the cel-
lular processes of necrosis, apoptosis, and even the contri-
bution of autophagy, have been partially resolved from post
mortem histological, biochemical, and molecular examina-
tion of hearts generated from exercise preconditioning
studies.4,5,13
In summary, exercise preconditioning is founded on
clinically relevant metrics of ECG abnormalities, ventricu-
lar pump function, and biological quantification of cardiac
tissue death. Interestingly, the mechanisms of exercise pre-
conditioning are not common to all forms of IR injury. For
example, the upregulation of endogenous antioxidant
enzymes prevent ventricular arrhythmias and tissue death
during MI, but do not protect against ventricular pump
dysfunction.3,13 The cellular mechanisms essential for exer-
cise preconditioning against cardiac dysrhythmias, ventric-
ular contractility losses, and tissue death caused by IR
injury have been previously described.5,13 Conclusions
from preclinical animal studies that underpin current scien-
tific consensus on exercise preconditioning of the heart are
summarized in Figure 4. These findings reinforce numerous
lines of evidence which confirm that the mechanisms
responsible for exercise-induced cardioprotection observed
in animal studies are generalizable to humans.



Figure 4. Exercise preconditioning prevents myocardial ischemia-reperfusion injury and death. Ischemia reperfusion injury is a time-dependent pathology, as

shown conceptually above by the appearance of ventricular ectopy on the ECG, and later by declines in ventricular pump function. Unremitting ischemia is

invariably marked by cardiomyocyte death due to necrotic and apoptotic processes. Exercise preconditioning lessens the magnitude of all facets of ischemia

reperfusion injury (dashed line). Protection afforded by exercise is due to the upregulation multiple cellular mechanisms. Importantly, the mechanisms of bio-

chemical cardioprotection against MI are unique to each phase of injury, for example, the factors preventing ventricular ectopy can be different than factor

which prevent ventricular pump dysfunction. MRI = magnetic resonance imaging; ECG = electrocardiogram; PVCs = premature ventricular contractions.
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Therapeutic Confirmation of Exercise Preconditioning
in Clinical Populations

Considerable indirect evidence for PA -induced myocar-
dial preconditioning is available. In the early 1970’s, Paf-
fenbarger et al24 reported an 18-year follow-up
investigation of 3,263 longshoremen. Participants were sep-
arated based on job-associated energy expenditure, compar-
ing sedentary workers to those performing heavy physical
work. Those with physically demanding jobs had lower
death rates due to ischemic heart disease as compared with
sedentary counterparts. Interestingly, the beneficial cardio-
vascular effects attributed to the more physically demand-
ing jobs did not extend to a lower stroke mortality −
suggesting a cardioprotective link to the heightened myo-
cardial demands in the most active workers, as summarized
below:

“The association between work activity and coronary
mortality, when considered with the lack of such associ-
ation with stroke mortality, suggests that physical activ-
ity influences the myocardium or its function more than
the atherosclerotic process.”24

More recently, a clinical investigation of 2,172 patients
hospitalized for acute coronary syndromes evaluated the
effect of preadmission PA status on in-hospital mortality
and cardiovascular health outcomes 1 month after dis-
charge.25 After adjusting for potential confounders, high
PA patients had 0.56 lower odds of in-hospital mortality
and 0.80 lower odds of recurrent CVD events within the
first 30 days of discharge.

In many respects, science has come full circle from early
epidemiologic evidence of exercise preconditioning, to pre-
clinical phenotyping of the exercised heart, to therapeutic
confirmation that exercise preconditioning occurs in
humans. In a seminal review, 4 facets of exercise-induced
cardioprotection were elucidated according their serial
acquisition: (1) exercise preconditioning (days-weeks); (2)
functional adaptations (weeks-years); (3) structural adapta-
tions (weeks/months-years); and, (4) risk factor modifica-
tion (months-years).26

Despite this collective understanding, some aspects of
exercise preconditioning require additional clinical verifica-
tion. An example is a phenomenon termed “warm-up
angina,” where patients with stable angina are briefly exer-
cised to intensities that evoke significant (≥1 mm) ST-seg-
ment depression. The combined stimulus of exercise and
myocardial ischemia presumably provokes a precondition-
ing response that improves the symptomatic threshold at
which angina is triggered. Thus, in subsequent exercise
tests performed within hours to days after the initial trial,
patients experience improvements in symptom limiting
angina. Outcome measures observed in warm-up angina
studies include a reduction in the magnitude of ST-segment
depression, a prolongation of symptom limiting exercise
bouts, and increases in the rate-pressure product or exercise
workload at the ischemic ECG threshold.27 Investigations
using warm-up angina to stimulate preconditioning have
further demonstrated improved left ventricular function,28

although evidence of infarct sparing is anecdotal and
requires confirmation.29

An essential question that surrounds the topic of warm-
up angina is whether the salutary effects are specific to the
exercise, the ischemic preconditioning stimulus, or both.
From a mechanistic perspective, use of the insulin sensitiz-
ing agent Glibenclamide during and following warm-up
angina tests, indicates that activated cardiac KATP channels
are among the biochemical factors that mediate the cardio-
protective effects.30 Nevertheless, these clinical findings
are complicated by numerous preclinical investigations
which indicate that cardiac KATP channels (located at the
cardiomyocyte sarcolemma or inner membrane of mito-
chondria) are among the few protective mechanisms

www.ajconline.org


Figure 5. The risks of coronary heart disease and cardiovascular disease

decrease linearly in association with increasing percentiles of physical

activity. In contrast, there is a precipitous drop in risk when comparing the

lowest to the next-lowest (25th %) category for aerobic capacity or cardio-

respiratory fitness. Beyond this demarcation, the reductions in risk parallel

those observed with increasing physical activity, but are essentially twice

as great for aerobic capacity. Adapted from Williams.32 Reprinted with

permission from the American Heart Association.
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common to both ischemic and exercise forms of
preconditioning.2,4,5 Despite these uncertainties, there is
inferential evidence that both exercise preconditioning and
ischemia confer a cardioprotective stimulus following a
bout of warm-up angina.28 Nonetheless, the exercise pre-
conditioning effect of warm-up angina in cardiac patients
has implications for lessening the potential for a myocardial
supply:demand imbalance during training.

To summarize the translative potential of exercise pre-
conditioning in clinically stable patients for whom exercise
is safe, multiple mechanisms of biochemical cardioprotec-
tion act to mitigate IR injury during a subsequent cardiac
event. Preclinical studies indicate that just 3 consecutive
days of moderate intensity exercise provide a cardioprotec-
tive return on investment which lasts for ≥9 days.12 A con-
trived interpretation of this finding, given the fluid
evolution of CVD, is how could someone reasonably coor-
dinate the initiation of an exercise program to preempt an
unexpected life-threatening cardiovascular event? Alterna-
tively, the more pragmatic conclusion given the transforma-
tive potential of a physically active lifestyle is, why would
anyone at significant risk for CVD not engage in multiple
weekly bouts of exercise in order to ensure that the heart is
robustly preconditioned? Superimposed on this benefit are
the salutary effects of perpetual exercise, including risk fac-
tor modification, improved cardiac and autonomic function,
and protective structural adaptations to the coronary vascu-
lature and myocardium.26
Physical Activity and Exercise Applications of Cardiac
Preconditioning

Application of exercise preconditioning research to clin-
ical populations transcends its importance as a line of scien-
tific inquiry. As previously described, animal exercise
modalities were designed to parallel human cardiovascular
exercise prescriptions, to generalize the findings to clinical
populations.4,5 The critical question is which patients are,
or could be, cardioprotected via exercise preconditioning?
The simple answer is nearly all individuals could be exer-
cise preconditioned, although current rates of physical inac-
tivity suggest that too many are not.26,31

From a public health perspective, it is essential to mobi-
lize highly sedentary individuals, with the minimum goal of
achieving the recommended levels of daily PA. While
maintaining a physically active lifestyle provides remark-
able cardiovascular health advantages, being aerobically fit
provides additional cardioprotective benefits. Thus, delin-
eating physically active individuals from those who are
unfit, could be useful in identifying individuals who are not
exercise preconditioned. Specifically, increasing a patient’s
PA level and improving their CRF have independent rela-
tionships to CVD risk. When examining the lowest subset
of the population based on CRF, there is a precipitous 64%
drop in CVD risk when compared with the 100th percentile.
Moreover, there is a pronounced drop in risk when compar-
ing the lowest to the next-lowest category for CRF. In con-
trast, there is only a 30% overall decline in CVD risk when
comparing the same metrics for PA,32 indicating the risk
reduction is twice as great for CRF. While improving PA
levels in sedentary persons will unquestionably improve
cardiovascular health, achieving a given percentile of CRF
is superior to a comparable level of PA (Figure 5).

Based on this understanding, it is important first
address populations that are low fit. Indeed, medical pro-
fessionals can expect, with high confidence, that the bio-
chemical mediators of ischemic resistance are
upregulated in the hearts of those meeting contemporary
exercise guidelines.31 This is based on the observation
that the exercise dose is largely proportional to cardiovas-
cular health and inversely related to CVD morbidity and
mortality. Because exercise preconditioning is a thresh-
old-dependent phenomenon, the long-term relation
between exercise dose and improved cardiovascular
health reflects the cumulative impact of cardioprotec-
tion� preconditioning, functional/structural adaptations
over time, and CVD risk factor modification.26

For those who are physically active, but perhaps do not
regularly meet current exercise guidelines, there remains
reason for optimism. As presented conceptually in Figure 6,
the most significant drop in relative risk for exercise-related
AMI, occurs in the transition from mobilizing a habitually
sedentary individual to performing vigorous PA 1-2 day-
s/week.33,34 In essence, the more frequently vigorous exer-
cise is performed, the lower the relative risk of each
exercise bout. Individuals completing vigorous PA 1 to
2 days/week might still attain an exercise preconditioned
phenotype because of these practices. A common example
of this is the classic “weekend warrior” approach to PA.
Weekend warriors exhibit a lower than prescribed exercise
frequency, but may experience cardiac preconditioning by
extension of preclinical research findings that a few bouts
of moderate-to-vigorous PA (≥50% VO2max) can protect
the heart against an ischemic insult for at least 9 days fol-
lowing the last exercise session.12

Exercise preconditioning effects may also apply to
active-but-not-fit individuals who have a lower than aver-
age VO2max. Consider that, at a minimum, moderate



Figure 6. The relative risk for an acute myocardial infarction (AMI) is pre-

sented at rest (baseline relative risk of 1.0) and during vigorous activity.

Performance of no vigorous physical activity elevates the risk of exercise-

related AMI by orders of magnitude. Performing 1 to 2 days of weekly vig-

orous physical activity dramatically lowers AMI risk during vigorous

physical exertion. More frequent performance of vigorous physical activity

further lowers exercise-related AMI risk, although the relationship is not

linear.34 Reprinted with permission from the American Heart Association.
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intensity exercise (≥50% of VO2max) is required to upregu-
late the biochemical mechanisms of exercise precondition-
ing.14,15 One must also delineate the relative and absolute
cut points for moderate intensity PA (40% to 59% VO2max

or 3�5.9 METs) and vigorous PA (≥60% VO2max or ≥6
METs) used in many population-based studies, where 1
MET = 3.5 ml/kg/minute. Accordingly, someone with an
aerobic capacity of 10 METs (i.e., VO2max »35 ml/kg/min-
ute) could exercise at 5 METs, corresponding to 50% of
their functional capacity, and would presumably benefit
from exercise preconditioning provided the workout dura-
tion was adequate (e.g., >30 total minutes).

Practitioners are cautioned against taking a dogmatic
view of PA breakpoints, as the above-referenced MET
thresholds for defining moderate and vigorous PA can be
misleading for individuals with a low aerobic capacity. For
example, someone with an aerobic capacity of 7 METs who
exercised for 30 minutes at a 5 MET workload would be
exercising at »70% of VO2max. In this example, the relative
intensity qualifies as “vigorous PA,” but the absolute MET
value as “moderate PA.” Using an absolute exercise inten-
sity classification scheme, does not account for the fact that
the cardiac demand of any PA is not solely determined by
the specific MET level but by the metabolic demand rela-
tive to the individual’s VO2max. Consequently, lower MET
requirements can still place considerable stress on the car-
diovascular system of unfit, older individuals and those
with morbid obesity or established CVD. Thus, despite the
low absolute METs workload, the relative exercise intensity
may induce exercise preconditioning.14,15

Finally, it is important to consider individuals that are
neither aerobically fit nor physically active.31 Indeed,
many sedentary “at risk” individuals are initially unwill-
ing or unable to achieve moderate-intensity PA for a min-
imum of 30 minutes on 5 days each week. Thus, when
mobilizing individuals that have been highly sedentary
(whether lifelong or in recent years), it is reasonable to
expect that they will need to perform discontinuous bouts
of PA, ideally accumulated toward a weekly goal that
meets or approaches contemporary exercise guidelines.31

Fortunately, cardioprotection against IR injury can be
afforded by accumulated bouts of PA which do not
achieve the traditional benchmarks for a structured exer-
cise prescription. This conclusion is predicated on bouts
of PA that achieve an intensity of at least 50% of VO2max,
a goal that may be easily attained in those with a low aer-
obic capacity. Thus, mobilizing completely sedentary
individuals, with even brief bouts of accumulated, moder-
ate intensity PA, may provide immediate dividends in
improved cardiovascular health.

Relative to the prescription of PA for previously seden-
tary individuals, brief discontinuous repeated bouts of
moderate intensity PA may serve as vigorous-to-high
intensity interval training (HIIT) when applied to the
highly deconditioned. For individuals who are medically
stable, this form of training may be the only means of
achieving the exercise intensity needed to precondition
the heart. In support, an investigation of AMI patients
treated by angioplasty found that exercise capacity was
more predictive of 2- and 5-year mortality than measures
of left ventricular ejection fraction. Specifically, patients
with an exercise capacity ≥4 METs had improved long-
term survival, while those with an exercise capacity <4
METs exhibited the highest mortality rates.35 Moreover,
our recent systematic review of cardiac rehabilitation
studies which compared HIIT training to conventional
moderate intensity continuous training found that with the
exception of modest additional improvements in aerobic
capacity (+0.5 METs with HIIT), moderate intensity was
similar to HIIT relative to the restoration of cardiac func-
tion, CVD risk modification, and exercise adherence.36

In conclusion, exercise preconditioning provides an
underappreciated independent and additive mechanism for
protecting the heart against AMI. This conclusion repre-
sents the current scientific consensus and is based on a
wealth of outcomes-oriented preclinical studies which indi-
cate that even a few bouts of moderate intensity exercise
elicit robust biochemical protection against the evolutionary
manifestations of AMI. Clinical findings support the notion
that exercised hearts exhibit transient antiarrhythmic and
anti-ischemic effects against ischemic injury.37 The benefits
of exercise preconditioning are attributed to a host of endog-
enous biochemical factors activated within hours to days
following the first bout of PA, and appears to be continu-
ously activated in those who remain regularly engaged in
exercise. Accordingly, exercise preconditioning is distinct
from other established cardioprotective adaptations, such as
CVD risk factor modification as well as vascular and ven-
tricular remodeling.4,5,13,26,37 Most importantly, the imme-
diate benefits of exercise preconditioning can be conferred
in individuals who engage in even brief bouts of PA that
achieve a minimum threshold of 50% VO2max.
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