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1. Introduction 

 
1.1 Exercise as a medicine: CVD risk, sedentary lifestyle and the “therapeutic window” 

 
In spite of all the efforts to prevent them, cardiovascular diseases (CVDs) remain one of the leading 
causes of morbidity and mortality worldwide. Currently, in Germany ischemic heart disease and stroke 
account for the majority of deaths each year (OECD/European Observatory on Health Systems and 
Policies, 2019). Beyond all the most known risk factors for CVDs (high cholesterol levels, smoking, sex, 
age, etc.), in these last years a sedentary lifestyle is becoming a central topic of public health in Western 
Countries, as a large body of literature has proven its crucial role in the determinism of  cardiovascular 
and metabolic pathologies  (Tremblay et al., 2010; Young et al., 2016; Lavie et al., 2019; Dwivedi et al., 
2020; Elagizi et al., 2020; Katzmarzyk et al., 2020; Rollo et al., 2020). Furthermore, among elderly and 
older adults (>55 years), special populations are affected by a forced lack of physical activity, as 
physical and mental disabled people. For example, individuals affected by Muscular Dystrophy (MD) 
(Łoboda and Dulak, 2020) and spinal cord injury (SCI) persons (Farrow et al., 2020; Nash and Gater, 
2020), are extremely disposed to poor physical activity, as they are (partially) excluded also from the 
ordinary daily activities, due to the physical limitations consequent to their specific disease. 

Already almost 40 years ago, Hoffman introduced the concept of debilitative cycle, which refers to the 
forced sedentary condition of SCI individuals (Hoffman, 1986) (Figure 1).The debilitative cycle describes 
a condition for SCI persons where, not only the lack of regular physical exercise, but also the dramatic 
reduction of ordinary tasks during daily life, result in a vicious cycle that provoke worsening of 
functional capacity, due to the progressive impairment of cardiorespiratory and muscular systems. This 
results in an increased risk for cardiovascular and metabolic diseases, but also in social isolation, 
anxiety and depression, further decreasing the propensity to physical activity. From a poor daily 
activity, numerous detrimental effects on almost every organ system emerge, which in turn worsen 
functional capacity, leading to a further reduction of the daily physical work. The concept of debilitative 
cycle refers to all those who are not only unable to perform regular physical activity and/or participate 
in structured training sessions, sports or leisure activities, but also who cannot perform common daily 
activities (like for example house-keeping tasks, walking for shopping, climbing stairs, etc.), due to 
specific physical and/or psychological condition.  

The good news is that this debilitative cycle can be reversed by practicing regular physical activity. 
From this perspective, exercise is considered a “medicine”, exactly as a drug therapy,  which can be 
administered for sedentarism and many other different conditions, including obesity and CVD 
(Pedersen and Saltin, 2015). However, with respect to traditional therapies, exercise as a medicine has 
the great advantage of: i) affecting simultaneously almost all organ systems, including the 
psychological and social sphere, and ii) being extremely cheaper for the health care systems, in 
comparison with traditional therapies. Therefore,  regular moderate exercise has been recently 
proposed “as a platform for pharmacotherapy development in cardiac diseases“ (Bei et al., 2015). 
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However, similarly to any drugs therapy, exercise has his own specific „therapeutic window” (TW), 
which must be defined on individual basis. The TW is defined in the Webster Medical Dictionary as 
follows: “the range of dosage of a drug or of its concentration in a bodily system that provides safe 
effective therapy” (Webster Medical Dictionary(Merriam-Webster Medical Dictionary, 2011). In other 
words, according to the medical dictionary, TW represents  “for drugs the well-defined range of a 
drug's serum concentration at which a desired effect occurs, below which there is little effect, above 
which toxicity occurs; the TW differs among patients and may be determined empirically” (McGraw-Hill 
Concise Dictionary of Modern Medicine, 2002). The TW is known in pharmacology also as Therapeutic 
Index (McCallum et al., 2014). 

Exercise as a medicine showed a highly specific dose-dependent efficacy in several diseases 
(Pedersen and Saltin, 2015; Wilkinson et al., 2016; Yang et al., 2017; Patel et al., 2019) and among 
disabled people, as for example SCI persons (Astorino et al., 2020; Farrow et al., 2020; Nash and Gater, 
2020; Todd et al., 2020). In the same way, a large body of literature has described how physical 
exercise in healthy individuals can exert positive effects on the cardiorespiratory and the 
musculoskeletal systems (Rivera-Brown and Frontera, 2012; Hellsten and Nyberg, 2015; Hughes et al., 
2018; Kramer, 2020). These effects are specifically driven not only by biomechanical characteristics of 
the practiced activity, but also by the training specific features, as duration, frequency and intensity: 
endurance/resistance training, long/short duration, intermittent/continuous training, 
high/moderate/low-intensity workload; all these features, taken together, will impact on circulatory and 
other organ systems very differently.  

While regular moderate-intensity physical exercise induces cardiovascular and autonomic positive 
adaptations, that can increase life expectancy and improve quality of life (Myers, 2003; Hillman et al., 
2008; Kramer, 2020), recently it has been suggested that as the amount and the intensity of regular 
exercise increase, as it may result in adverse effects on the cardiorespiratory system and other  
systems (O’Keefe et al., 2020). Therefore, the assumption “the more (exercise), the better (health)” 
appears misleading. On the contrary, the appropriate amount and intensity of exercise cannot be 
defined a priori but should be assessed on an individual basis. The latter stands for the need to select 
the appropriate exercise TW in healthy people, as well as in disease and disability. 

From this perspective, health outcomes data from retired professional and elite athletes seem to 
support possible adverse effects following high training loads associated to their professional activity. 
The adaptations induced by training and repetitive heavy performances over years may result in 
detrimental health effects,  as reported recently by Eijsvogels et al. (Eijsvogels et al., 2016, 2018). These 
authors highlighted how older athletes report more frequent negative outcomes in comparison with 
age matched healthy non-athletes (as for example artery calcification, atrial fibrillation and myocardial 
fibrosis), and other authors suggested for aged athletes an increased risk of arrythmia, atherosclerosis 
and sudden cardiac death. As the requested performance level pushes the athlete to perform at the 
“upper limit” of his/her physiological capacity, and continuously over the time, this “exercise at the 
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extremes” may induce a heavy chronic hemodynamic stress on the heart (Sharalaya and Phelan, 2019). 
On the other hand this data are yet not conclusive and there is still debate on the health outcomes after 
top level professional activity, with aging, especially in relation to the specific characteristics of the 
different sports played (Parry-Williams and Sharma, 2020). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. The debilitative cycle, an overview. 
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1.2 Cardiac autonomic modulation, stress and exercise: the role of HRV 

 

Heart rate (HR) is the number of heartbeats (ventricular strokes) per minute, whereas heart rate 
variability (HRV) describes the fluctuation of HR around its mean. Behind this definition a long story of 
discoveries is hidden. The first study of arterial pulse has been conducted more than 2000 years ago, 
by Herophilos (ca.335–280 BC), who was the first to measure the heartbeat using a water clock to time 
the pulse; then the Greek physician Galen (129-201 AC) was the first to include the pulse observation 
in the clinical practice for diagnosis/prognosis of different diseases. Although the importance and the 
meaning of the pulse for human health has been defined long time ago, it is only almost 200 years that 
the topic of HRV is studied (Billman, 2011). This is due also to specific technological achievements, 
like for example the development of the electrocardiography (ECG), as we know it, by Einthoven 
between the 19th and the 20th century (Yang et al., 2015). On the other hand, however, the standards, 
physiological meaning and clinical use of HRV have been defined for the first time around 25 years ago 
(Task Force of the European Society of Cardiology and the North American Society of Pacing 
Electrophysiology, 1996). Therefore, looking at the published literature about HRV in the last 50 years, 
it may seem that the observation of a continuous variability of humans’ HR is quite recent. However, 
the Chinese physician Wang Shu-he (265–317 A.D.), already 1700 years ago, wrote in his book, “The 
Pulse Classic”: “If the pattern of the heart beat becomes as regular as the tapping of a woodpecker or 
the dripping of rain from the roof, the patient will be dead in four days” (Yang Zhou-Zhong, 2007). This 
is probably the first observation of the HRV, by defining its decrement as a predictor of sudden cardiac 
death. Indeed, a huge body of literature has been published in the last decades proving the role of HRV 
as an independent predictor for CVD and sudden cardiac death (La Rovere et al., 2003; Sandercock 
and Brodie, 2006; Thayer et al., 2010; Huikuri and Stein, 2013; Sessa et al., 2018). HRV may be also 
useful in the emergency medicine for triage or as a prognostic tool  (King et al., 2009; Mazzeo et al., 
2011; Ryan et al., 2011), for survival prediction after trauma (Norris et al., 2005), risk stratification 
(Huikuri and Stein, 2013) and perioperative adverse cardiac event (Laitio et al., 2007; Anderson, 2017). 
HRV has been implemented in several fields of research and clinic areas, and  can provide insights on 
effects of exercise on the heart in several other conditions, from health to disease (Kingsley and 
Figueroa, 2016; Besnier et al., 2017b; Iellamo et al., 2018; Raffin et al., 2019; Figueiredo et al., 2020). 
First of all, HRV represents an informative tool for all diseases where autonomic derangements typically 
develop, such as arterial hypertension, diabetes  (Villafaina et al., 2017; Maciorowska et al., 2020; 
Yılmaz et al., 2020) and heart failure (Hsu et al., 2015; Tsai et al., 2020). These data clarify the role of 
HRV in clinical practice and its use to examine the autonomic nervous system in several pathologies, 
which are also related to sedentary lifestyle and forced inactivity. Recently, several papers have been 
published about the standards and the physiological meaning of HRV indices (Shaffer and Ginsberg, 
2017; Singh et al., 2018b, 2018a). 

According to these papers and to the Task Force standards (Task Force of the European Society of 
Cardiology and the North American Society of Pacing Electrophysiology, 1996), HRV is assessed in 
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three different domains: 1) time domain, which expresses the amount of variability in the recorded data; 
2) frequency domain, which decomposes the signal into single sinusoids and describes the underlying 
rhythms, their power and their physiological meaning; 3) non-linear domain, the most recent, which 
analyses the complexity and the self-similarity of the signal.  

A key feature is the duration of recording, as for example selected indices in time or frequency domain 
should be used according to the specific duration, ranging from short-term (from 5 to 30 min) to long-
term recording (from 8 to 24 hours). For example, in short-term HRV assessment, the RMSSD (i.e., the 
Root Mean Square of Successive Differences of NN- normal-to-normal beats intervals in ms), and the 
pNN50 (i.e., percent of successive NN with differences >50 ms) are used to evaluate the vagal activity, 
whereas for long-term recording should be used SDNN (i.e., Standard Deviation of N-N  intervals in 
ms), which express the total variability, and the SDANN (i.e., Standard Deviation of the averages of NN 
intervals in all 5-min long segments), which reflects  long term oscillations, as for example related to 
thermoregulation and neuroendocrine activity. Time domain analysis is strictly dependent from the 
recording duration, which must be exactly the same when comparing different measurements. In the 
frequency domain, for short-term assessment the index HF (i.e., High Frequency power, 0.15 to 0.4 
Hz) expresses the vagal influences on HR and includes respiratory sinus arrhythmia, while in long-term 
recording the VLF (i.e., Very Low Frequency power, from 0.0033 to 0.04 Hz), which reflects activity in 
long oscillations, for example activity of renin-angiotensin system, is more appropriate. Despite the 
literature published, there is still a need to further develop and elucidate HRV indices, especially in the 
non-linear domain, and to obtain a general consensus on the meaning and use of some indices (Sassi 
et al., 2015). On the other hand, however, only recently the technological development allows digital 
recording of ECG with the high precision (i.e., 1 ms) required to assess HRV, but easy-to-use software 
for HRV data processing and analysis are still yet missing. Probably these are the reasons why it 
appears that HRV is still only a tool in research and is not getting an official place in the clinical routine 
or in the medical curriculum. Nonetheless, for the future, to implement digital medicine and digital 
health, HRV is very promising, especially for patients’ remote monitoring.  

On the other hand, a large quantity of studies has been conducted on the use of HRV in research, in 
several different areas: i) exercise/training/performance, ii) stress/resilience/adaptation; iii) crosslink 
between psychological traits and physiological functions. Due to the fast technological development, 
which lead to the next-generation of miniaturized, wearable devices, able to monitor ECG during almost 
every daily-life activity (including training & performance), with a very high resolution and data 
quality/reliability, HRV has gained an increasing attention, because the specific non-invasive 
methodology, which is very convenient for in-field studies (Gamelin et al., 2006; Buchheit, 2014a; Giles 
et al., 2016; Dobbs et al., 2019; Gilgen-Ammann et al., 2019). Indeed, HRV can describe cardiac 
response to different type of exercise and training (Mourot et al., 2004; Kingsley and Figueroa, 2016; 
Bhati et al., 2019; Gronwald and Hoos, 2020).  

Moreover, HRV has been proposed as a monitoring/predicting tool for athletic performance (Plews et 
al., 2013) and supports studies on sex-related differences (Koenig and Thayer, 2016; Thayer et al., 
2016). The interplay between cardiovascular acute and chronic response to exercise and the role of 
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the autonomic nervous system (ANS) in finely regulating such adaptations is extremely complex and 
involves central and peripheral mechanisms (Fisher et al., 2015).   

For this reason, HRV is becoming a valuable tool to assess stress and resilience in humans, to describe 
(social/occupational) stress effects on the heart and can provides important insights for psychological 
disease, such as depression and anxiety (Grippo et al., 2012; Sgoifo et al., 2014, 2015; Carnevali et al., 
2018; Järvelin-Pasanen et al., 2018; Kim et al., 2018; Schiweck et al., 2019).  
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1.3 The trained and the disabled heart: adaptation to extreme conditions 
 

 

Exercise and training induce over the time changes on the heart and cardiovascular system. These 
changes are well documented in the literature (Wilmore et al., 1995; Farrell et al., 2011; McArdle et al., 
2015), and are basically related to an improved function and working efficiency of the cardiovascular 
system. Effects of prolonged training on the heart are summarized by lower HR at rest (bradycardia), 
lower HR per each sub-maximal working load (increased working efficiency), higher stroke volume, 
morphological changes of the myocardium, like increased wall thickness and diastolic volume of left 
ventricle (McArdle et al., 2015), even though the clinical interpretation of such changes still to be fully 
elucidated (George et al., 2012). All these changes are associated to an increased vagal tone at rest, 
as for example reported even after only 12-week of training (Carter et al., 2003).  

Some of these changes, specifically deriving from constant long duration and high intensity training for 
several years, may appear as pathological, as they mimic the typical heart structural changes occurring 
in some disease as hypertrophic or dilated cardiomyopathy, especially considering the “normal” 
operating ranges of the human heart. Therefore, already in the 19th Century the concept of “athlete’s 
heart” was introduced, referring to the bradycardia and cardiac enlargement typical of athletes (Oakley, 
2001). The cardiac remodeling occurring in athletes is specifically functional to the performance and 
can demonstrate the effect of training on the heart, which slowly occurs according to the training load 
and duration at any stage, increasing step by step, being the athlete’s heart the extreme condition, 
let’s say the zenith of the heart’s physiological capacity.  

Furthermore, it has been proven that such adaptations are driven by performance and training features, 
distinguishing between static and dynamic components of each specific sports, thus between 
resistance and endurance athletes, as reported by Prior et al. (Fagard, 2003; Prior and La Gerche, 
2012) and confirmed by a later meta- analysis (Pluim et al., 2000).  

Recently, this assumption has been challenged, by showing how  the differences between the heart 
adaptation after long-term endurance training and  long-term resistance training are smaller, being 
essentially related to the left ventricular end-diastolic diameter and volume only, which were 
significantly higher in endurance athletes, as reported by Utomi et al. (Utomi et al., 2013).  

 If we consider the athlete’s heart as the zenith, the highest performance level reachable, on the 
opposite side, to the nadir, is located the disabled heart. In this work, the term disabled heart refers to 
the heart damaged by a specific disease which affects the heart itself, whereas the term impaired heart, 
refers to the heart not itself damaged, but which suffers for consequences following forced inactivity 
or other non-cardiac diseases. Is exercise training always positive for such disabled or impaired heart? 
Would exercise improve functional capacity and overall health and wellbeing, as for healthy individuals, 
according to duration, intensity and frequency, or would instead represent a high risk? Would be 
exercise dangerous in specific clinical conditions (GATES et al., 2002)? 
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Exercise for a disabled heart might represent an extreme condition, as it can turn out in adverse 
outcomes, when the heart is not able to match the demands of a physical performance. Indeed, 
exercise may be described as extreme condition per se, for example considering a top-level athlete 
performing at the border of the physiological known limit or in an extreme environment, but also 
considering disabled people, as a paraplegic running a wheelchair marathon in the Paralympic games.  

The definition of the adjective extreme can refer to several aspects: indicating outermost or farthest; 
attaining to the greatest or highest degree of something: indicating a very dangerous or difficult thing. 
However, considering all these meaning nuances, physical performance at the top level, together with 
physical performance of disabled people, could be considered as extreme.  

Therefore, the question is whether exercise might be always positive, and to which extent are humans, 
specifically referring to the heart, able to physical perform and adapt to extreme conditions, as hostile 
environments, severe physical disability, psychological high-stressful situations, forced inactivity 
(almost motionless) like in bed rest.  

The aim of this work is to explore the adaptation capacity of the heart and cardiovascular system to 
these extreme conditions, which are reported in the following papers. A secondary aim is to explore 
the use of HRV as a marker of heart response to emotion and cognition, as the ANS, and specifically 
the vagus nerve is finely regulating heart function and integrates also cognitive and phycological traits. 
In this sense, HRV might become a good candidate to bridge the gap between physiology and 
psychology, as postulated by the neuro-visceral integration theory (Thayer and Lane, 2009; Thayer et 
al., 2009; Shaffer et al., 2014; Smith et al., 2017; Wulsin et al., 2018). 
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2. Own publications 
 
 
The focus of the presented publications is the description of cardiac response to exercise under special 
conditions, in particular as for morphological and autonomic adaptations. In details, the effect of long-
term endurance training (chronic) and the effect of 60-day resistance training (acute) have been 
investigated in condition of forced sedentary lifestyle (i.e., among SCI endurance athletes and healthy 
individuals during long-term bed rest, respectively), whereas the heart acute adaptation to a single-
match performance have been evaluated in men affected by MD (Muscular Dystrophy).  

Moreover, cardiac autonomic modulation, assessed by HRV analysis, has been studied as a tool to 
monitor/predict performance under extreme environmental conditions, among professionals, i.e., i) 
competitors of a subarctic Ultramarathon (690 km), and ii) firefighters performing repetitive bouts of 
resistive exercise during a fire extinguish task in a container set on fire. HRV has been also tested in 
mirroring participants’ psychological traits, as for example resilience, risk taking behavior, profile of 
mood state (POMS), during different performances and in various extreme environments, to investigate 
the possibility of HRV as a connection between physiology and psychology. 

The following aims have been proposed: 

1. The disabled heart: To analyze the ability of the heart to match the demands of a physical 
performance even under the limited physiological abilities of a disabled heart, as in the case of 
MD individuals. Indeed, given that muscular dystrophy affects not only the skeletal muscles but 
also the myocardial tissue (since the early pathology stages), the capability of this disabled heart 
to match the increasing metabolic/energetic demands are not given as foregone. 

2. The impaired heart: To assess in SCI individuals the effects of long-tern endurance training (i.e., 
over 5 years), in comparison to able-bodied individuals, as for morphological adaptation and 
heart function changes.  

3. The sedentary heart: To evaluate the time course of cardiovascular and cardiac autonomic 
modulation changes induced by a short-term, high-intensity training protocol to counteract 
cardiac deconditioning and orthostatic instability, after long-term cardiac unloading based on 
the model of long-term -6 degrees bed rest (60 days), which represents a pathological condition 
of extreme sedentary lifestyle (and sedentary heart). 

4. The trained heart: To determine whether the cardiac autonomic modulation among 
professionals (endurance athletes and firefighters) could monitor/predict physical performance 
in extreme conditions (i.e., in extreme cold and in extreme hot environments respectively), and 
to explore the use of HRV to connect physiology and psychology, as a marker of stress, 
resilience and risk-taking behavior among fire department officers, and as a marker of 
psychological correlates for ultramarathon runners in extreme cold/hostile environment. 
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2.1 First paper. The disabled heart: the physical performance 
Maggioni MA, Rampichini S, Cè E, Agnello L, Veicsteinas A, Merati G. (2008) Cardiac and autonomic 
adaptations to a wheelchair hockey match in athletes with muscular dystrophy. Sport Sci. Health 4, 59–
63.  

 

In this paper the acute effects of a physical performance, analyzed before, during and after a single 
match, on the disabled heart are investigated. Muscular Dystrophies (MD) are a class of genetic, life-
threatening, progressive, neuromuscular diseases, whom severity may largely vary according to the 
specific type, being the Duchenne (DMD) the most serious (Wang et al., 2010; Gilbreath et al., 2014; 
Schorling et al., 2017; Butterfield, 2019). MD determines a progressive wasting and weakening of 
muscle tissues, including the myocardium. Symptoms range from movement impairments, to severe 
limitation of respiratory and cardiac function, with negative cardiac outcomes (Hermans et al., 2010; 
Meyers and Townsend, 2019; Łoboda and Dulak, 2020). The quality of life in  these patients is crucial, 
as no effective therapy is available; therefore, exercise may play an important role not only to conserve 
a residual motor ability, but also fostering social life and psychological well-being (Ng et al., 2018). 
However, the ability of the heart to adapt and match the demands of a physical performance needs to 
be evaluated, with the aim of shaping adequate training programs and preventing adverse outcomes.  

In this study, we enrolled 30 men affected by different types of MD, clustered according to the MD 
severity level into two groups: Duchenne MD (DMD, n= 13) and others milder MD, (OMD, n = 17). This 
was one of the first in-field study monitoring HR and HRV in the setting of a real electric-wheelchair 
hockey match, during the regular season. Electric-wheelchair hockey is a specific discipline developed 
to allow all participants to compete at the same level, independently from their residual ability. A 
detailed description of electric-wheelchair hockey is available at the following link 
https://www.sports.org.au/electric-wheelchair-hockey (Disability Sports Australia, 2020). 

HR data were collected with a heart rate monitor, before (15 min), during (the last 20 min) and after (10 
min) a single electric-wheelchair hockey match. HRV was assessed in time, frequency and non-linear 
domains in a subsample of DMD only (DMDs, n=9). Results showed: 

1. Before the game, compared to diurnal epidemiological data of healthy matched individuals, 
both groups, DMD and OMD, had a significantly higher HR. 

2. During the game, HR increased further, with a significant difference between groups: the HR 
in DMD group was lower in comparison to HR of OMD group. 

3. After the game, HR decreased significantly in both groups, with no differences, although in the 
recovery, the HR decrease in comparison with HR during game in DMD was significantly lower 
than in OMD. 

4. HRV, assessed in DMDs subgroup, showed a significant withdrawn of parasympathetic tone 
during the game, with a shift toward sympathetic predominance. 
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Despite the pre-game tachycardia, both DMD and OMD groups seemed able to adapt and match the 
demand of a physical effort during the game, by further increasing HR, even though DMD groups was 
able to increase HR to a significant less extent compared to OMD group, and showed during recovery 
a lower decrease of HR. 



Maggioni MA, Rampichini S, Cè E, Agnello L, Veicsteinas A, Merati G. (2008) 
Cardiac and autonomic adaptations to a wheelchair hockey match in athletes with muscular 
dystrophy. 
Sport Sci. Health 4, 59–63
https://doi.org/10.1007/s11332-008-0068-0
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2.2 Second paper. The impaired heart: exercise in the debilitative cycle  
Maggioni MA, Ferratini M, Pezzano A, Heyman JE, Agnello L, Veicsteinas A, Merati G. (2012) Heart 
adaptations to long-term aerobic training in paraplegic subjects: an echocardiographic study. Spinal 
Cord 50, 538–42 

Aim of this case-control study was an echocardiographic comparison between trained and untrained 
spinal cord injury (SCI) men, and between trained SCI individuals and healthy matched trained able-
bodied men. Among SCI, according to the lesion level, the heart may suffer from defective innervation, 
when the lesion level is upper than the 6th thoracic vertebra. In addition, the nervous communication 
with the sublesional vascular districts is interrupted, therefore causing a reduced vasomotion, which in 
turns induces blood pooling in the periphery. The latter decreases venous return and heart filling 
volume. Over the time, the blood pooling generates myocardial atrophy and dramatically reduces heart 
functional capacity.  

The objective of the study is therefore two-folded:  

1. to assess the morphological and functional heart adaptation after long-term endurance training 
among SCI men, by comparing trained vs. untrained individuals. 

2.  to determine whether possible heart adaptations to endurance training are similar to that observed 
in healthy trained peers. 

To this aim were enrolled: 10 SCI men aerobically trained for >5 years (SCIT) and 7 untrained SCI men 
(SCI, total n=17) to be compared with 10 healthy peers aerobically trained for >5 years (ABLT) and 8 
healthy untrained peers (ABL, total n=18). Peak oxygen consumption (VO2peak) was assessed in SCI 
participants only, with a cardiopulmonary exercise test on a wheelchair ergometer, up to maximal 
volitional exhaustion. Training records, as for volume and frequency, were collected with a 
questionnaire and cross referenced with the available medical screenings for participating in official 
competition, performed in the previous 5 years.  

Results showed a VO2peak of SCIT persons significantly higher compared to VO2peak of untrained SCI, 
confirming the functional adaptation following long-term endurance training reported for non-
paraplegic individuals (Hellsten and Nyberg, 2015). Furthermore, SCIT in comparison with untrained 
SCI had a higher intra-ventricular septum thickness (+18%), posterior wall thickness (+17%) and 
normalized heart mass (+48%), and the same was found for ABLT, with respect to untrained peers 
(+4%; +2%; +5% respectively), though to a lesser extent. However, SCIT, when compared to ABLT, 
revealed a lower end-diastolic volume and left ventricular ejection fraction. 

The study confirms the permanence of a compromised heart morphology and function secondary to 
SCI (i.e., reduced filling capacity and ejection fraction), but demonstrate how, on the other side, regular 
aerobic training can mitigate such adverse outcomes, significantly improving peak oxygen 
consumption and therefore physiological functions. Such changes seem to persist over the time, 
consistent with those reported for non-paraplegic individuals. Furthermore, these morphological and 
functional adaptation, can reduce cardiovascular risk. 
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2.3 Third paper. The astronaut’s heart: exercise-based countermeasures  
Maggioni MA*, Castiglioni P*, Merati G, Brauns K, Gunga H-C, Mendt S, Opatz O, Rundfeldt LC, 
Steinach M, Werner A, Stahn AC. (2018) High-intensity exercise mitigates cardiovascular 
deconditioning during long-duration bed rest. *These Authors contributed equally, Front. Physiol. 9, 
1553  

 

The focus of this paper is to evaluate possible countermeasures to cardiovascular deconditioning, in 
terms of orthostatic intolerance and resting tachycardia. Indeed, cardiovascular deconditioning is 
known as one of the most frequent adverse outcomes of microgravity exposure, or long-term unloading 
of the cardiovascular system, due for example to post-trauma or post-surgery forced bed lying. Head-
down-tilt bed rest (HDT), with the head at -6 degrees with respect to the horizontal line, mimics the 
changes in hemodynamics and autonomic cardiovascular control induced by microgravity and it is well 
known as an Earth analog for space missions (Besnier et al., 2017a). As part of an European Space 
Agency sponsored long-term bed rest study, it was evaluated how high-intensity, short-duration, low-
limbs resistance exercise can influence the time course of cardiovascular hemodynamics and cardiac 
autonomic modulations during HDT.   

Measurements sessions were performed by comparing all the supine positions at HDT-6 degrees (i.e., 
HDT day 2, day 28 and day 56), and also in day 7 before HDT (BDC-7) and in day R+10 (R: recovery 
after HDT) both in the horizontal lying position (i.e., 0 degrees). Moreover, before and after HDT, the 
reactivity of the cardiovascular and autonomic response was analyzed by collecting data in both supine 
and sitting position.  

Twenty-three healthy young men were randomly allocated to two groups: training (TRAIN, n = 12) and 
non-training (CTRL, n = 11) before the 60-day HDT. The TRAIN group underwent a resistance training 
program with reactive jumps on a sledge-system (5-6 times/week, 20 min/session, 80% of body 
weight) (Kramer et al., 2010, 2017b), to maintain continuously the lying position and reproducing the 
conditions of microgravity, where only hydraulic resistance may be used to generate workload, 
whereas the CTRL group did not train. Continuous finger blood pressure, impedance and 
electrocardiography data were collected for 10 min in all sessions and positions.  

During long-term HDT, HR increased (p < 0.02) and parasympathetic tone decreased in the CTRL 
group (p < 0.0001) only, while the TRAIN group showed only a slight trend. After 60-day HDT, signs of 
orthostatic instability were still present in the CTRL group: by comparing values collected in supine to 
those collected in sitting, it appeared that CTRL individuals could not dynamically adapt to the posture 
change, showing higher supine HR and a sympathovagal balance shifted towards parasympathetic 
predominance in sitting vs supine position, whereas TRAIN seemed to be less affected and to have 
almost recovered. Therefore, even a low-body, high-intensity, short-duration exercise could effectively 
mitigate cardiovascular deconditioning in the TRAIN group. In addition, as for CTRL group the 10-day 
recovery appeared to be not sufficient to completely compensate the cardiovascular deconditioning 
due to 60-day HDT.  
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2.4 Fourth paper. The trained heart: HRV and performance in extreme environment  
Rundfeldt LC* and Maggioni MA*, Coker RH, Gunga HC, Riveros-Rivera A, Schalt A, Steinach M. 
(2018) Cardiac Autonomic Modulations and Psychological Correlates in the Yukon Arctic Ultra: The 

Longest and the Coldest Ultramarathon. *These Authors contributed equally, Front. Physiol. 9, 35.   
 
 
 

This work analyses the heart response during a unique long-duration performance in extreme cold and 
wild environment as for cardiac autonomic modulations, with two different purposes: 1) to explore the 
use of HRV to monitor/predict the performance in this specific setting, and 2) to evaluate HRV analysis 
as a tool to assess also performance’s psychological correlates. 

15-min HR recordings with an heart rate monitor were collected in lying position, resting, at morning, 
upon awakening in n=16 competitors (12 men, 4 women) of a long subarctic ultramarathon race, the 
Montane® YAU (Yukon Arctic Ultra),  690 km-long, with ambient temperatures ranging between +5 °C 
and -47 °C. Data were collected before the race, during the race, i.e., after 277 km at the first 
checkpoint (D1), and after 383 km (D2) at the second checkpoint, and on the morning immediately after 
the end of the race.  In the same experimental sessions psychometric scales were administrated, as 
Profile of Mood State (POMS), Karolinska Sleepiness Scale (KSS) and Borg Total Quality Recovery 
(TQR) scale. Upon arrival to the checkpoints (and to the finish line), the Borg Rate Perceived Exertion 
(RPE) scale was also conducted. 

Participants who interrupted the race were pooled in the non-finishers group (NON, n = 6), whereas 
those who completed the racetrack were pooled in the finishers group (FIN, n = 10), to compare 
performance characteristics and baseline data.  

During the race, HR was significantly higher with respect to baseline in both groups, reaching the 
highest value at D1 and then showing in FIN a trend to decrease, still not returning to pre-race values 
in the morning after the end of the race. The HR increase was associated to a parasympathetic 
withdraw, showed by depressed HRV vagal indices in time domain, i.e., the number of NN intervals in 
one hour that are >50 ms (NN50+) or < 50 ms (NN50–). However, in FIN group only, baseline HR was 
negatively correlated to mean velocity: the lower the baseline resting HR (thus the higher the vagal 
tone), the higher the mean velocity (i.e., better performance). POMS scale reflected the race burden: 
Vigor decreased, and Fatigue increased, both significantly. No appreciable differences were retrieved 
regarding the other psychometric scales.  

In conclusion, we observed the expected vagal depression during the race; however, successful 
runners could mitigate and better restore it. In line with literature data, lower HR and higher vagal tone 
before the race predicted a better performance. The POMS scale may be useful to assess 
psychological correlates and seems consistent with HRV results, therefore POMS, HR and HRV could 
be informative and valuable tools to monitor/predict physical performance in this specific setting. 

 



 42 
 



 43 
 



 44 

  



 45 

  



 46 

  



 47 

  



 48 

  



 49 

  



 50 

  



 51 

  



 52 



 53 

 



 54 



 55 

 



 56 

 



 57 

 



 58 
  



 59 

  



 60 

2.5 Fifth paper. The stressed heart: exercise in physical and mental stress  
Prell R, Opatz O, Merati G, Gesche B, Gunga HC, Maggioni MA. (2020) Heart Rate Variability, Risk-
Taking Behavior and Resilience in Firefighters During a Simulated Extinguish-Fire Task. Front. Physiol. 
11, 482  

 

In this article, not only heart response to exercise in extreme conditions, but also specific personality 
traits are investigated in a very particular population: fire-fighter officers from the Berlin Brigade. During 
their professional activity, fire-fighters face very often emergency and high-risk situations. Thus, they 
must be physically able to perform their tasks but at the same time, must be able to keep constantly 
alertness, clarity of mind, emotional control, and get an accurate general view of the situation, to quickly 
decide the most suitable intervention, according to the sudden unexpected situation that they may 
face.  Aims of this study are: 1) to evaluate acute effects on the heart of physical exercise performed 
in extreme hot and dangerous conditions; 2) to analyze cardiac autonomic modulation; 3) to explore 
the correlation between HRV indices and personality traits, as resilience and risk-taking behavior, 
which are key factors for professional fire-fighters.  

A group of twenty male officers was selected. Data collection was performed during a typical training 
session, which consisted in a fire-extinguish task inside a container set on fire, including, for half of the 
sample (Ex) repetitive bouts of resistance exercise (rowing), while being inside the container. The other 
half of participants (NoEx) was resting, as well in sitting position. HR recordings with a heart rate 
monitor (duration: 20 min) were performed i) at morning, on the testing day, upon awakening, at home, 
lying (baseline); ii) before entering the container, in a separate room, close to the training place, sitting 
(pre); iii) during, inside the container, Ex vs NoEx, sitting (during), and iv) after, in the same place as 
before, sitting (post). Validated scales for resilience, risk-taking behavior and individual stress load (i.e., 
Risk-taking Scale (R-1), Resilience Scale (RS-13) and the NASA-Task Load (NASA-TXL)) were 
administered after (post) deployment in the container only. 

As expected during fire-extinguish task the Ex group showed significantly higher HR values with 
respect to NoEx group, which persisted also during early recovery. Despite the exposition of both 
groups to very high temperature (up to 150 ºC) and the same body posture, short-duration, repetitive 
bouts of resistance exercise induced an additional strain, which could be matched by the 
cardiovascular system with a further increase of HR. Risk-taking behavior correlated with morning 
depressed vagal tone, whereas resilience was correlated to baseline higher vagal tone. 

HRV analysis appears a promising tool to bridge the gap between physiology and psychology among 
this specific population and could be helpful as a marker in the selection procedure for future fire-
fighters, as well as a periodical health monitoring tool for professional active officers. 
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3. Discussion 
 
 
In the included five papers, cardiac responses to exercise under different special conditions are 
described.  These special conditions are very different, but similar under the benchmark of extreme:  

1. Neuromuscular progressive untreatable neurodegenerative disability, as MD, and 
specifically DMD, which affects directly myocardial tissue, inducing weakness and muscle wasting, 
thus being extreme, especially during physical performance, such an electric-wheelchair hockey 
match. For DMD persons, a real game, is not only physically but also psychologically extremely 
demanding. The cardiac adaptation to performance, of this disabled heart was investigated analyzing 
also HRV. 

2. Physical disability, such as SCI, which is a condition of extreme forced inactivity and thus 
extreme for the cardiovascular system, investigating the chronic effects of endurance training on the 
heart with echocardiography and physical performance test, by assessing VO2peak.  

3. Long-term bed rest, which imposes not only extreme inactivity, but also the lying position, 
head-down -6 degrees, continuously for 60 days, thus being extreme to the cardiovascular system for 
the cephalad fluid shift, analyzing effect of high-intensity resistance exercise as a countermeasure.  

4. Competing in a subarctic 690 km-long ultramarathon, which means a continuous endeavor 
of physical high performance in a hostile environment (extreme cold, +5 to -47 ºC) for a very long race, 
sleeping outdoor and being exposed to different stressors, while performing a very physical and 
psychological demanding task, thus extreme.  

5. Performing repetitive exercise bouts, after a fire extinguish tasks in a container set on fire, facing 
not only the stress of exercising, but also the extreme environmental temperature (up to 150 ºC max) 
and the danger of fire. 
 
The ability of the heart and the cardiovascular system to cope with these extreme conditions could be 
described and proven. Furthermore, the use of HRV to evaluate the physical performance as well as a 
monitoring tool appears feasible.  
 

3.1 The disabled and the impaired heart: residual adaptation to performance and training  
 

In the first paper (Maggioni et al., 2008) the acute effects of exercise on the disabled heart were 
investigated. First of all, it was still unclear whether physical exercise might be beneficial for DMD 
persons, or on the contrary it might lead to adverse outcomes. Secondly, the residual ability of the heart 
and cardiovascular system to adapt to the performance was not yet proven. Therefore, even though the 
workload during a match with an electric-wheelchair may appear quite low, it was of crucial importance 
in this specific population to observe the cardiac adaptation by recording HR before, during and after 
the match. Given that the clinical picture of DMD includes genetic mutations yielding to cardiac 
impairment  (Ashwath et al., 2014; Meyers and Townsend, 2019) and disturbances in the electrical 
conduction, with cardiac autonomic imbalance (Lanza et al., 2001; Inoue et al., 2009; Alvarez et al., 
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2017), the second aim of this work was to evaluate cardiac autonomic modulation by assessing HRV 
before, during and after the game. Relevant results are: 1) despite resting tachycardia, there is still a 
residual capacity to increase HR during physical performance and the extent of this increase appears 
related to the severity of the pathology; 2) by comparing data with aged-matched healthy peers, the 
autonomic unbalance at rest (i.e., depressed vagal tone and higher sympathetic drive) was confirmed. 
Nonetheless, results suggest that the HR increase during the game was due to a parasympathetic 
withdraw, without increase in sympathetic activity, which probably was already expressed to the upper 
limit in resting conditions. Indeed, during recovery DMD group showed significantly smaller reduction in 
HR with respect to OMD, and HRV vagal indices resulted in a very slight increase, supporting the 
hypothesis that the autonomic failure can critically impair recovery after physical strain.  From this point 
of view, aerobic training, which is known to affect vagal tone, could be beneficial for this specific 
population. When the work was published, it was one of the first study dealing with the topic of cardiac 
adaptation to exercise in DMD individuals. In the last years, most studies were focusing on skeletal 
muscle response to exercise and possible therapies, however it is still unclear whether exercise may 
overall improve quality of life in these patients (Markert et al., 2011; Kostek and Gordon, 2018), and also 
guidelines for exercise prescription in these patients could not be yet defined. Probably the introduction 
of the so-called Precision Medicine is the only way to include, under strict monitoring, regular exercise 
in a therapeutic program for these patients (Kostek, 2019). However, so far no further studies 
investigated cardiac and autonomic effects of exercise in DMD persons, while recent studies focused 
mostly on the use of HRV as a tool to define the autonomic imbalance and possibly predict adverse 
cardiac events (Dhargave et al., 2014; Alvarez et al., 2017; Anderson, 2017; da Silva et al., 2018). The 
results by Maggioni et al. (Maggioni et al., 2008) appear in line with the data published by the above-
mentioned successive studies. Future studies should focus on this specific topic and possibly quantify 
the individual workload intensity during training in this specific population, which in the present work, 
due to the characteristic of the performance (i.e., electric-wheelchair hockey game), could not be 
measured. 

In the second paper (Maggioni et al., 2012), the effects of exercise on the heart and cardiovascular 
system are presented with reference to long-term adaptation, considering here an impaired heart, and 
possibly a disabled heart, given that in SCI, with a lesion level above the 6th thoracic vertebra  the heart 
innervation is compromised (Jacobs and Nash, 2004; de Groot et al., 2006; Haisma et al., 2006; 
Theisen, 2012; West et al., 2015). However, in SCI we are definitely always observing an impaired heart, 
as baroreceptor feedback and vasomotor control in the lower peripheral body districts are absent or 
compromised, leading to the phenomenon of blood pooling, also exacerbated by the absence of the 
muscular pump (i.e., lower limbs muscle contractions), which normally contributes to the venous return. 
The peripheral blood pooling lowers in turn the diastolic volume in the heart chambers, resulting in a 
severe reduction of the stroke volume. This persistent condition may chronically generate myocardial 
tissues damages and a decreased functional capacity of the cardiovascular system. Therefore, the 
definition of the long-term endurance training effects in SCI persons, as a physiological model of 
impaired cardiovascular system, following extreme (forced) physical inactivity and cardiovascular 
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deconditioning, can provide evidence of efficacy to counteract and possibly revert the debilitative cycle. 
The data from this study showed clearly that, despite the overall functional performance capacity of 
trained SCI halved the averaged values of able-bodied peers, it still doubled in comparison to untrained 
SCI. Furthermore, over the time no adverse outcomes were retrievable. Specifically, the observed 
significant positive correlation between aortic flow velocity and peak oxygen consumption, indicates that 
despite the performance impairment due to the reduced stroke volume, training could increase heart 
functional capacity, confirming that a reserve margin to improve remained available, which can be 
elicited by aerobic training. Heart morphological changes retrieved in trained SCI mimic the changes 
observed in able-bodied athletes, but to a lesser extent, again supporting the ability to counteract 
adverse cardiovascular outcomes related to SCI. Exercise can therefore reduce the risk of CVDs among 
this specific population and improve quality of life (Jacobs and Nash, 2004; Hicks et al., 2011; Sandrow-
Feinberg and Houlé, 2015). Following studies partially confirmed and supported these finding (Farrow 
et al., 2020), toward a definitive inclusion of a structured physical exercise program in the routine of SCI 
persons, by defining the most effective training protocol, which should include also high-intensity 
exercise (Astorino et al., 2020; Todd et al., 2020). 

 
 

3.2 Exercise as a countermeasure for cardiovascular deconditioning 

 

The cardiovascular condition following SCI shares some features with the cardiovascular outcomes 
after long-term bed rest and spaceflight, like cardiac atrophy (Perhonen et al., 2001; Dorfman et al., 
2007; Scott et al., 2011; Williams et al., 2019), which may be referred to ANS alterations, forced 
inactivity and lacking mechanical load.  The head-down  bed rest research setting has been developed 
as an Earth analog for space flight (Besnier et al., 2017a), to study cardiovascular adaptation induced 
by microgravity exposure. One of the characteristic features of this specific bed rest is to mimic on 
Earth the cardiac unload and the cephalad fluid shift observed in weightlessness, by adding a head 
down -6 degrees to the horizontal bed rest (Hargens and Vico, 2016; Ried-Larsen et al., 2017). 
Therefore, the mechanisms underlying similar cardiovascular adverse outcomes, like cardiac atrophy 
and orthostatic intolerance, may be different with respect to SCI, but definitely related to the absence 
of mechanical stimulus and forced inactivity. Results from bed rest studies have been very useful also 
in the clinical practice, especially in the field of post-traumatic and cardiac rehabilitation, to improve 
therapeutic intervention in efficiently recovering functional capacity (Topp et al., 2002; Hides et al., 
2017; Lambrecht et al., 2017). Among healthy individuals long-term head down tilt bed rest represents 
an extreme condition for the cardiovascular system, leading to hemodynamic and autonomic 
(reversible) consequences, which are summarized in the definition of cardiovascular deconditioning. 
Features of cardiovascular deconditioning are resting tachycardia and orthostatic intolerance, also 
observed among astronauts returning to Earth. One of the crucial tasks to foster manned spaceflight, 
especially in light of the upcoming mission to Mars, is the development of an effective and time-saving 
countermeasure not only for the musculoskeletal system, but also for the cardiovascular consequences 
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of micro- and zero gravity, which could lead to impairment in several other functions, bounded to the 
cardiovascular system, as for example diuresis, fluid balance, brain perfusion. In the third paper this 
issue was addressed: a countermeasure primarily designed to maintain musculoskeletal trophism and 
functionality during bed rest was analyzed in its effects on the cardiovascular system. Lessons learned 
from previous space missions and bed rest studies demonstrated that physical training is one of the 
most effective countermeasures. Unfortunately, it requires for crewmembers daily sessions, with a 
large amount of time dedicated only to this task (Hackney et al., 2015; Hayes, 2015; English et al., 
2020), and subtracting time to operational duties and scientific experiments. Therefore, scientists are 
constantly developing training programs to improve the cost (time) benefit (fitness level) ratio.  In this 
paper a new proposed training tool has been investigated: reactive jumps, performed on a sledge with 
hydraulic resistance (Kramer et al., 2010, 2017a, 2017b; Maggioni et al., 2018). During 60-day bed rest 
the treatment group underwent a high-intensity short-duration training protocol, 4-5 times/week, 20 
min/session. The hallmarks of this program were efficacy, referring to the muscle and bone mineral 
loss, and timesaving for participants. The countermeasure was not expected to mitigate directly the 
cardiovascular deconditioning, as it consisted in a purely resistive high-intensity and short-duration 
exercise, besides involving abdominal and lower limbs musculature only. Nevertheless, results from 
Maggioni et al. (Maggioni et al., 2018)  showed clearly how such exercise intervention could mitigate 
some of the adverse outcomes related to cardiac autonomic modulation and to improve recovery. 
Specifically, two body positions (i.e., supine vs. sitting) were tested before and after bed rest, enabling 
the analysis of the cardiovascular dynamic adaptation to the stimulus of body posture change. The 
training protocol exerted a direct effect on the cardiac autonomic modulation, by contrasting the 
parasympathetic depression known to occur during bed rest and persisting during recovery 
immediately after bed rest, with higher resting HR in supine position, which here was shown by the 
control group only. The introduction of this specific training protocol, starting with low but progressively 
increasing workloads, may efficiently counteract not only muscle and bone mineral losses, but also 
cardiovascular deconditioning. This is an important finding for astronauts training programs for future 
deep space missions, as it saves astronauts’ time, for a very high time-efficiency ratio. On the other 
hand, the efficacy of such high-intensity, short-duration, resistance training in contrasting 
cardiovascular deconditioning is of crucial meaning for rehabilitation programs, fostering the inclusion 
of resistance exercise in clinical protocols: resistive high-intensity, short-duration exercise may and 
should be integrated in rehabilitation programs for post-traumatic and cardiologic rehabilitation, and 
to improve fitness in older adults. 

 

3.3 Performance in the extreme: HRV in integrating physiology and psychology  

 
Focusing on healthy, well-trained, non-professional endurance athletes, in the fourth paper (Rundfeldt 
et al., 2018) the cardiac adaptation during long-duration physical performance in an hostile, thus 
extreme, environment was investigated. The unique conditions of this specific race, The Montane 
Yukon Arctic Ultra (YAU), allow the evaluation not only of cardiac response, but also of psychological 



 76 

correlates, playing the mind a central role in facing these different stressors. Indeed, the racetrack 
unfolds through the Yukon Territory in Canada, during winter, for 690 km, and includes only two 
checkpoints for indoor recovering across the whole track. Therefore, competitors during the race must 
sleep regularly outdoor into the wild and be completely self-sustained. The hallmark of this competition 
comprises not only extreme physical demanding tasks, such running alone in the snow by carrying in 
a sledge all the necessary to survive, but also psychological high demanding tasks, such facing wild 
animals (wolves), sleeping alone outdoor in the forest, keeping constantly the track and maintaining 
always a clear mind. Participants to the YAU were well trained and experienced marathon runners, 
however they must face here a multi-folded stress: strenuous and long-duration physical effort, an 
extreme cold and hostile environment, loneliness and possibly poor sleep quality. Cardiac autonomic 
modulation, analyzed by HRV, has been proven a reliable tool to assess training efficacy and fitness 
level (Buchheit et al., 2010; Buchheit, 2014b). Specifically, short-term resting HRV in supine position, 
upon awakening, is considered a reference value of the individual cardiac autonomic balance (Plews 
et al., 2013; Buchheit, 2014a), thus could track changes following training/performance or different 
stressors. At the same time, HRV has been found a marker of psychological stress and resilience, 
reflecting the individual capacity to adapt and cope with different environments and stressors (Thayer 
et al., 2009, 2012; Carnevali et al., 2018; An et al., 2020; Perna et al., 2020). Therefore, aim of this study 
was to test the use of HRV as a tool to predict/monitor the performance considering fitness level and, 
at the same time, as a marker of psychological correlates. Indeed, several papers already investigated 
the interplay between ANS and psychological wellbeing or disease (Grippo et al., 2012; Sgoifo et al., 
2014, 2015). To test this hypothesis validated psychometric scales were administrated, to look for 
correlations with HRV indices. The main findings of this study confirm the hypothesis that HRV could 
be an informative tool for endurance performance. Successful runners showed a dynamic capacity to 
accelerate the recovery of the depressed vagal tone already during the race (after the first part of the 
competition), and thus to proceed successfully toward the finish line. Conversely the vagal depression 
retrieved among competitors who did not complete the race was to some extent greater and probably 
could not be effectively counteracted. These results are also in line with literature data (Gratze et al., 
2005; Buchheit, 2014a). However, here the most interesting finding is that psychological correlates and 
wellbeing, analyzed by the POMS scale, showed how only those competitors who completed the race, 
were able to face and cope with the multi-folded stressors already at the very beginning of the YAU. 
Similar results were retrieved regarding cardiac autonomic modulation, with respect to vagal tone. 
Considering the characteristics of this in-field study, which impose some constraints, but at the same 
time offered a unique setting to observe human adaptation to the extreme, these findings taken 
together support the theory of HRV as a marker of fitness level and psychological aspects under these 
particular conditions; however, further studies are warranted to clarify the underlying mechanisms. 

In the fifth paper, the cardiac responses to exercise in the extreme in healthy individuals are further 
investigated, including psychological traits (Prell et al., 2020). Cardiac autonomic modulation at 
baseline and during physical strain, following a fire extinguish tasks in a container set on fire, as well as 
resilience and risk-taking behavior were analyzed. Participants were officers of the fire brigade in Berlin, 
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who, as part of their regular preparation activity, must train simulating an emergency situation, by means 
of extinguish-fire task in a dedicated container. In this scenario, the extreme is defined by hot 
environment (up to 150 °C) and extremely dangerous situation, as facing a fire that must be handled in 
the shortest time possible. Risk-taking behavior and resilience are key features for these professionals, 
because they must face continuously dramatic situations, which are extremely demanding not only 
considering physical strain, but especially regarding psychological aspects, dealing with emergency and 
life-threatening events; it is crucial for them to be able to quickly evaluate unexpected situations and 
strategically plan effective countermeasures to design anytime the suitable intervention. Not only at the 
beginning of their career, but also over the time, with professional experience and aging, it may be 
crucial to assess physical residual capacity and at the same time resilience and risk-taking behavior. 
These psychological traits are traditionally assessed via interviews and questionnaires only. In this 
sense, the study aimed at evaluating the use of HRV as a monitoring tool which integrates cardiac 
response, physical fitness, and concurrently psychological traits. As previously reported, there are 
already studies on the use of HRV to assess resilience, but the literature is scarce about this specific 
population and particularly with respect to risk-taking behavior. Furthermore, so far few studies 
investigated cardiovascular health among fire-fighters, referring specifically to the perspective of 
occupational medicine and prevention (Banes, 2014; Hunter et al., 2017; Palmer and Yoos, 2019), 
whereas in the present paper cardiac responses in the acute, i.e., during an extreme situation, inside a 
container set on fire, are analyzed, including the comparison between exercise and rest. Given that this 
hot and dangerous environment already poses for the cardiovascular system a severe stress factor, 
which induces an increase in HR even at rest, here the residual capacity to match the demands of the 
additional strain of physical effort was investigated and could be demonstrated. Furthermore, the 
possible association between HRV indices of vagal tone with resilience and risk-taking behavior was 
analyzed. Results confirmed the hypothesis of a correlation between cardiovagal modulation at rest and 
resilience and risk- taking behavior: the higher the vagal tone at morning upon awakening, the higher 
the resilience score and the lower the propensity toward risks. Therefore, these findings support the 
value of including HRV assessment, together with other evaluation means, in the selection procedure 
of fire-fighters, as well as a monitoring tool during their professional activity.   
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4. Summary 

 
 
The human heart is an amazing hydraulic pump that pushes a non-Newtonian fluid in a system of non-
rigid vessels millions of times over the course of a lifetime. The mechanic work of this pump is finely 
regulated by a complex electrical structure that operates with sophisticated feedback systems. These 
latter are equipped with peripheral sensors and central and peripheral effectors, in order to ensure that 
the blood flow to all the body systems is sufficient to satisfy the various basic metabolic needs of life, 
and to supply of adequate energy necessary for the completion of any external work.  
 
The muscle activity required by physical exercise, which goes from simply get up from a chair in an 
elder to preserve the autonomy at home, to the performance of an ultra-marathon runner, finalized to 
complete a race against extreme environmental conditions, represents the most important physiologic 
stress for the heart.  To cope with the exercise challenge, the cardiovascular system must be therefore 
able to adapt its performance ranging from a minimum activation level to the capacity of supporting 
for long time the maximum cardiac output. Amazingly, the physical work required by the exercise to 
the heart can be done in a cardiovascular continuum of performance that goes from the diseased heart 
(as in heart failure and primarily cardiac diseases) to the trained heart of the elite athlete. The five 
articles reported in this dissertation are linked by an important fil rouge: the ability of the cardiovascular 
system to cope with extreme conditions, in which the exceptional nature of the stimulus is due to very 
different factors: for a pathology that directly compromises the heart's response to exercise, the light 
muscle movements necessary to move an electric-wheelchair can be very "demanding" for the 
cardiovascular system, while for the trained heart the physical activity requested in conditions of 
extreme environment underlines an adaptation ability near to the tolerable limits of human possibilities.  
 
Throughout this continuum of cardiovascular performance of the human heart, the interaction between 
the environment (simple daily relation life, microgravity, extreme ambient conditions) and the cardiac 
response to exercise highlights very close links between the heart and the main control system of its 
mechanical action, the autonomic nervous system, which represents one of the most ancestral (and 
thereby important) parts of the entire nervous system.  
 
In all the conditions in which the cardiac performance was studied in these five articles, it was important 
to be able to measure as directly and simultaneously as possible both, the cardiac internal load during 
exercise and the efficiency of its main neural control factors. In these papers it is shown how, despite 
the extreme variability of environmental stimuli and the stressful factors that influence the 
cardiovascular system, HR and HRV represent two adequate tools for synchronously assessing cardiac 
performance on the one hand and the efficiency of his autonomic control during physical exercise on 
the other. Furthermore, in some study conditions depicted in these articles, physical stress was also 
added to mental/psychologic stress: again, the HRV tool proved to be adequate in describing the 
heart's response to these types of non-muscular stress on the heart.  



 79 

If one considers that this monitoring system is absolutely non-invasive, that it can be analyzed starting 
from a single biological signal (the electrical activity of the heart), that it easy to use, that does not 
require sophisticated and expensive instruments, its usefulness in evaluating the adaptability of the 
heart, both pathological and trained, to the continuous "challenges" that the cardiovascular system 
has to face is clear. 
 
Nevertheless, some aspects are still to be evaluated and will require further studies about the use of 
these analysis systems: for example, i) finding more correct descriptors of the sympatho-vagal balance, 
ii) better exploring the non-linear components of the cardiac signal, aiming at evaluating the responses 
of the systems that do not depend on simple action-reaction feedback mechanisms, iii) assessing new 
ECG signal descriptors that are more directly correlated with the mechanical characteristics of the 
heart, iv) evaluating the efficiency of new HR and HRV monitoring systems that do not require the strict 
processing of the cardiac electrical signal (such as the vascular photoplethysmography), v) evaluating 
the determination capacity of these analysis tools with respect to the onset of fatigue during a 
continuous recording, vi) better focusing on the crucial relationships between cardiac and respiratory 
activity, vii) evaluating the effects of senescence both on the mechanical part and on the autonomic 
control of the heart, are just some of the several challenges that we will face in the next years.  
 
However, I believe that the results obtained so far are very promising and I hope that this field of 
investigation can be deepened and enriched with new methods to evaluate the cardiovascular 
efficiency during exercise, especially by expanding the prognostic capabilities of these measurements 
in the field of cardiovascular pathologies, which is still one of the most important health issues to be 
addressed in the near future. 
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