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Abstract The human heart is very adaptable, with chamber size, wall thickness and ventricular
stiffness all modified by periods of inactivity or exercise training. Herein, we summarize the
cardiac adaptations induced by changes in physical activity, ranging from bed rest and spaceflight
to endurance exercise training, while also highlighting how the ageing process (a long-term
model of inactivity) affects cardiac plasticity. Severe inactivity during bed rest or spaceflight leads
to cardiac atrophy and ventriculo-vascular stiffening. Conversely, endurance training induces
eccentric hypertrophy and enhances ventricular compliance, and can be used as an effective
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countermeasure to prevent adverse cardiac changes during prolonged periods of bed rest or
spaceflight. With sedentary ageing, the heart undergoes concentric remodelling and irreversibly
stiffens at advanced age. Specifically, older adults who initiate endurance training later in
life are unable to improve ventricular compliance and diastolic function, suggesting reduced
cardiac plasticity with advanced age; however, lifelong exercise training prevents age-associated
cardiac remodelling and maintains cardiac compliance of older adults at a level similar to those
of younger healthy individuals. Nevertheless, there are still many knowledge gaps related to
cardiac remodelling and changes in cardiac function induced by bed rest, exercise training and
spaceflight, as well as how these different stimuli may interact with advancing age. Future studies
should focus on understanding what factors (sex, age, heritability, etc.) may influence the heart’s
responsiveness to training or deconditioning, as well as understanding the long-term cardiac
consequences of spaceflight beyond low-Earth orbit with the added stimulus of galactic cosmic
radiation.
(Received 6 March 2024; accepted after revision 1 August 2024; first published online 20 August 2024)
Corresponding author B. D. Levine: Division of Cardiology, University of Texas Southwestern Medical Center, 5323
Harry Hines Blvd., Dallas, TX 75390-8830, USA. Email: benjaminlevine@texashealth.org

Abstract figure legend The heart adapts to changes in physical activity, with inactivity (e.g. bed rest or spaceflight)
causing cardiac atrophy and ventricular stiffening, and endurance exercise training leading to eccentric hypertrophy and
improved ventricular compliance. The plasticity of the heart also decreases with increasing age, leading to interactions
between the effects of exercise training or inactivity, and ageing. LV, left ventricle.

Introduction

The heart is a very adaptable organ, as it remodels
based on stimuli ranging from physical inactivity to
exercise training (Hill & Olson, 2008). Cardiac atrophy
or hypertrophy result from reduced or increased
loading, respectively. Cross-sectional comparisons of
left ventricular mass between individuals with different
physical activity levels clearly illustrate the heart’s wide
adaptive range (Fig. 1). When benchmarked against
untrained healthy adults, an adaptive range of ∼75%
has been observed across different groups, spanning
from individuals with a spinal cord injury that hind-
ers their ability to exercise (−25%) (de Groot et al.,
2006) to elite endurance athletes (+50%) (Milliken et al.,
1988). Inactivity (Perhonen, Zuckerman, et al., 2001)
or exercise training (Arbab-Zadeh et al., 2014) can also
modify cardiac compliance. The functional importance of
maintaining healthy heart size and compliant ventricles
is highlighted by the outcomes of bed rest and early
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ageing, inactivity and spaceflight.He is currently a PhDcandidate at theUniversity ofWaterloo, under the supervision of Professor
Richard Hughson, and his PhDwork is funded by a Banting and Best Canada Graduate Scholarship from the Canadian Institutes
of Health Research. Outside of research, Eric enjoys playing basketball, farming and making maple syrup.

spaceflight studies, as inactivity-associated remodelling
of the heart contributed to reduced cardiorespiratory
fitness and orthostatic intolerance following bed rest
(Hastings et al., 2012; Levine et al., 1997; Perhonen,
Zuckerman, et al., 2001; Shibata et al., 2010; Westby et al.,
2016) and following spaceflight (Perhonen, Franco, et al.,
2001). Maintaining a compliant heart is also clinically
important, as adults with stiffer ventricles are at a higher
risk for developing heart failure (Hieda et al., 2020).
Bed rest and spaceflight are two of the most severe

forms of inactivity, providing strong stimuli for cardiac
remodelling in healthy adults. In fact, −6° head-down tilt
bed rest (HDBR) studies are often conducted to simulate
the cardiovascular deconditioning associated with
spaceflight (Hargens &Vico, 2016). These kinds of studies
also provide strong evidence about the negative cardiac
effects imparted by sedentary behaviour or immobility
due to hospitalization. Some of the cardiac changes
induced by these severe inactivity situations parallel
those observed with ageing (e.g. ventricular and vascular

© 2024 The Author(s). The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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stiffening), but over a much shorter timespan (Hedge
et al., 2022). Importantly, there are limited data currently
available with respect to bed rest-associated cardiac
effects in older adults. Conversely, exercise training
imparts beneficial effects on heart size and function
(Arbab-Zadeh et al., 2014), and can be used to counter-
act the deleterious effects of inactivity during bed rest
(Hastings et al., 2012; Shibata et al., 2010) or spaceflight
(Fu et al., 2019; Shibata et al., 2023). Life-long endurance
exercise training also clearly attenuates age-associated
increases in left ventricular stiffness (Bhella et al., 2014).

The aim of this review is to draw attention to the
plasticity of the heart in response to changes in physical
activity, with specific focus on how the heart remodels and
how cardiac function changes following prolonged bed
rest, endurance exercise training and spaceflight, as well
as how these situations may interact with advancing age
(Fig. 2). Additionally, we discuss important knowledge
gaps related to cardiac remodelling and changes in
function and propose areas of interest for future
research.

Figure 1. Comparison of left ventricular (LV) mass index
relative to a healthy, untrained adult (white bar)
Cross-sectional comparisons between adults with spinal cord injury
(de Groot et al., 2006) and elite runners (Milliken et al., 1988) reveal
an adaptive range for left ventricular mass index of ∼75%.
Longitudinal changes in mass index are also presented following 2, 6
and 12 weeks of bed rest (peach bars) (Perhonen, Franco, et al.,
2001), and at 3 month intervals during 1 year of endurance exercise
training in previously sedentary adults (blue bars) (Arbab-Zadeh
et al., 2014). Comparable reductions in left ventricular mass index to
men were observed in women following 60 days of bed rest (peach
bar with ♀) (Dorfman et al., 2007).

Bed rest. It has been almost six decades since completion
of a foundational investigation in the field of cardio-
vascular physiology: The Dallas Bed Rest and Training
Study (Saltin et al., 1968), where large reductions in
cardiorespiratory fitness and cardiac stroke volume were
observed after bed rest, but were recovered with exercise
training. This first demonstration of detrimental effects
of inactivity altered clinical practice for the treatment of
many acute and chronic health conditions. For example,
standard treatment for myocardial infarction prior to the
1960s was absolute bed rest for several weeks, with few
patients ever returning to normal physical activity levels
out of fear of cardiac rupture and fatal complications
(Braunwald, 2012). In the decades following the study,
exercise training became widely recognized as a safe and
essential part of cardiac care (Anderson et al., 2013;
O’Gara et al., 2013), and its findings have inspired many
investigations aimed at understanding the adaptability of
the cardiovascular system in response to inactivity and
exercise, with many experiments focusing on functional
and morphological changes of the heart.
Hallmarks of bed rest-associated cardiac

deconditioning are reduced left ventricular end-diastolic
volume, reduced cardiac mass, increased ventricular

Figure 2. Summary of cardiac adaptations to bed rest,
endurance exercise training, spaceflight and ageing

© 2024 The Author(s). The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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stiffness and, consequently, reduced stroke volume
(Arbeille et al., 2001; Dorfman et al., 2007; Kozàkovà
et al., 2011; Levine et al., 1997; Perhonen, Franco, et al.,
2001; Westby et al., 2016); however, the time course
of change for each of these cardiac properties is not
uniform. Left ventricular end-diastolic volume decreased
by 14% within the first 2 weeks of 12 weeks of sedentary
bed rest, and was only reduced by an additional 8%
in the following 10 weeks (Perhonen, Franco, et al.,
2001), indicating that much of the early reduction in left
ventricular end-diastolic volume occurred secondary to
plasma volume losses due to a rapid diuresis following
the onset of bed rest (Johansen et al., 1997). Conversely,
left ventricular mass appears to decay relatively linearly
over the course of prolonged bed rest at a rate of ∼1%
per week (Dorfman et al., 2007; Perhonen, Franco, et al.,
2001; Westby et al., 2016), with no indication of a plateau
in at least the first 12 weeks (Perhonen, Franco, et al.,
2001). Performance of sufficient exercise while in bed
can prevent the reduction in cardiac mass and increase
in ventricular stiffness from occurring despite otherwise
being sedentary during the bed rest period (Hastings
et al., 2012; Shibata et al., 2010). This ability to offset the
physiological consequences of extreme physical inactivity
runs counter to suggestions that prolonged sedentary
behaviours such as sitting may alter cardiovascular
outcomes independent of exercise training (Madden
et al., 2021). Recent population studies confirm that
exercise training of sufficient dose is indeed sufficient to
offset prolonged inactivity (Gao et al., 2024).
The independent effects of plasma volume status and

cardiac remodelling on heart function were disentangled

by comparing changes in Starling and pressure–volume
curves following 15 days of HDBR to those measured
following acute plasma volume depletion with furosemide
to a similar level as the bed rest condition (Fig. 3)
(Perhonen, Zuckerman, et al., 2001). Despite both bed
rest and acute hypovolaemia causing reductions in stroke
volume, the changes for a given cardiac filling pressure
were exacerbated in the bed rest condition. Bed rest
induced a leftward shift in the pressure–volume curve and
decreased the equilibrium volume of the left ventricle (i.e.
volume of the ventricle when filling pressure is 0 mmHg),
which was not observed with acute hypovolaemia,
indicating that inactivity made the heart less distensible
and further compromised ventricular filling beyond
the simple plasma volume-linked reduction in venous
return (Perhonen, Zuckerman, et al., 2001). Impaired
ventricular filling after bed rest is supported by measures
of slower diastolic untwisting rates following HDBR,
suggestive of reduced diastolic suction (Dorfman et al.,
2008). It is noteworthy that exercise countermeasures
that prevent cardiac atrophy and stiffening during bed
rest are able to preserve cardiorespiratory fitness, but are
ineffective at maintaining orthostatic tolerance without
being combined with a volume loading countermeasure
to combat post-bed rest hypovolaemia (Hastings et al.,
2012; Shibata et al., 2010). Importantly, volume loading
without countermeasure exercise is not able to protect
cardiorespiratory fitness (Shibata et al., 2010), nor
orthostatic tolerance following bed rest (Hastings et al.,
2012; Shibata et al., 2010), indicating independent and
interactive effects of cardiac remodelling and filling
pressures on functional cardiovascular outcomes.

Figure 3. Comparison of Starling (left) and pressure–volume curves (right) before and after 15 days of
head-down bed rest or acute hypovolaemia
Reductions in stroke volume for a given filling pressure were exacerbated with bed rest compared to hypo-
volaemia, and a leftward shift in the pressure–volume relationship with a reduction in the equilibrium volume was
only observed following bed rest. LVEDV, left ventricular end-diastolic volume; PCW, pulmonary capillary wedge
pressure; S, stiffness constant that describes the shape of the curve; V0, equilibrium volume (i.e., the left ventricular
volume when filling pressure is 0 mmHg). Reproduced with permission from Perhonen, Zuckerman, et al. (2001).

© 2024 The Author(s). The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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The magnitude of cardiac remodelling induced by
sedentary bed rest appears to be independent of sex, at
least for young healthy individuals. The rate of cardiac
atrophy observed in women following 60 days of HDBR
(Dorfman et al., 2007) was comparable to those measured
in men over 42 and 84 days of bed rest (Perhonen,
Franco, et al., 2001). This conclusion is also supported by
Westby et al. (2016), who found similar reductions in left
ventricular mass for men and women in a mixed cohort
(four men, three women) following 60 days of HDBR.
That being said, the amount of data currently available to
support the conclusion that sex does not influence cardiac
remodelling following severe inactivity is rather limited
and could be strengthened by the inclusion ofmore female
participants in future bed rest studies where cardiac-based
outcomes are assessed.

Endurance exercise training. Endurance exercise training
is a potent stimulus for cardiac remodelling (Martinez
et al., 2021), with changes occurring in proportion to
the training impulse (Arbab-Zadeh et al., 2014). Highly
trained endurance athletes present with larger, more
compliant hearts and operate on a steeper Starling
curve than untrained individuals, leading to larger
stroke volumes (Levine et al., 1991). However, cardiac
adaptations to endurance exercise rapidly regress (though
not completely) with cessation of training (Ehsani et al.,
1978), and even trained competitive athletes experience
variation in cardiac adaptation during the competition
season (Baggish et al., 2008).

Cardiac adaptations to endurance exercise training
occur on a continuum based on training status, with
responses differing between previously sedentary
individuals who are first starting to exercise regularly
(Arbab-Zadeh et al., 2014), trained individuals over the
course of a competitive season/off-season (Weiner et al.,
2015) and elite athletes over their competitive careers
(Nybo et al., 2014; Pelliccia et al., 2010). One year of
progressive exercise training in previously sedentary
young adults increased right and left ventricular mass,
end-diastolic volume and stroke volume, as well as
improved left ventricular compliance (Arbab-Zadeh
et al., 2014). Interestingly, the right and left sides of the
heart followed different pathways of adaptation to end-
urance training over time, with the right heart presenting
with balanced increases in mass and volume throughout
training, whereas the left heart presented with concentric
hypertrophy (i.e. wall thickening) first followed by
eccentric hypertrophy (i.e. chamber volume expansion)
second to restore the mass–volume ratio to pre-training
levels (Arbab-Zadeh et al., 2014). The different patterns
of remodelling demonstrate how the left and right sides
of the heart can experience different pressure and volume
stresses driving adaptation during exercise training. The

pattern of concentric followed by eccentric hypertrophy
in response to endurance training in previously sedentary
adults (Arbab-Zadeh et al., 2014) contrasts with reported
initial eccentric remodelling followed by eccentric
hypertrophy in the 36 months following initiation of
a varsity rowing training programme in already-trained
competitive athletes (Weiner et al., 2015). Notably, cardiac
characteristics of the varsity rowers at the beginning of
their training programme (Weiner et al., 2015) were
approximately similar to the cardiac characteristics of the
previously sedentary adults following 1 year of training
(Arbab-Zadeh et al., 2014). The great disparity in the
process of how the heart remodels in response to these
two endurance exercise training programmes for initially
sedentary versus athletic populations raises important
questions about how the pathway to increasing ventricle
chamber size and mass differs based on the cardiac
characteristics prior to initiation of endurance training.
The concept of a continuum of cardiac remodelling
in response to endurance exercise training based on
initial training status is reinforced by data collected from
world-class endurance athletes who trained uninterrupted
for years, and presented with no significant changes in
left ventricular mass or end-diastolic volume across
multiple Olympic cycles (Pelliccia et al., 2010). Another
important factor to consider when evaluating how the
heart remodels in response to endurance training is
the type of exercise being performed. For example, the
Valsalva-like manoeuvre that is performed with the catch
of each rowing stroke creates large fluctuations with
higher peaks in arterial and central venous pressures than
other aerobic exercise modalities, such as running or
cycling (Clifford et al., 1994), imparting different pressure
and volume stresses on the heart to drive adaptation.
Despite progressive endurance exercise training

increasing cardiac mass of previously sedentary young
adults (Arbab-Zadeh et al., 2014) to levels close to
those seen in endurance athletes (Milliken et al., 1988;
Riley-Hagan et al., 1992), the improvements in ventricular
compliance with training did not approach the level of
compliance observed in elite endurance athletes (Levine
et al., 1991). This observation suggests that left ventricular
filling may have been limited by the pericardium and
that further improvements in ventricular compliance
may take several years of intense training to occur,
or that there may be important interactions between
cardiac plasticity and training during critical periods of
growth and development (Arbab-Zadeh et al., 2014) or
limits imposed by biological variation and heritability
(Sarzynski et al., 2017). When comparing cardiovascular
adaptations following an exercise training programme to
levels attained by endurance athletes, it is also critical to
consider that the exercise training stimuli (i.e. exercise
dose and duration) delivered in most interventional
training studies of previously sedentary individuals are

© 2024 The Author(s). The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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rather modest in comparison to the decades of high-level
training performed by athletes often since childhood.
Investigating the role of cardiac plasticity on

between-person differences in cardiorespiratory fitness
trainability may be particularly useful in building on the
work of Montero & Lundby (2017), who demonstrated
that a wide range of training responses are observed for a
given dose of exercise. Determining the independent
effects of baseline left ventricular stiffness and its
magnitude of change with endurance exercise training,
as well as the degree of eccentric hypertrophy observed
with training, could be particularly useful in explaining
inter-individual variation in improvements in maximal
stroke volume – the key limiting factor for maximal
oxygen uptake in healthy trained humans (Levine, 2008;
Sutton, 1992).

Spaceflight. The microgravity environment of
spaceflight uniquely modifies the daily challenges to
the cardiovascular system. The absence of the normal
head-to-foot gravitational gradient removes the arterial
pressure differential along the body. Brachial arterial
blood pressure was unchanged from resting pre-flight
supine or seated values in some reports (Hughson
et al., 2017; Marshall-Goebel et al., 2019), while other
investigations noted reductions in systolic (Fu et al., 2019)
or diastolic pressure (Norsk, 2020). Without gravitational
loading, the venous blood volume is redistributed toward
the central circulation triggering reflex mechanisms
to reduce total blood volume (Diedrich et al., 2007).
Unexpectedly with the greater central blood volume,
there is a reduction in central venous pressure (Buckey
et al., 1996). This latter observation, made by direct
measurements during launch and microgravity entry,
was explained by the unloading of the organs around
the vascular system and heart resulting in an increased
transmural pressure gradient that increases cardiac filling
and stroke volume when referenced to upright seated
posture (Hughson et al., 2017; Norsk et al., 2015). This
removal of external constraint (by the lungs, pericardium
and chest wall) also acutely changes left ventricle chamber
pressure–volume relations, which is the only mechanism
by which there can be both a decrease in pressure
referenced to the atmosphere, but an increase in left
ventricle chamber volume (Fig. 4). Drastically reduced
physical demands of normal daily tasks while in space
compared to Earth (Fraser et al., 2012) could also result
in dramatic cardiovascular deconditioning.
Early short-duration spaceflights were characterized by

busy task schedules with little opportunity for formal
exercise sessions. As a result, the heart quickly adapted
to the lower cardiac workload and astronauts returned
to Earth with reduced left ventricular end-diastolic
volume (Bungo et al., 1987) and mass (Perhonen, Franco,

et al., 2001). Comparisons of changes in heart function
of astronauts from early shorter and longer duration
spaceflight missions revealed that the magnitude of
change in cardiac function was linked to mission duration
(Martin et al., 2002). However, recent evidence from
long-duration spaceflight astronauts suggests that with
the inclusion of more effective exercise countermeasures
in-flight, left and right ventricular masses are maintained
following ∼6 months in space (Shibata et al., 2023).
Amongst the more recent cohort of astronauts, strong
relationships were found between relative changes in
left ventricular mass and estimated daily total cardiac
output and work (Shibata et al., 2023), reinforcing that
exercising is essential to maintain heart mass while living
and working in microgravity. Furthermore, preservation
of cardiac mass and function after spaceflight could
contribute to improved orthostatic tolerance once back on
Earth in more recent astronauts when combined with a
fluid loading countermeasure (Fu et al., 2019); however,
orthostatic hypotension was still experienced during a
3 min stand test by some astronauts after spaceflight
(Wood et al., 2019).
Although effective exercise countermeasures during

spaceflight prevent ventricular remodelling, and
associated changes in cardiac mass, left and right
ventricular end-diastolic volumes, and stroke volume
(Shibata et al., 2023), it did not prevent changes in left
atrial structure and electrophysiology (Khine et al., 2018).

Figure 4. Conceptual illustration depicting how the left
ventricular pressure–volume relationship changes from being
on Earth (blue) to in space (red)
Removal of external constraint from around the heart in microgravity
increases left ventricular filling despite the filling pressure being
reduced. PCWP, pulmonary capillary wedge pressure.

© 2024 The Author(s). The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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Left, but not right, atrial size was increased after 6 months
of spaceflight, which on Earth would be considered a
risk factor for developing atrial fibrillation (Psaty et al.,
1997). Importantly, the left atrium did return back to
its pre-flight size within several weeks of returning to
Earth, and no astronauts were reported to develop atrial
fibrillation during nor immediately after long-duration
spaceflight (Khine et al., 2018). Nevertheless, more
continuous monitoring of cardiac electrophysiology
for prolonged periods throughout and following future
long-duration spaceflight missions may be necessary to
detect any potential clinically relevant consequences of
these changes in atrial size and function.

Looking to the future of space travel, humans are
preparing to return to the Moon and conduct extended
missions beyond low-Earth orbit with plans to colonize
Mars. As humans explore beyond the Van Alan Belt
that partially protects astronauts on the International
Space Station, they will lose the shielding against protons
and high-energy heavy ion radiation and experience
greater levels of galactic cosmic radiation. It is estimated
that the radiation dose to humans will increase over
300-fold beyond low-Earth orbit leading to increased risk
of radiation-induced cardiovascular disease (Hughson
et al., 2018). The effects of radiation could be expected
to manifest as valvular heart disease, cardiomyopathy,
conduction abnormalities, pericarditis and coronary
artery disease with a marked increase in oxidative stress
(Hughson et al., 2018). Concerns about oxidative stress
as a trigger for cardiovascular disease (Lee et al., 2020)
and recent observations of increased arterial stiffness in
astronauts returning from the International Space Station
(Baevsky et al., 2007; Hughson et al., 2016) suggest a need
for enhancedmonitoring during and following spaceflight
missions as humans explore beyond Earth.

Ageing. Cardiac remodelling occurs with advancing age,
especially in the absence of performing lifelong aerobic
exercise. Sedentary older adults have a less compliant left
ventricle than sedentary younger adults, which impairs
diastolic filling (Arbab-Zadeh et al., 2004). Left ventricular
hypertrophy is also often reported with ageing, which is
further exacerbated by hypertension, while stroke volume
is maintained (Lakatta & Levy, 2003); however, others
have reportedmodest cardiac atrophy relative to body size
and decreased stroke volume of sedentary older adults
compared to younger adults (Arbab-Zadeh et al., 2004;
Cheng et al., 2009). Importantly, concentric remodelling
of the heart is linked to age-associated increases in arterial
stiffness and afterload (Ohyama et al., 2016), highlighting
the importance of maintaining vascular health for healthy
heart function.

The timing of cardiac remodelling and stiffening
appears to happen in the transition period from youth to
middle-age (Fujimoto, Hastings, et al., 2012). Increased

left ventricular stiffness compared to young healthy
adults was most apparent in those >50 years, with
an intermediate phenotype observed in early–middle
age (Fujimoto, Hastings, et al., 2012). Left ventricular
stiffening is followed by concentric remodelling and
a substantial leftward shift in the pressure–volume
relationship, especially for those older than 65 years
(Fujimoto, Hastings, et al., 2012). Mechanisms under-
lying the age-associated cardiac stiffening and impaired
diastolic function include: cardiac myocyte hypertrophy
with a reduction in overall cardiac myocyte number,
and increased collagen deposition with non-enzymatic
cross-linking (Lakatta & Levy, 2003).
The plasticity of the heart is reduced with increasing

age. Unlike with young healthy individuals, where left
ventricular compliance was improved with exercise
training (Arbab-Zadeh et al., 2014), 1 year of progressive
aerobic exercise training was unable to reverse the cardiac
stiffening of healthy sedentary older adults (>65 years)
(Fujimoto et al., 2010) or those with heart failure with pre-
served ejection fraction (Fujimoto, Prasad, et al., 2012).
Despite exercise training being unable to improve left
ventricular compliance of older adults, it still conferred
cardiovascular benefits, such as increasing cardiac
mass (+10%) and arterial compliance (+24%), and
improving cardiorespiratory fitness (+19%) (Fujimoto
et al., 2010). However, the reduced cardiac plasticity
of older adults attenuates the cardiorespiratory fitness
improvements from aerobic exercise training compared
to fitness-matched young adults, as older adults have
smaller increases in peak cardiac output (Wang et al.,
2014).
In order to combat the myocardial stiffening associated

with sedentary ageing, exercise trainingmust be started, at
the latest, in middle age before irreversible modifications
occur. Two years of consistent aerobic exercise training
(30 min per day for 4–5 days per week) in previously
sedentary 45- to 64-year-old adults was able to shift the
pressure–volume curve to the right, reduce left ventricular
stiffness and increase left ventricular end-diastolic
volume, while still conferring similar benefits as exercise
training for older adults [e.g. cardiorespiratory fitness
(+18%) and arterial compliance (+21%)] (Howden
et al., 2018). Similar improvements in fitness and cardio-
vascular structure can occur during this ‘sweet spot’ in
cardiovascular ageing, even in the face of cardiovascular
risk factors that increase the risk for diseases such as heart
failure with preserved ejection fraction (Hearon et al.,
2022; Hieda et al., 2021). Nevertheless, lifelong exercise
training can prevent this age-associated remodelling
of the heart and maintain a compliant left ventricle
in both men and women (Arbab-Zadeh et al., 2004;
Carrick-Ranson et al., 2020). In fact, Master’s endurance
athletes present with similar left ventricular masses,
stroke volumes and left ventricular stiffness indices as

© 2024 The Author(s). The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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young healthy adults (Fig. 5) (Arbab-Zadeh et al., 2004).
However, the benefits of performing life-long exercise on
left ventricular stiffness are dose-dependent, such that
low doses of ‘casual’ exercise throughout life provide no
benefit (Bhella et al., 2014)
Given that natural sedentary ageing already leads to

cardiac remodelling and that older adults demonstrate
reduced cardiac plasticity to exercise training compared
to younger individuals, there are considerable concerns
related to the acute and potentially chronic effects induced
by periods of severe inactivity or immobility (e.g. bed
rest or prolonged hospital in-patient stay) on older adults.
Limited longitudinal data exist with regard to cardiac
atrophy during hospitalization or bed rest; however, a
7% reduction in left ventricular mass was reported in
older patients (61 ± 19 years) who were admitted into an
intensive care unit for a median of 11 days (Kumaresan
et al., 2022), suggestive of a rapid decline in cardiac mass
while confined to bed.
Recently, there has been an increased interest in under-

standing the cardiovascular implications of bed rest
and weightlessness in late-middle-aged and older adults
(Limper et al., 2021). Bed rest studies ranging from 10
to 14 days with older participants have revealed marked
functional cardiovascular deconditioning following
bed rest (e.g. reduced peak oxygen uptake, orthostatic
intolerance) (Hedge et al., 2023; Kortebein et al., 2008;
Mastrandrea et al., 2023; Pišot et al., 2016), with the
limited number of published studies suggesting that

Figure 5. Comparison of pressure–volume curves from young
adults (black triangle), older sedentary adults (black circle)
and Master’s athletes (white circle)
Older sedentary adults have a leftward shift and a steeper curve than
young adults and older adults who performed lifelong endurance
exercise training, reflecting their increased left ventricular stiffness
and reduced diastolic function. Importantly, Master’s athletes’
pressure–volume curves were superimposable with those of younger
adults, demonstrating the benefits of exercise for maintaining
ventricular compliance throughout the lifespan. Reproduced with
permission from Arbab-Zadeh et al. (2004).

cardiovascular effects of bed rest in older adults may
be exacerbated compared to younger participants.
Importantly, there are still significant knowledge gaps, as
the effects of bed rest on cardiac compliance or stiffness,
chambermass, dimensions and electrophysiology of older
adults are largely unknown.
A report of two late-middle-aged men presenting

with atrial fibrillation in the days immediately following
2 weeks of sedentary HDBR with unknown causality
(Hajj-Boutros et al., 2023) reinforces the need to improve
our understanding of how the older heart responds to fluid
shifts and periods of severe inactivity. The observation
of atrial fibrillation following bed rest is notable, as
individuals with low levels of physical activity were at
19% higher risk of developing atrial fibrillation later in
life than those who were moderately active (Morseth
et al., 2016). Determining how much and how rapidly
the hearts of older adults remodel and atrophy during
bed rest, and how these cardiac properties recover
following bed rest, may enhance our understanding
of older adult-specific mechanisms of cardiovascular
deconditioning and plasticity. Given that sedentary ageing
leads to a stiffer left ventricle that cannot be improved
with exercise training in older adults, and that bed rest
induces ventricular stiffening in younger adults, it will be
particular insightful to determine if potential stiffening of
the left ventricle of older adults during prolonged bed rest
is reversible.

Clinical implications. In a clinical context, periods of bed
rest or inactivity following illness and hospitalization,
surgery, or during transitions in care can be very
problematic for cardiac health. The acute insult of bed rest
can be further exacerbated by reduced physical activity
levels upon returning to daily living (Kortebein et al.,
2008), potentially initiating a spiral decline in health
(Venturelli et al., 2012). Rapid reductions in cardiac mass
occur during hospitalization (Kumaresan et al., 2022)
and manifest functionally as large reductions in cardio-
respiratory fitness upon discharge (Jensen et al., 2011).
Given that most inpatients in hospital spend greater than
90% of their time being sedentary in bed – even if
they can walk unassisted (Baldwin et al., 2017) – it is
not surprising that cardiac atrophy and large reductions
in fitness are observed. The hospitalization-associated
reduction in fitness can be particularly concerning
for older individuals when superimposed upon the
age-related reduction in fitness (Fleg et al., 2005).
Critically, these reductions in fitness may combine to
push some individuals to the threshold of being able
to live independently (Shephard, 2009), and highlights
the importance of ‘pre-habilitation’ exercise training
to minimize post-surgery complications and mortality
(Ross et al., 2016). Accordingly, interventions aimed

© 2024 The Author(s). The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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at performing physical activity during inpatient stays
(Martínez-Velilla et al., 2019), and rehabilitation exercises
– especially for individuals with heart failure (Bozkurt
et al., 2021) – should be part of standard care in order to
minimize the effects of inactivity in the clinical setting.

Conclusions

Many research studies aimed at understanding the
plasticity of the heart have been completed since the
seminal Dallas Bed Rest and Training Study (Mitchell
et al., 2019). The heart has an enormous adaptive
range that can be manipulated by inactivity, exercise
and environmental stimuli such as spaceflight. Severe
inactivity, including that associated with ageing, causes
cardiac atrophy and ventricular stiffening, while end-
urance exercise training leads to beneficial cardiac
adaptations, such as eccentric hypertrophy and improved
ventricular compliance. However, the heart becomes
less plastic with advancing age and exercise training is
less effective at improving ventricular compliance and
diastolic function, highlighting the importance of pre-
forming habitual endurance exercise throughout life in
order to maintain heart health. Despite this extensive
research base, there are a few important questions that
should be considered in future research:

(1) Do men and women respond similarly, especially
during ageing (Carrick-Ranson et al., 2023)? This
question highlights the scarcity of invasive measures
of cardiac function in women, as well as the exclusion
of women in many past bed rest studies.

(2) What factors influence cardiac plasticity besides or
in conjunction with physical activity (heritability,
age, etc.), and do between-person differences in
baseline left ventricular function and plasticity lead
to heterogeneous cardiorespiratory training and
deconditioning responses?

(3) Do hearts of older adults atrophy and stiffen more
than younger individuals’ hearts during prolonged
inactivity or bed rest, and are they less resilient upon
resuming normal daily life? This question is relevant
for understanding long-term cardiac consequences of
prolonged hospitalization or immobility, which are
more likely to be experienced by older adults.

(4) Does space travel by astronauts beyond low-Earth
orbit affect heart plasticity and function later in life?
Although exercise of adequate intensity and duration
during spaceflight on the International Space Station
maintains cardiac mass and function (Shibata et al.,
2023), space missions beyond low-Earth orbit will
have new challenges affecting the heart. Future
exercise programmes for exploration missions will
be limited by availability of exercise devices as

well as requirements for supplying nutrients and
water to complete the volume and intensity of
exercise prescribed for cardiac health. An unknown
challenge to cardiovascular health will come from
the oxidative stress and cellular damage caused
by greater exposure to galactic cosmic radiation
(Hughson et al., 2018). Extensive investigationswill be
required to establish exercise, dietary manipulations,
nutraceutical regimes and appropriate radiation
shielding to keep astronauts’ cardiovascular systems
healthy.

Future studies answering these questions will provide
important new insights into how cardiac function changes
with inactivity, exercise, ageing and spaceflight, and
enhance our understanding of the factors influencing
cardiac plasticity.
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