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Physiology in extreme conditions can reveal important reactions of the human body, which help 
our assessment of limits emerging under healthy conditions and critical signals of transition 
toward disease.

While many mechanisms could simply be associated with adaptations, others refer to unexpected 
reactions in response to internal stimuli and/or external abrupt changes.
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Editorial on the Research Topic

Physiology in Extreme Conditions: Adaptations and Unexpected Reactions

OUTREACH

“Physiology in extreme conditions” was concerned with two main issues:
(a) to increase knowledge about individual reactions and mechanisms of adaptations in specific

extreme environmental conditions;
(b) to widen the analytical skills gap created by data generated in extremely severe conditions,

and in response to pathological disorders.
A wide spectrum of topics was proposed by the included articles, which covered a wide variety of
cases ranging from cellular systems to preclinical models. The focus was on healthy individuals
experiencing extreme conditions induced by typically non-physiological environments. Studies of
pathological relevance encompassing artificial organs were also comprised in the Research Topic.

LESSONS LEARNED

While many mechanisms could simply be associated with adaptations as evidenced by studies in
sport, other mechanisms would rather refer to unexpected reactions in response to internal stimuli
and/or external abrupt changes, as showed by the evaluation of psychostimulant abusers and/or
unmedicated psychiatric patients.

In particular, the similarity noticeable in the behavioral symptoms shared by extremely agitated
drug addicts and untreated psychiatric patients has been linked to a possible genetic disorder
leading to a dysregulated central dopamine transporter function. This is the case with the
biologically precipitating cause of acute delirium and sudden death (Mash).

The end-stage heart failure represents a condition where the cardiovascular system fails to
maintain the blood supply to all organs and tissues and is generally a result of chronic disease
in adults or of cardiac congenital abnormalities in children. This is a very serious condition with no
optimal therapeutic treatments that can ultimately improve the situation to a point where mortality
is avoided.

The development of durable ventricular assist devices (VADs) has reduced mortality rates and
quality of life in patients with this critical condition. The mechanical support in smaller children is
an effective strategy for bridging patients to heart transplantation (Di Molfetta et al.). The option
of total artificial heart has been approved for humanitarian reasons both in pediatric surgery (Villa
and Morales) and in adults (Cohn et al., 2015).
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Note that an artificial pump instead of the native heart could
be considered as an abrupt interruption of the cardiovascular
system continuity (endothelial lining, cell to cell communication
signaling, neuro-humoral, and neuro-hormonal molecules
production, sympathetic-parasympathetic balance as well as
central perception of the substituted organ, i.e., not a simple
pump). It is crucial to stress that the findings of cardiac support
by VADs and artificial heart could clarify the physiological
and the physio-pathological mechanisms of the cardiovascular
system.

SPECIFIC ADDED VALUE OF STUDIES

PERFORMED IN EXTREME CONDITIONS

We considered whether physiology in extreme conditions can
reveal important reactions of the human body and can help the
process of assessing the limits emerging under healthy conditions
and critical signals of transition toward disease. Underwater
environment is one in which many body functions are critically
stressed (Pendergast and Lundgren, 2009).

Relevant answers were for instance found in the study on
the effect of pre-dive whole body vibration on post-dive bubble
formation: Balestra’s paper referred that the whole body vibration
with the diver laying on a vibrating mattress was much a better
condition than preconditioning with oxygen for a reduction
of decompression-induced vascular gas emboli (Balestra et al.).
Evidence that intensive weight reduction regimens induce
changes in female body composition and serum hormones was
demonstrated by Hulmi et al.’s study, in which it was observed
recovery in subsequent months owing to increased energy
intake.

Space is another type of special environment that requires
extreme changes and adaptations for living organisms (plants,
animals, and human beings). Space flight imposes constraints
on the body of highly selected, well-trained and healthy subjects
(Aubert et al., 2016; Bergouignan et al., 2016). In particular,
the pathophysiological adaptive changes resemble an accelerated
aging process and relate with some disease processes (Fitts
et al., 2000; Vernikos and Schneider, 2010). As such effects
become manifest over a time span of weeks (i.e., cardiovascular
deconditioning) to months (i.e., loss of bone density and
muscle atrophy) of exposure to weightlessness, some kinds of
corrections are possible during flight. Also note that, in due
time, these effects are mostly reversible after landing (Demontis
et al.).

Overall, a variety of stressors has been widely analyzed in
preclinical models and in human studies. What is clear is that a
pathway underlying such conditions is driven by inflammation,
and this explains the multiple effects visible through multiple
associated morbidities.

TRANSLATIONAL RELEVANCE

In the translational field, with reference to the study on the
fluoxetine protection in decompression sickness in mice
crosslinks molecular biology, pharmacological actions, and

basic mechanisms of diseases like disseminated coagulation,
inflammation, and ischemia induce neurological damage
and death. These symptoms result from circulating bubbles
generated by a pathogenic decompression: acute fluoxetine
treatment increases the survival rate of mice subjected to an
experimental dive, enhanced by TREK-1 inhibition (Vallée
et al.).

Another adaptation in extreme acidic environment is analyzed
by the study on hydrothermal vent organisms, which have
evolved physiological adaptations to cope with extreme abiotic
conditions including temperature and pH (Hu et al.). The
considerable acid-base regulatory abilities in brachyuran crabs
could suggest some basic mechanisms in support of both the
understanding of the derangements in acid-base homeostasis and
the design of mock systems addressing environmental safety.

We notice that the observations derived from animal
behavior in terrestrial and marine environment are
currently used for bioengineering studies and innovative
research. Bio-robotic investigational areas could be
linked to physiology in extreme conditions for foresight
programs.

ETHICAL ASPECTS

By considering the ethical request of animal experiments
reduction, an example of alternative methods is offered by
the study of hepatic cells, prospecting a genetic therapeutic
approach for prophylaxis and treatment of liver fibrosis by
a double-knockdown interfering with the intracellular oxygen
sensor-prolyl hydroxylase 1 (PHD1) and the intracellular
oxidative stress sensor-kelch-like ECH associated protein 1
(Keap1). The findings pointed to increased cell viability and
a down-regulated expression of pro-fibrogenic molecules (Liu
et al.).

SPORT

A number of studies have been included in the research topic that
have used sport as an example of extreme physiological processes.
The recent advent of a widespread proliferation of ultra-long
endurance races has consequently motivated the evaluation of
factors such as the physiological response of the athletes, the
cognitive and neurosensory pattern, the sleep deprivation effects
(Tonacci et al.). These are all important elements to be considered
for safety reasons.

Different types of activities can induce acute and chronic
changes with or without recovery of homeostasis afterwards
(Ujka et al.): monitoring during and after races physiological
variables of different subjects seems to be essential in terms of
human health.

Similarly to safety in competitions, and focusing at training,
the analysis on the kinematics of the jump appears relevant
in order to evaluate the adaptation of the motor cerebral
programming to the jumper’s physical characteristics, the control
of the initial posture, and the jumper’s perception of the position
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of the body mass center, as underlined by some authors (Fargier
et al.).

PHYSIOLOGY CHALLENGES, PEOPLE

ENGAGEMENT, AND BIG DATA SUPPORT

Biomedical data have increased dramatically in both volume
and variety with the emergence of people-integrated health data
generating sources, typically referred as m-healh. Additional
complexity is expected when tasks such as profiling or risk
assessment are required. This calls for analytical improvements,
not currently available from specialized rather than integrated
disciplines, which in turn calls for a new generation of scientists
and clinicians.

Conditio sine qua non remains the enhancement of
communication skills, shared decision making and definition
of disease reclassifications, but also a re-assessment of people
engagement in the N-of-1 or individualized medicine era. While
the Big Data realm of applications promises to be relevant and

rich with opportunity, but benefits to people will come with
harmonization among all specialized individuals operating with
data (Beckmann and Lew, 2016).

CONCLUDING REMARKS

Other conditions beyond those presented in this research
topic deserve future attention: namely, altitude (Grocott et al.,
2007), consciousness abolished in anesthesia, sleep deprivation,
and circadian rhythms, breakdown in sudden events, and
catastrophes. Thinking ahead, all such studies belong to a
novel, interdisciplinary and highly complex research field, which
nevertheless could stimulate the curiosity of researchers and
clinicians, hopefully inducing further interactions within joint
scientific activities.
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Over the past decade, the excited delirium syndrome (ExDS) has raised continued

controversy regarding the cause and manner of death of some highly agitated persons

held in police custody, restrained or incapacitated by electrical devices. At autopsy,

medical examiners have difficulty in identifying an anatomic cause of death, but

frequently cite psychostimulant intoxication as a contributing factor. The characteristic

symptoms of ExDS include bizarre and aggressive behavior, shouting, paranoia, panic,

violence toward others, unexpected physical strength, and hyperthermia. Throughout

the United States and Canada, these cases are most frequently associated with cocaine,

methamphetamine, and designer cathinone abuse. Acute exhaustive mania and sudden

death presents with behavioral symptoms that are identical to what is described for

ExDS in psychostimulant abusers. Bell’s mania or acute exhaustive mania was first

described in the 1850’s by American psychiatrist Luther Bell in institutionalized psychiatric

patients. This rare disorder of violent mania, elevated body temperature and autonomic

collapse continued to be described by others in the psychiatric literature, but with

different names until the first cases of ExDS were seen at the beginning of the cocaine

epidemic by medical examiners. The neurochemical pathology examination of brain

tissues after death revealed a loss of dopamine transporter regulation together with

increases in heat shock protein 70 (hsp70) expression as a biomarker of hyperthermia.

The similarity in the behavioral symptoms between extremely agitated psychostimulant

abusers and unmedicated psychiatric patients suggests that a genetic disorder that leads

to dysregulated central dopamine transporter function could be a precipitating cause of

the acute delirium and sudden death. While the precise cause and mechanism of lethality

remains controversial, the likely whys and wherefores of sudden death of ExDS victims

are seen to be “biological,” since excessive dopamine in the brain triggers the manic

excitement and delirium, which unabated, culminates in a loss of autonomic function

that progresses to cardiorespiratory collapse.

Keywords: delirium, CNS, neurocardiac, dopamine, dopamine transporter, mania, cocaine
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INSET

HenryMaudsleyMD described AcuteMania and AcuteManiacal
Delirium in 1867 in his “Physiology and Pathology of the Mind,”
which best illustrates the view discussed in this article. He
suggests that persons in an agitated state of acute mania benefit
from “abundant exercise in the open air” while “such a practice
would be most unscientific in acute delirium, and very likely to
be followed by fatal consequences”. He further states “it would be
better to place a patient suffering from such acute degeneration of
cerebral function entirely in seclusion” rather “than to aggravate
his disorder by forced exercise and mischievous struggles with
attendants”. Medico-legal reports more than a hundred and fifty
years after Maudsley and Luther Bell find the prognosis is never
very favorable for individuals at risk for excited delirium.

HISTORICAL DESCRIPTIONS AND CASE
REPORTS

Psychiatrists in the United Kingdom, France and America were
the first to provide clinical descriptions and case reports of
persons in states of acute exhaustive mania and delirium. In
the 1800s, Dr. Luther Bell, psychiatrist at the McLean Asylum
for the Insane in Massachusetts described a clinical condition
with a 75 percent mortality rate. “Bell’s mania” or acute
exhaustive mania was characterized by delusions, hallucinations,
hyperactivity, and frequent fevers. The descriptions although
similar to the psychotic features of paranoid schizophrenics (e.g.,
hallucinations and delusions) revealed a more extreme condition
of generalized severe disorganization of behavior, including
hyperactive arousal, altered sleep-wake cycle, and elevated
core body temperature. Calmeil’s report of an uncommon,
but life threating psychosis with extreme hyperactivity and
mounting fear fading to stuperous exhaustion in 1832 was
followed by Maudleys’ description of the same disorder in 1867
(inset). Agitated delirium signs and symptoms were reported
in hyperactive or mixed forms of the disorder throughout the
pre-neuroleptic era of psychiatry (Kraines, 1934; Stauder, 1934;
Larson, 1939).

In 1934, Stauder published detailed observations of 27 cases,
which became the definitive description of a syndrome that he
termed lethal catatonia (Stauder, 1934). The cases were mostly
young people, in the age range of 18–26 years, who had no
significant premorbid psychological or physical disturbances.
Stauder observed the acute onset of a severe form of psychomotor
agitation that he called “elementary catatonic excitement.”
Various degrees of clouding of consciousness and a strong
tendency toward violent and self-destructive acts also were
present. Although different nomenclature was used to describe a
psychotic exhaustion syndrome, fatal cases of a life-threatening
febrile neuropsychiatric disorder were widely recognized and
reported by clinicians before modern psychiatric treatments
became available (Shulack, 1946). The authors of these published
reports found it remarkable that autopsies of these patients failed
to reveal any clues to etiology or the cause of death, other than
exhaustion.

Between 1954 and 1975, the advent of the neuroleptic drugs
like Thorazine transformed psychiatric practice and reduced
the incidence of exhaustive mania in institutionalized and
unmedicated patients. However, the cocaine epidemic of the
1980’s lead to a series of case reports describing sudden death
in cocaine abusers with an extreme behavioral malady similar to
what had been reported by Bell and others 150 years earlier. The
agitated cocaine delirium deaths were associated with cocaine
abuse and their appearance coincided with the introduction
of cocaine into the United States (Fishbain and Wetli, 1981;
Wetli, 1987). The trans-shipment of cocaine to South Florida
through the Bahamian corridor and the increased incidence of
cocaine-related medical emergency room admissions and drug
related deaths placed Medical Examiners in Miami-Dade at the
forefront of a new wave of cocaine-related excited delirium
deaths.

Wetli and Fishbain (1985) described a case series of psychosis
and sudden death in cocaine abusers, which was the first report
of drug-related excited delirium (Table 1). The deaths occurred
mostly in young cocaine intoxicated males, who exhibited
extreme hyperactivity and violent behavior, hyperthermia and
sudden cardiorespiratory collapse. Because these patients always
presented with agitated and bizarre behavior, law enforcement
was often called to the scene. The typical course was that
after police restrained the individual, they died unexpectedly
and suddenly following the use of various force methods,
including maximal restraints, baton strikes, or use of noxious
chemical “pepper” sprays (Wetli, 1987; Ross, 1998; Stratton
et al., 2001). Medical examiner review of these cases did
not reveal a definite anatomic cause of death, although
drug overdose, trauma, and underlying cardiac disease were
excluded (Wetli, 1987; Ruttenber et al., 1997; Stephens et al.,
2004).

TABLE 1 | Historical descriptions and terminology of excited delirium

syndrome.

Author and year Nomenclature Clinical description

Calmeil, 1832 Delirious mania Rare, life-threatening psychosis

extreme hyperactivity, mounting fear,

stuporous exhaustion

Bell, 1849 Bell’s mania Sudden onset of hyperactive arousal,

confusion, transient hallucinations,

core body temperature dysregulation,

75% mortality rate

Maudsley, 1867 Acute maniacal

delirium

Violent mania, rapid pulse, constant

motion, elevated temperature of skin,

complete exhaustion

Stauder, 1934 Lethal catatonia Intense motor excitement, violent,

suicide attempts, intermittent rigidity,

incoherent speech, bizarre delusions;

fever (43.3◦C), cardiovascular

collapse

Wetli and Fishbain,

1985

Excited delirium Agitation motor excitement, super

human strength, paranoia, mounting

fear, hyperthermia, cardiorespiratory

collapse, cocaine intoxication, no

anatomic cause of death
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FATAL COCAINE DELIRIUM AS A VARIANT
OF THE NEUROLEPTIC MALIGNANT
SYNDROME

Neuroleptic malignant syndrome (NMS) is a rare, life-
threatening idiosyncratic reaction to antipsychotic drugs
characterized by fever, altered mental status, muscle rigidity, and
autonomic dysfunction (Levenson, 1985; Weinberger and Kelly,
1977; Berman, 2011). The hallmark symptoms of NMS include
hyperpyrexia and muscular rigidity, while the cocaine-associated
syndrome is atypical in having minimal rigidity. Based on these
similarities, Kosten and Kleber (1988) proposed that cocaine-
induced excited delirium should be considered a dopamine
agonist variant of NMS. Wetli (2005) proposed that NMS
might be an attenuated form of acute exhaustive mania/excited
delirium. These observations lead him to hypothesize that there
may be three related syndromes: (1) acute exhaustive mania, as
described by Bell in psychiatric patients, (2), excited delirium,
due to psychostimulants; and (3) the attenuated variant—NMS
(for review, Wetli, 2005).

Delirious mania and malignant catatonia both have
non-malignant and malignant clinical features with early,
non-malignant symptoms responding to neuroleptics, while
patients who pass over into the malignant phase require sedation
by benzodiazepines (Mann et al., 2013). Although NMS is a rare,
life-threatening idiosyncratic reaction associated with virtually
all neuroleptics, including the newer atypical antipsychotics
(e.g., dopamine blockers), the condition is linked also to the
use of indirect and direct-acting dopamine agonists. The abrupt
cessation or reduction in dose of dopaminergic agonists, such as
levodopa, pergolide, and amantadine in Parkinson’s disease may
precipitate NMS in vulnerable patients (Ito et al., 2001; Reimer
et al., 2002). Interestingly, the akinetic crisis of Parkinson’s
disease is associated with a severe loss of striatal dopamine
transporter function (Kasssinen et al., 2014). This rare condition
is a life-threatening complication of Parkinson’s disease, with an
estimated annual incidence of 0.3% and death rate of 15%, that
is associated with hyperthermia, dysautonomia, and increased
serum muscle enzymes (Takubo et al., 2003; Onofrj et al.,
2009). The clinical picture is similar to that of NMS and has
been termed as the malignant syndrome of parkinsonism-
hyperpyrexia. The condition is not related to disease stage or
medication dosage, but one of the main features is that, the
akinetic crisis appears to be long lasting (on average 11 days)
and the dopamine system is transiently blocked from treatments,
which would usually give patients rapid motor benefit. To date,
none of the theories put forth as the underlying cause of the
NMS related syndrome in Parkinson’s disease have been able
to explain why only a small fraction of patients exposed to
dopaminergic agonists develop the condition, although state
(dopaminergic drugs) and trait (genetic) vulnerabilities are likely
risk factors.

Hypothalamic dopamine antagonism leads to the elevated
set point for thermoregulation and the myotoxicity associated
with malignant hyperthermia. Sympathoadrenal hyperactivity
and the loss of hierarchical integration and homeostatic

control may constitute important risk factors for NMS and its
associated variants. Gurrera (1999) advanced this hypothesis,
suggesting that sympathetic nervous system hyperactivity should
be viewed as primary in the etiology of NMS. The sympathetic
nervous system mediates the hypothalamic coordination of
thermoregulatory activity and is a regulator of muscle tone and
thermogenesis. The sympathetic nervous system’s latent capacity
for autonomous activity is expressed when tonic inhibitory inputs
from higher central nervous system dopaminergic centers are
disrupted. The predominant sources of spinal dopamine are
the descending fibers projecting from the dopaminergic A10
and A11 cell groups of the posterior hypothalamus (Skagerberg
and Lindvall, 1985; Qu et al., 2006). These tonic inhibitory
inputs relay to preganglionic sympathetic neurons by way of the
dopaminergic hypothalamospinal tracts.

A predisposition to more extreme sympathetic nervous
system activation and/or dysfunction in response to emotional or
psychological stress may be an underlying state vulnerability for
NMS, as well as, for the ExDS associated with psychostimulant
abuse. State variables like the acute psychic stress reported
originally in Bell’s mania when coupled with a loss of
presynaptic dopaminergic transporter function may lead to
extremely elevated concentrations of synaptic dopamine, and the
emergence of related clinical syndromes.

EXCITED DELIRIUM IS A SYNDROMAL
DISORDER OF DYSREGULATED
DOPAMINE

A syndrome is the association of several clinically recognizable
features, signs, symptoms, or characteristics that often occur
together, so that the presence of one feature alerts to the
presence of the others. Most recognize that the condition of
excited delirium represents a syndromal disorder rather than a
specific disease. What has not been emphasized in the literature
is that various organic brain disorders, as well as functional
psychiatric conditions and psychostimulant abuse, contribute
to the expression of a CNS disorder with high fatality rates
that share a common underlying neurochemical dysregulation of
central dopamine homeostasis.

Persons at risk for excited delirium are most likely at the
extreme end of the neuropsychiatric continuum of several DSM-
IV recognized disorders, including delirium induced by a drug,
manic excitement, and psychomotor agitation (Vilke et al.,
2012). Those at risk for excited delirium and sudden death
include people who are withdrawing from or non-compliant with
psychotropic drugs, substance abusers suffering from reward
deficiency syndrome or alcoholics in withdrawal, and persons
suffering from acute manic episodes that may be triggered or
worsened by sleep deprivation.

The clinical description of excited delirium includes reports
of increasing excitement with wild agitation and violent, often
destructive behavior that can last for hours to days. The forensic
pathology descriptions suggest that the disorder can wax and
wane in severity over time with rigidity or stupor alternating
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with excitement (Wetli, 2005; DiMaio and DiMaio, 2006). These
progress to increasing and possible fluctuations of fever and
persistent autonomic instability with rapid and weak pulse
and hypotension. Cocaine delirium shares clinical similarity to
the acute onset of excitement, grandiosity, emotional lability,
delusions, and insomnia associated with emergence of mania,
and the disorientation and altered consciousness characteristic of
delirium. Psychostimulant intoxication, drug withdrawal states,
and undiagnosed mania and bipolar affective disorder are the
most commonly reported antecedents (Wetli, 2005; Mash et al.,
2009; Vilke et al., 2012).

PATHOPHYSIOLOGY AND
NEUROCHEMICAL TRIGGERS

Transmission of reward signals is a function of dopamine,
a neurotransmitter known to be involved in the mechanism
of psychosis. The symptoms of psychosis and mania are
both related to dopaminergic hyperactivity in brain circuits
implicated in neuropsychiatric disorders (Cipriani et al.,
2011). In psychosis, post-synaptic receptor sensitization causes
dysfunctional neural processing, leading to the development
of delusional symptoms. This understanding fits well with
the traditional hyperdopaminergic hypothesis of psychosis and
schizophrenia. The hyperdopaminergia and disordered signaling
in dopamine target regions of the brain also serves as a model
for mania, since dopaminergic blocking drugs are effective in
alleviating mania and psychosis.

Mania is the cardinal feature and a core symptom of bipolar
disorder. PET scans in medicated, manic patients show abnormal
brain activation in dorsal anterior cingulate, frontal polar,
and right inferior frontal cortical regions (Rubinsztein et al.,
2001). The increase in task-related anterior cingulate activation
was positively correlated in this study with the severity of
manic symptoms. Anterior cingulate cortex activation may be
related to increased nucleus accumbens dopamine signaling,
which leads to cortical and subcortical hyperactivity in mania
(Perry et al., 2001). Genetic linkage studies have suggested an
association of the dopamine transporter gene (Kelsoe et al., 1996;
Greenwood et al., 2001, 2006) and lower levels of transporter
protein expression in patients with bipolar affective disorder
(Amsterdam and Newberg, 2007).

Cocaine and methamphetamine increase extracellular
dopamine and produce behavioral effects similar to mania
(Silverstone et al., 1983). Drug sensitization occurs in drug
addiction, and is defined as an increased effect of a drug
following repeated doses (the opposite of drug tolerance). Such
sensitization involves increased brain mesolimbic dopamine
transmission, as well as altered protein expression within
mesolimbic dopamine neurons. Repeated treatment with
psychostimulants leads to sensitization or reverse tolerance in
animal models (Post and Rose, 1976; Hooks et al., 1994; Pierce
and Kalivas, 1997; Zapata et al., 2003) and human cocaine
abusers (Ujike and Sato, 2004; Seeman, 2011). Paranoia in the
context of cocaine abuse is common and potentially dangerous
and several lines of evidence suggest that this phenomenon may

be related to loss of function of the dopamine transporter protein
(Gelernter et al., 1994; van Dyck et al., 2005). These observations
suggest that certain dopamine transporter genotypes might
predispose to paranoia with chronic psychostimulant abuse.

The dopamine transporter undergoes neurobiological
adaptations with chronic abuse of cocaine, depending on the
duration, amount and pattern of use (e.g., binge vs. daily use).
Intermittent cocaine self-administration in rodents produces
sensitization of the stimulant effects of cocaine at the dopamine
transporter (Calipari et al., 2014) and enhanced locomotor
responsiveness or what is termed behavioral sensitization
(Kalivas and Duffy, 1993; Robinson and Berridge, 1993; Kalivas
et al., 1998). This phenomenon is not unique to cocaine; other
psychomotor stimulants, some other classes of drugs, and mental
stress induce the phenomenon of behavioral sensitization. Since
cocaine directly inhibits dopamine reuptake by binding to
the transporter, repeated cocaine administration may lead to
a reduced potency of cocaine, which leads to an elevation in
synaptic dopamine and the expression of behavioral sensitization
(Zahniser et al., 1995, 1998).

The dopamine transporter expressed in presynaptic terminals
of dopamine neurons regulates reuptake of dopamine from the
synaptic cleft and keeps extracellular dopamine concentrations
low (Amara and Kuhar, 1993; Giros and Caron, 1993; Mortensen
and Amara, 2003). The dopamine transporter is critical in
regulating the concentration of extracellular dopamine and
overall dopaminergic tone (Mash and Staley, 1996; Drevits
et al., 1999; Mash et al., 2002, 2009). By blocking the
transporter protein, cocaine allows released dopamine to persist
in the extracellular space, which prolongs dopamine receptor
stimulation (Figure 1). A decrease in dopamine transporter
numbers or function in response to cocaine leads to reduced
dopamine reuptake, elevated synaptic dopamine, and increased
dopamine signaling at postsynaptic receptors.

The syndrome of excited delirium in drug abusers
demonstrates that cocaine is the most frequent reported
illicit drug (Ruttenber et al., 1997; Mash et al., 2009; Vilke
et al., 2012). Most drug-related excited delirium victims are
chronic freebase cocaine (“crack”) abusers, usually engaged in
a “binge” pattern of drug use (Mash et al., 2002, 2009; Wetli,
2005). These persons use large amounts of “crack” cocaine or
methamphetamine often for days, which interrupts normal
sleep-wake cycles. Inhibition of dopamine transporter function
is thought to be the primary mechanism underlying cocaine’s
addictive effects (Ritz et al., 1987). Although excited delirium is
most frequently reported in cocaine abusers, psychostimulants
including, methamphetamine, MDMA, alpha-PVP, methylome,
and ephedrine have been associated with the syndrome (Mash
et al., 2009; Penders et al., 2012). These psychostimulants directly
interact with the dopamine transporter to cause a marked
increase in the levels of synaptic dopamine.

Postmortem neurochemical studies of the human brain at
autopsy demonstrate that chronic cocaine abuse leads to a
compensatory upregulation of dopamine transporter number
and function (Staley et al., 1994; Little et al., 1999; Mash et al.,
2002). In contrast, there was no compensatory upregulation
in dopamine transporter numbers in a case series of 90
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FIGURE 1 | Dysregulated dopamine transporter function in ExDS. Located on presynaptic dopamine nerve terminals, the dopamine transporter functions to

regulate the duration and intensity of synaptic dopamine signaling (left). Cocaine (red) inhibits the reuptake of dopamine by blocking the transporter protein (center).

With chronic cocaine abuse, the dopamine transporter is trafficked to the plasma membrane as a compensatory adaptation to increases in synaptic dopamine. In

ExDS victims, there is a loss of dopamine transporter regulation, which causes dopamine overflow in the synapse (right). The elevated synaptic dopamine leads to a

state of hyperdopaminergia, that is associated with the intense motor excitement, paranoia, bizarre, and often violent behavior. DAT, dopamine transporter; DA,

dopamine; D2, D2 dopamine receptor; D3, D3 dopamine receptor.

cocaine-related excited delirium and exhaustive mania victims
(Mash et al., 2009). The cocaine-related excited delirium
cases occurred in persons who had reported histories of
chronic cocaine abuse, consistent with the quantification of
benzoylecgonine in blood and cocaine and benzoylecgonine
measured in brain at autopsy (Mash et al., 2009). Mean core
body temperature among the 90 victims was 40.7◦C. Although
the majority tested positive for cocaine, four had no licit or illicit
drugs or alcohol measured in blood at autopsy. Forensic review
of these four cases reported the cause of death as acute exhaustive
mania, similar to the original description reported by Bell (1849).

All psychostimulants (e.g., cocaine, methamphetamine, and
MDMA) increase the synaptic levels of dopamine (Amara and
Kuhar, 1993; Giros and Caron, 1993), which may explain why
chronic psychostimulant abusers are more at risk for exhibiting
the behavioral symptoms associated with ExDS. A central role of
dopamine is to mediate the “salience” of environmental events
and internal representations in a dynamic process characterized
by time and stimulus-dependent neural regulation (Kapur, 2003;
Howes and Kapur, 2009). Dopamine can enhance both approach
and avoidance behaviors and trigger extreme fear (Faure et al.,
2008). In chronic cocaine abusers, there is a compensatory
upregulation in dopamine transporter function, which is an
adaptive increase to offset dopamine overflow in the synapse
(Figure 1). When this homeostatic control of synaptic dopamine
fails, it leads to a functional hyperdopaminergia, which triggers
the acute onset of delirium andmarked agitation in ExDS victims
(Staley et al., 1996; Wetli et al., 1996; Mash et al., 2002, 2009).

Rhabdomyolysis secondary to mania and cocaine excited
delirium is related to extreme physical exertion, although
increased sympathetic tone during manic states and elevated

epinephrine also play a role in its development (Manchip and
Hurel, 1995; Ruttenber et al., 1999). Ruttenber et al. (1999)
suggested that cocaine-associated rhabdomyolysis and excited
delirium are components of the same syndrome and share
the same initiating factors and pathophysiologic processes.
Both hyperthermia and hyperactivity play important roles
in the evolution of cocaine-associated rhabdomyolysis and
excited delirium. Interestingly, in NMS, the elevated risk
for hyperthermia results from disordered dopamine signaling
precipitated by chronic administration of neuroleptic drugs
(Strawn et al., 2007). The hyperthermia of neuroleptic malignant
syndrome is associated with psychomotor agitation, and
both syndromes have been related to increases in dopamine
concentrations involved in thermoregulation and neuromuscular
homeostasis (Keck et al., 1989).

Some undiagnosed psychiatric patients or those who are
neuroleptic medication non-compliant may be at increased
risk for excited delirium and sudden cardiac death. Dopamine
transporter numbers fall below the normal homeostatic range
for regulating dopamine in all cases of fatal excited delirium,
including those with no known history of drug abuse and a
negative toxicology screen at autopsy. These results suggest that
the unabated conditions, which favor the development of excited
delirium, are psychostimulant abuse, extreme mental stress or an
underlying, or perhaps undiagnosed psychiatric condition.

A final common pathway for excited delirium related
to chronic stimulant drug abuse, extreme environmental
stress or acute mania of bipolar disorder might be a
failure of the dopamine transporter to dynamically regulate
synaptic dopamine. This failure of regulation leads to a
hyperdopaminergic state, which triggers the violent behavior,
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delirium, agitation, and motor excitement. Dopamine systems
in the brain also play a role in temperature regulation (Mann
and Boger, 1978). The rise in core body temperature is most
likely induced by dopamine stimulation of D1 receptors in the
human hypothalamus which occurs because of a downregulation
in D2 mediated hypothermia (Mash, 2009). A dopamine
transporter murine model of hyperdopaminergia displays a
distinctive cardiorespiratory and thermal phenotype, providing
further support for altered dopamine transporter regulation in
excited delirium (Vincent et al., 2007). Dopamine also regulates
sleep and arousal, suggesting that there might be an inter-
relationship between thermal behavior and circadian rhythms
mediated by disrupted CNS dopamine signaling in excited
delirium.

WHEN NEUROCARDIAC SIGNALS TURN
LETHAL

Mental and emotional stress is expressed in the brain as
fluctuations in the activity of a subset of brain regions, including
the insula, cingulate cortex, and amygdala (Critchley, 2009).
These regions serve as an interface between emotional feeling
states and visceral responses of the body. The insula and cingulate
are viscerosensory cortices, which function to regulate attention
and autonomic arousal. The amygdala is important in detecting
and learning threat even in the absence of conscious awareness.
The insula and cingulate cortices and subcortical regions of the
limbic brain are heavily innervated by dopaminergic projections
from the ventral tegmental nucleus (Gaspar, 1989). These closely
connected brain regions together with the dorsal and ventral
striatum are viewed as a “salience network,” acting directly
on hypothalamic and brainstem centers to increase our bodily
arousal state through direct coupling with sympathetic and
parasympathetic efferent nuclei and feedback control loops
located in the brainstem.

The insular cortex and the infralimbic cortex are part of a
network involved in the descending control of the cardiovascular
system (for review, Cechetto, 2013). These forebrain regions
are responsible for integrating emotional and cognitive aspects
related to cardiovascular responses. Together with the autonomic
nervous system nuclei of the brainstem, these forebrain regions
regulate cardiac function and electrophysiology via direct neural
influences. Taggart et al. (2011) suggest that the roles of
mental stress and emotion in arrhythmogenesis and sudden
cardiac death are no longer confined to the realm of anecdote,
but should be viewed as contributors to the pathophysiology
of cardiac sudden death. Sympathetic arousal magnifies the
electrophysiological effects of ischemia (for review, Taggart
et al., 2011) and abnormal brain activity during seizures is
associated with abnormalities of cardiac repolarization, and peri-
ictal VT/VF in the absence of any visible cardiovascular disease
(Taggart, 2013). A centrally triggered arrhythmia is a likely cause
of sudden unexpected death in epilepsy (Surges et al., 2010), and
a similar neurocardiac mechanism could underlie the sudden
cardiac collapse in ExDS.

An emerging theme from animal models of asphyxia and
cardiac arrest supports the notion that the autonomic nervous
system is under constant surveillance by the cerebral cortex
to ensure functional integrity of vital organs (Borjigin et al.,
2013). A life-threatening crisis of the heart, with a rapid
and steep change in heart rate and cardiac output, markedly
activates and recruits the cerebral cortex to form a hierarchical
circuit of cardiac survival. When transient homeostatic feedback
from the brain to the heart is insufficient to restore cardiac
function, the brain may exhibit a sustained activation that
causes a premature and rapid death of the heart (Li et al.,
2015).

Dopamine (DA) is an immediate precursor of noradrenaline
that has stimulatory or inhibitory effects on a variety of
adrenergic receptors. Dopamine also suppresses responsiveness
to hypoxia, both in the carotid bodies and in the CNS (Huey
et al., 2000). Although the physiological relevance is not
established, one possibility is that suppression of stimulatory
responsiveness to hypoxia is a protective mechanism directed
against excessive discharge activity in the CNS respiratory
network, which can result in neuronal excitotoxicity (Richter
et al., 2000, for review Lalley, 2008). In the rat asphyxia model
of cardiac sudden death, at as early as time 0, a sevenfold
elevation in dopamine levels is measured by microdialysis
with increased 3-MT (3-methoxytyramine) and decreased
DOPAC (3,4-dihydroxyphenylacetic acid) concentrations. Since
hyperdopaminergia is a condition of ExDS, the increase in
synaptic dopamine may account for the decreased respiratory
rate caused by dysfunctional adaptations in respiratory network
rhythm.

Victims of ExDS usually die from cardiopulmonary arrest
(Takeuchi et al., 2011; Vilke et al., 2012). Sudden cardiac
death induced by a life-threatening stressor results from a
generalized sympathetic storm within the autonomic nervous
system (Samuels, 2007). Consistent with this view, exposure to
carbon dioxide leads to an immediate systemic surge of neurally
released dopamine and norepinephrine in asphyxic rats (Li et al.,
2015). Experimental brain stimulation of the left insula can
induce QT prolongation, bradycardia, and pulse-less asystole
(Oppenheimer et al., 1991; for review, Taggart, 2013), similar
to the sudden loss of vital signs with asystole reported in ExDS
victims (Vilke et al., 2012). Life-threatening stress can lead to
sudden cardiac death in people with no previous history of
abnormal heart and brain function (Samuels, 2007; Sharkey
et al., 2011). These observations suggest that autonomic toxicity
induced by central hyperdopaminergic activity in ExDS may
hasten the demise of heart function (Samuels, 2007; Li et al.,
2015).

CONCLUSIONS

Elevated synaptic dopamine when coupled with failed dopamine
transporter function leads to agitation, paranoia and violent
behaviors associated with ExDS. CNS dopamine also regulates
heart rate, respiration, and core body temperature with chemical
imbalance resulting in tachycardia, tachypnea, and hyperthermia.
Hyperthermia is a hallmark of excited delirium and a harbinger

Frontiers in Physiology | www.frontiersin.org October 2016 | Volume 7 | Article 435 | 13

http://www.frontiersin.org/Physiology
http://www.frontiersin.org
http://www.frontiersin.org/Physiology/archive


Mash Excited Delirium Syndrome

of death in this syndromal disorder. Victims of excited delirium
are in an extremely heightened emotional state exhibitingmarked
paranoia and mounting irrational fear. Abnormal signaling in
the brain-heart axis may be a precipitant of a sudden fatal
arrhythmia, since hyperdopaminergic signaling in the limbic
system can convert extreme emotional stress into autonomic
toxicity. The connection between the hyperdopaminergia and
chaotic signaling in higher brain autonomic regulatory centers
may explain the abrupt loss of autonomic function that leads to
sudden unexpected death in victims of the ExDS.

Excited delirium is a syndromal disorder, which is
controversial and highly debated precisely because the
mechanism of lethality is unknown. However, molecular
studies of the brain of autopsy victims who died in states of
excited delirium reveal a loss of dopamine transporter function
as a possible trigger of a lethal cascade of neural activities that

progress to asphyxia and sudden cardiac arrest. Both national
and regional ExDS registries are needed with data about medical
history, toxicology, gender, and race to improve outcomes and
further translational molecular research studies of this highly

disputed and often unrecognized psychopathological condition
associated with central dopamine dysfunction.
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Objective: Despite the improvement in ventricular assist device (VAD) therapy in adults

and in adolescents, in infant population only Berlin Heart EXCOR (BHE) is licensed as

long term VAD to bridge children to Heart Transplantation (HTx). Particularly demanding

in terms of morbidity and mortality are smallest patients namely the ones implanted in

the first year of life or with a lower body surface area. This work aims at retrospective

reviewing a single center experience in using BHE in children with a body weight under

10 kg.

Methods: Data of all pediatric patients under 10 kg undergoing BHE implantation in our

institution from March 2002 to March 2016 were retrospectively reviewed.

Results: Of the 30 patients enrolled in the study, 53% were male, 87% were affected

by a dilated cardiomyopathy with an average weight and age at the implantation of 6.75

± 2.16 Kg and 11.57 ± 10.12 months, respectively. Three patients (10%) required a

BIVAD implantation. After the implantation, 7 patients (23%) required re-intervention for

bleeding and 9 patients (30%) experienced BHE cannulas infection. A total of 56 BHE

pump were changed for thrombus formation (1.86 BHE pump for patient). The average

duration of VAD support was 132.8± 94.4 days. Twenty patients (67%) were successfully

transplanted and 10 patients (33%) died: 7 for major neurological complication and 3 for

sepsis.

Conclusion: Mechanical support in smaller children with end stage heart failure is an

effective strategy for bridging patients to HTx. The need for BIVAD was relegated, in the

last years, only to restrictive cardiomiopathy. Further efforts are required in small infants to

improve anticoagulation strategy to reduce neurological events and BHE pump changes.

Keywords: pediatric VAD, low weight LVAD, Berlin Heart

INTRODUCTION

The definitive treatment for the end stage pediatric heart failure is the orthotopic heart
transplantation (OHTx). However, because of the lack of organ donors, especially in very small
children, the use of ventricular assist device (VAD) is a validated therapy to bridge patients to
the OHTx with a success rate up to 84% (Ibrahim et al., 2000; Reinhartz et al., 2003; Chang and
McKenzie, 2005; Stiller et al., 2005; Hetzer et al., 2006; Gandhi et al., 2008; Brancaccio et al., 2010,
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2013; Potapov et al., 2011; Almond et al., 2013; Miera et al., 2014;
Kirklin, 2015; Mascio, 2015; Sandica et al., 2016).

The use of left VADs (LVAD) could successfully support
patients till the OHTx, increasing the cardiac output (CO),
unloading the left ventricle (LV) and decreasing the left atrial
pressure and the pulmonary arterial pressure. The LVADdecrease
the LV volumes and the LV work because of the flow distribution
between the native LV and the LVAD (Barbone et al., 2001). In
fact, in the presence of the LVAD, the total cardiac output is the
sum of the LV output and the LVAD output. Increasing the LVAD
cardiac output (increasing the LVAD speed in the continuous
flow LVAD or increasing the pump rate in pulsatility flow
LVAD) it is possible to obtain an increment of the total cardiac
output (untill a determined plateau) and a higher unloading
of the LV with lower LV volumes, lower left atrial pressure,
lower pulmonary pressure and lower LV output. In the case of
total support, all the cardiac output is totally provided by the
LVAD and the aortic valve remains closed. This condition is
usually avoided to permit to the LV at least a slight ejection
and to the aortic valve to open at least every three cardiac
cycle.

The effects of the LVAD on the right ventricular function is
controversial. In fact, one of the major complications in LVAD
patients is the right ventricular (RV) failure with an incidence
among 13–44% in adults and an incidence of 42% in children
(Chen et al., 1996; Kukucka et al., 2011; Saraiva Santos et al., 2012;
Karimova et al., 2014). Different explanations about the increased
risk of the RV failure in LVAD patients were proposed:

- RV work increase due to RV venous return increase thanks to
the LVADbecause the RV and the LVwork are in series. The RV
overload is proportional to the LVAD contribution (Mandarino
et al., 1992; Omoto et al., 2002),

- the leftward shift of the interventricular septum after the LVAD
implantation could decrease the support given by the septum to
the RV contraction and the leftward shift is proportional to the
LVAD contribution (Hendry et al., 1994; Omoto et al., 2002).

On the contrary, it has been considered that the LVAD could
decrease the RV afterload, decreasing the pulmonary arterial
pressure, possibly leading to a better RV pump functioning
(?). In literature, there are different opinions and several
authors performed also animal experiments to study the
interventricular interaction during LVAD assistance (Kawai et al.,
1992; Mandarino et al., 1992; Morita et al., 1992; Hendry et al.,
1994; Chen et al., 1996; Barbone et al., 2001; Omoto et al., 2002;
de Jonge et al., 2005; Kukucka et al., 2011; Saraiva Santos et al.,
2012; Umeki et al., 2012; Arakawa et al., 2014; Karimova et al.,
2014).

Di Molfetta et al. (2016) summarized with a simulation
the effects of the LVAD implantation and the effects of the
increased LVAD contribution using a lumped parameter
model (Figure 1). Increasing the LVAD contribution
a decrement of the LV preload and volumes and an
increment of the arterial systemic mean pressure can be
obtained together with an increment of the RV preload
and RV volumes and a decrement of the pulmonary mean
pressure. Finally, a decrement of the LV work and an

increment of RV work are obtained increasing the pump
contribution.

Analyzing the infant population, only the Berlin Heart
EXCOR (BHE; Berlin Heart, Berlin Heart AG, Berlin, Germany)
is licensed as long term VAD to bridge children to OHTx
(Ibrahim et al., 2000; Reinhartz et al., 2003; Chang andMcKenzie,
2005; Stiller et al., 2005; Hetzer et al., 2006; Gandhi et al., 2008;
Brancaccio et al., 2010, 2013; Potapov et al., 2011; Almond et al.,
2013; Miera et al., 2014). The smallest patients are particularly
demanding in terms of morbidity and mortality (Ibrahim et al.,
2000; Reinhartz et al., 2003; Chang and McKenzie, 2005; Stiller
et al., 2005; Hetzer et al., 2006; Gandhi et al., 2008; Brancaccio
et al., 2010, 2013; Potapov et al., 2011; Almond et al., 2013;
Miera et al., 2014) especially now that the LVAD staying is
increasing over time. In particular, small body surface area, BHE
size mismatch and younger age seems to be associated with an
increased risk of thromboembolic complications (Almond et al.,
2013; Miera et al., 2014).

In a recent study, Conway et al. reported about the outcome
of a multicenter study on 97 pediatric patients under 10 kg
undergoing Berlin Heart EXCOR VAD. In their study, the
median LVAD stay was 26 days with a survival to heart
transplantation less than 60% (Conway et al., 2015).

On the basis of these considerations, the aim of this study is to
retrospectively review our single-center experience on the use of
BHE in children under 10 Kg.

MATERIALS AND METHODS

Patients’ Data Collection
Data of all pediatric patients under 10 kg undergoing BHE
implantation in our institution from March 2002 to March 2016
were retrospectively reviewed including:

- Before the implantation: gender, diagnosis, age at the
implantation, weight at the implantation, previous surgery,
comorbidities, requirement of ECMO;

- During the implantation: concomitant surgical procedure,
requirement of biventricular assistance using two BHE,
neurological complication, bleeding, cannulas infections,
sepsis; BHE pump changes, length of VAD staying, clinical
outcome (OHTx, death, heart recovery, still on VAD), and
cause of death during the assistance;

Informed consent for the BHE implantation and the divulgation
of clinical data was obtained by all patients’ parents. The protocol
was approved by the ethical board of our hospital. The protocol
adheres to the principle expressed in the Declaration of Helsinki.

Surgical Procedure
All patients underwent BHE VAD implantation. The BHE
consists of a paracorporeal, pneumatically driven, polyurethane
blood pump with a multilayer flexible membrane separating
the blood from the air chamber. Silicon cannulae connect
the blood pump to the patient, and tri-leaflets inflow and
outflow valves prevent blood reflux. All surface in contact
with blood are heparin-coated. Each pump is driven by a
pulsatile electro-pneumatic system. All BHE implantation were

Frontiers in Physiology | www.frontiersin.org December 2016 | Volume 7 | Article 614 | 18

http://www.frontiersin.org/Physiology
http://www.frontiersin.org
http://www.frontiersin.org/Physiology/archive


Di Molfetta et al. Low Weight Pediatric Excor LVAD

FIGURE 1 | (A) RV (pra) and LV (pla) preload (mmHg), (B) RV (Pap) and LV (Pas) afterload (mmHg), (C) RV (RVV) and LV (LVV) average volumes (ml), (D) RV (RVEW)

and LV (LVEW) external work (J*100), (E) RV (Ep/Erv) and LV (Ea/Elv) ventriculo-arterial coupling as a function of LVAD rate.
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performed in a full median sternotomy and mild hypothermic
cardiopulmonary bypass. The heart was kept beating throughout
the procedure except in patients requiring the interatrial
communication closure where ventricular fibrillation was used.
Inflow cannulation for the left ventricular assist device (LVAD)
was preferentially achieved through the left ventricular apex
or, alternatively, through the left atrium (before 2007). The
pump size was chosen according to the BHE indications (Miera
et al., 2014). The VAD rate was set to assure an adequate
perfusion ranging from 100 ml/kg/min to 200 ml/kg/min. All
the other VAD parameters were set with the aim of assuring
a full-empty full-fill operating modality and with the aim of
assuring the aortic valve opening at least every three cardiac
cycle.

Anticoagulation Strategy and Patients
Monitoring
All patients were routinely evaluated performing one
echocardiography every week. Concerning the anticoagulation
strategy, in the first post-operative day, the unfractioned
heparin was started at initial dose of 15 IU/Kg/h every 12 h and
increased after 6 hours at therapeutic dose of 28 IU/Kg/h to
obtain a PTTs between 1.5 and 2.5 times the basal value with
a correspective anti Xa between 0.35 and 0.5. After 1 week, if
the active bleeding was absent, the hemodynamic status was
stable and renal function was normal, low molecular weight
heparin (LMWH) was introduced at a starting dose of 150 IU/kg
with a target anti Xa of 0.6–1.2 IU/ml. The anti-aggregation
therapy was modulated by platelet mapping, between 2nd and
4th POD if bleeding was stopped. Dypiridamole was started
at 1mg/kg/day at the POD 4 while the aspirin was started
at 1 mg/kg/day divided in 2 doses at the POD 7, when chest
drain are removed. Oral anticoagulant drugs (warfarin) was
considered in children older than 12 months when oral or enteral
feeding is optimized. Initial loading dose was 0.2mg/Kg/die
(maximum dose of 5 mg/die) and target INR was between 2.7
and 3.5.

Statistical Analysis
Continuous variables are expressed as mean values and standard
deviation or as median values, where appropiate. Survival
analysis is performed by Kaplan-Meyer curves and log rank test
(Mentel-Cox). Hazard ratio is estimated byMentel-Haenszel test.
Statistical analysis was performed using the commercial software
MedCalc.

RESULTS

Baseline Data
A total of 30 patients under 10 kg were implanted from 2002
to 2016 in our institution. Sixteen children were male (53%)
with a mean weight at the implantation of 6.75 ± 2.16 Kg
and an average age at the implantation of 11.57 ± 10.12
months. Most of the patients (25/30, 87%) were affected by a
dilated cardiomyopathy (secondary to myocarditis in 4 cases
and with left ventricular non compaction in 3 cases), 2 (6.5%)
patients were affected by a restrictive cardiomyopathy, 1 patient

developed heart failure post cardiotomy and 2 (6.5%) patients
had a failing univentricular heart physiology (Reinhartz et al.,
2003). Before the VAD implantation, one patient underwent
surgery for a supravalvular mitral ring and developed heart
failure post cardiotomy and two patients underwent Glenn
procedure. Before the BHE implantation, 8 patients (27%) were
mechanically ventilated and 3 patients (10%) were receiving
ECMO for cardiorespiratory failure (Table 1).

VAD Implantation
Inflow cannulation for the LVAD was achieved through the left
ventricular apex in the 27 (90%) children and through the left
atrium in three. From August 2007, left atrial cannulation was
dismissed in favor of left ventricular apical cannulation. An
isolated LVAD was used in 27 (90%) patients and a BiVAD in
three. All the BiVAD were implanted before 2007. Eight patients
(27%) underwent concomitant atrial septal defect closure, while
in one patient a ductus arteriosus was closed during the VAD
implantation.

Postoperative
Before 2007, two patients underwent percutaneous atrial septal
defect closure with an Amplatzer device after the LVAD
implantation for severe desaturation (Brancaccio et al., 2010).
Seven patients (23%) required re-intervention for bleeding after
the LVAD implantation and 9 patients (30%) experienced BHE

cannulas infection. A total of 56 BHE pumps were changed
along all the studied period for thrombus formation (1.86
BHE pumps for patient). Two LVAD patients underwent BHE
pump upgrading from 10ml to 15ml because of patients weight
increment after April 2013, when the 15 ml BHE became
available.

Outcome
The average duration of VAD support was 132.8 ± 94.4 days.
Then, 20 patients (67%) were successfully transplanted and 10
patients (33%) died. Of these 10 patients, 7 died for major
neurological complication and 3 for sepsis (Table 2).

TABLE 1 | Patients Demographics.

Variables Data

Male/Female 16/14

Age at implant [months] 11.57 ± 10.12

Weight [Kg] 6.75 ± 2.16

DIAGNOSIS

DCM 25 (83%)

RCM 2 (7%)

Failing UVH physiology 2 (7%)

After cardiotomy 1 (3%)

DCM, Dilatative Cardiomyopathy; RCM, Restrictive Cardiomyopathy; UVH, Univentricular

Heart; VAD, Ventricular Assist Device.
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TABLE 2 | Outcomes on VAD.

Outcome No. (%) Tot No 30 patients

Days of assistance 132.8 ± 94.4

OHTx 20 (67%)

Death on VAD 10 (33%)

Fatal neurological complications 7 (23%)

Fatal sepsis 3 (10%)

Cannulae infection 9 (30%)

Overall no of pump change 56 (1.86/pts)

Bleeding requiring surgery 7 (23%)

DISCUSSION

The use of BHE could successfully bridge pediatric patients
till the OHTx, but the management of small patients is
especially challenging. In fact, small body surface area seems
to be associated with an increased risk of thromboembolic
complications during VAD assistance and increased mortality
as reported by Almond et al. (2013). In accordance with this
consideration, Reinhartz et al. (2003) evidenced that an oversized
device, which is simpler in smaller patients, could lead to an
increased risk of thromboembolisms because of the stasis into
the devices or systemic hypertension due to large stroke work.
Similarly, Miera et al. (2014) demonstrated the influence of the
BHE size in relation to patients weight on the clinical outcome.
In fact, in their study Miera et al. evidenced that a large pump
size in relation to body surface area is an independent risk
factor for the occurrence of thromboembolic events (Miera et al.,
2014). Moreover, they evidenced that younger age and smaller
body surface area patients showed a trend of increased risk
of thromboembolic events. In their work, Stiller et al. (2005)
reported about the BHE implantation in 18 children less than
1 year underlying that the small children could be successfully
bridged to OHTx, but the intensive care management and the
anticoagulation strategy should be optimized to improve the
outcome in terms of mobility and mortality. Gandhi et al.
(2008) reported their experience on the use of BIVAD in 9

small children with an average weight of 9.4 kg (3 to 38 kg).
Patients were supported for 35 days (1 to 77) and then 8 patients
were successfully transplanted. It should be underlined that,
as reported by Hetzer et al. (Potapov et al., 2011), the length
of VAD staying is increasing over time and the management
of small patients to achive long term event free VAD support
is still challenging (Potapov et al., 2011). Finally, Conway et
al reported about the outcome of a multicenter study on 97
pediatric patients under 10 kg undergoing Berlin Heart EXCOR
VAD. In their study, the median LVAD stay was 26 days with a
survival to heart transplantation less than 60% (Conway et al.,
2015).

In our study, we reported our experience on the use of
BHE in 30 patients under 10 kg. Patients were assisted for
a median time of 132.8 ± 94.4 days that is a significantly
longer time compared to the experiences reported in literature
(Almond et al., 2013; Conway et al., 2015). Despite a longer
period of support the complications and the outcomes of
our population are comparable to the complications and the
outcomes reported in literature. Sixty seven percentage of
patients were successfully transplanted, 23% of patients required
re-intervention for bleeding, 23% of patients experienced major
neurological complication and 30% experienced BHE cannulas
infection.

In conclusion, the use of BHE in small children is becoming
of common use in recent years. Longer support time of several
months requires a careful management of these fragile patients
especially in terms of coagulation and infections. Good results
in short and long term are possible, encouraging the use of this
strategy as bridge to OHTx.
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The Total Artificial Heart in
End-Stage Congenital Heart Disease
Chet R. Villa * and David L. S. Morales

Cincinnati Children’s Hospital Medical Center, Heart Institute, Cincinnati, OH, USA

The development of durable ventricular assist devices (VADs) has improved mortality

rates and quality of life in patients with end stage heart failure. While the use of VADs has

increased dramatically in recent years, there is limited experience with VAD implantation

in patients with complex congenital heart disease (CHD), despite the fact that the number

of patients with end stage CHD has grown due to improvements in surgical and medical

care. VAD use has been limited in patients with CHD and end stage heart failure due

to anatomic (systemic right ventricle, single ventricle, surgically altered anatomy, valve

dysfunction, etc.) and physiologic constraints (diastolic dysfunction). The total artificial

heart (TAH), which has right and left sided pumps that can be arranged in a variety of

orientations, can accommodate the anatomic variation present in CHD patients. This

review provides an overview of the potential use of the TAH in patients with CHD.

Keywords: total artificial heart, congenital heart disease, mechanical circulatory support, pediatrics, bridge to

transplantation

BACKGROUND

Ventricular assist devices (VADs) have been shown to improve mortality and quality of life in
adults with refractory heart failure. This has led to a dramatic increase in VAD use among adults
over the last decade (Kirklin et al., 2014). Recent reports have shown a dramatic increase in VAD
use in children as well (Almond et al., 2013; Villa et al., 2017) as ∼20% of pediatric patients are
bridged to transplant with a VAD in the current era (Dipchand et al., 2014). These trends in VAD
utilization have in turn driven improvements in waitlist mortality for both children (Zafar et al.,
2015a) and adults (Emin et al., 2013). Despite the improvement in survival and quality of life
brought about by improvements in VAD technology, patients with congenital heart disease (CHD)
are less likely to receive a VAD while on the waitlist and are more likely to die while awaiting
transplantation (Gelow et al., 2013; Zafar et al., 2015a). The need for improved support options
for patients with CHD is significant as ∼45% of pediatric heart transplant recipients have CHD
(Dipchand et al., 2014) and the number of adults with CHD who experience heart failure (Khairy
et al., 2010) or require transplant (Lund et al., 2014) is continuing to grow. Historically, VAD
use has not been extended to patients with congenital disease due to multiple factors including
patient size, anatomic complexity, multi-organ dysfunction (Kiesewetter et al., 2007; Dimopoulos
et al., 2008; Ridderbos et al., 2015) and complex physiology including both systolic (Piran et al.,
2002) and diastolic dysfunction (Gewillig et al., 1992). Data is starting to be collected regarding the
use of VADs in patients with CHD, however, the current literature is limited to single center case
series/case reports. This review will discuss the physiology underlying end stage heart disease with
a focus on the potential use of the total artificial heart (TAH).
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A few proprietary artificial heart devices have been developed
including the Syncardia TAH (Syncardia, Tucson, AZ, USA),
AbioCor (Abiomed, Danvers, Massachusetts, USA), and
CARMAT (Carmat, Velizy, France). The history of these devices
and their clinical use has recently been reviewed (Gerosa et al.,
2014). Among the devices listed, the Syncardia (TAH) is the only
device currently in use. The CARMAT is currently undergoing
feasibility studies, however, data has been limited to a handful of
patients thus far (Carpentier et al., 2015). There is also no data
on the use of the AbioCor (Dowling et al., 2004) or CARMAT in
patients with CHD. Given the paucity of data regarding the use
of the AbioCor and CARMAT devices, this review will focus on
the use of the Syncardia TAH.

The (TAH) was developed for use in adults with end-
stage heart failure who had a contraindication to LVAD or
biventricular VAD (BiVAD) (Copeland et al., 2004) including
valve insufficiency, intractable arrhythmias and ventricular clot.
Device use has subsequently been expanded to younger patients
(Leprince et al., 2005; Ryan et al., 2015) and patients with CHD
(Morales et al., 2012; Kirsch et al., 2013; Rossano et al., 2014;
Ryan et al., 2015). The use of the TAH for complex CHD is
potentially paradigm shifting for selected patients. Congenital
heart patients with end-stage heart failure who have residual
lesions (i.e., VSD, severe semilunar valve insufficiency, stenotic
right ventricular to pulmonary artery conduit) that would have
to be addressed in order to place a VAD or BiVAD clearly
have a different mortality and morbidity profile when compared
to patients with cardiomyopathy alone (Zafar et al., 2015b). It
is in these patients that the TAH may simplify and optimize
support rather than placing a VAD or BiVAD with concurrent
cardiac procedures (i.e., VSD closure, conduit revision, aortic
valve replacement). The current published experience with the
TAH in CHD is listed in Table 1. The range of physiologies
(single ventricle, two ventricle) and anatomic abnormalities
represented shows the potential for the TAH to address multiple
anatomic considerations with implantation alone. The TAH also
has the ability to markedly improve patient symptoms and
end organ dysfunction in anatomies/physiologies where medical
management has shown limited or no benefit (i.e., diastolic
dysfunction, CHD (Kouatli et al., 1997; Shaddy et al., 2007; van
der Bom et al., 2013, etc.) and VAD options are limited (Table 2).

TABLE 1 | Clinical experience with the total artificial heart (TAH) in patients in congenital heart disease.

References Anatomy Duration

of

support

Surgical considerations with TAH

implantation

Outcome

Morales et al., 2012 Dextrocardia, {S,L,L} ccTGA status post Rastelli with

severe aortic insufficiency and obstruction of left

ventricle-pulmonary artery conduit

160 days Separation of right and left pumps

with parallel orientation

Bridged to transplantation

Rossano et al., 2014 Pulmonary atresia with intact ventricular septum status

post Fontan

61 days Creation of “neo-right atrium” Bridged to transplantation

Si et al., 2015 Dextrocardia, {S,L,L} ccTGA, ventricular septal defect,

pulmonary stenosis and Ebsteinoid tricuspid valve status

post Senning-Rastelli with severe tricuspid regurgitation

8 days Reversal of Senning Bridged to transplantation

ccTGA, congenitally corrected transposition of the great arteries.

CONGENITAL HEART DISEASE IN THE
TWO VENTRICLE CIRCULATION

Patients with a systemic right ventricle due to transposition of the
great arteries (TGA) or congenitally corrected transposition of
the great arteries (ccTGA) carry a life-long risk of systemic right
ventricular dysfunction (Graham et al., 2000; Vejlstrup et al.,
2015) and heart failure. The development of systemic ventricular
dysfunction is reflected in the growing number of case series
describing the outcome of VAD support for these patients (Joyce
et al., 2010; Peng et al., 2014; Maly et al., 2015). While most
centers have described morphologic right (systemic) ventricular
support alone, the majority of patients will have coincident
morphologic left ventricular (sub-pulmonic) dysfunction at time
of surgery (Peng et al., 2014) suggesting these patients may be
at risk for left (sub-pulmonic) ventricular failure and the need
for possible ventricular mechanical support (Maly et al., 2015).
The complexity of VAD support in these patients is further
increased by the potential for cannula obstruction due to right
ventricular trabeculations/moderator band (Agusala et al., 2010;
Joyce et al., 2010) and the frequency of clinically significant
tricuspid regurgitation in these patients (Graham et al., 2000;
Peng et al., 2014).

The use of a TAH would alleviate the concerns mentioned
above and also provide configuration flexibility, which
is important to accommodate the variety of anatomic
considerations in these patients. This was demonstrated by
Morales et al. (2012) in a patient with ccTGA who presented with
multi-system organ failure in the setting of severe biventricular
dysfunction, severe aortic insufficiency and obstruction of a left-
ventricle to pulmonary artery conduit. A TAH was implanted
due to the multiple anatomic considerations noted above. He
was discharged home within a month and was bridged to
transplant during his sixth months of support. A recent report
also described the use of a TAH in a patient with dextrocardia
and ccTGA with ventricular septal defect, pulmonary stenosis
and Ebsteinoid tricuspid valve who had recently undergone
a Senning-Rastelli procedure due to pulmonary hypertension
(Si et al., 2015). The patient had severe biventricular diastolic
dysfunction and required extracorporeal membrane oxygenation
(ECMO) support on post-operative day (POD) 1. The patient
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TABLE 2 | Potential indications for total artificial heart (TAH).

Failing congenital heart disease

Residual anatomic lesions with coexisting cardiac dysfunction

Fontan (Rossano et al., 2014)

Systemic right ventricular failure (Morales et al., 2012)

Transposition of the great arteries (TGA), status post Mustard or Senning

Congenitally corrected transposition of the great arteries (ccTGA)

Alternate clinical scenarios (Copeland et al., 2004)

Allograft failure

Biventricular heart failure

Cardiac tumor

Chronic right ventricular failure with existing left ventricular assist device

Intractable arrhythmias

Active malignancy receiving cardiotoxic therapies

Restrictive cardiomyopathy

Ventricular clot

could not be weaned from ECMO and underwent TAH with
Senning pathway reversal. He tolerated the procedure well and
underwent heart transplant on POD day 8, followed by hospital
discharge within a month.

FAILING FONTAN

Much has been written about the long term outcomes of
the Fontan circulation including end-organ dysfunction, and
its eventual morbidity and mortality. Generally, there is an
obligate increase in central venous pressure with passive
flow into the lungs and decreased ventricular preload. This
is driven by the initial anatomic considerations as well as
inefficient flow dynamics (Whitehead et al., 2007), atrial
arhrythmias (Khairy et al., 2008; d’Udekem et al., 2014;
Quinton et al., 2015), thromboembolism (Khairy et al.,
2008), abnormal pulmonary vascular remodeling (Ridderbos
et al., 2015) atrioventricular valve dysfunction, relaxation
abnormalities and systolic dysfunction (Piran et al., 2002; Eicken
et al., 2003). The culmination of these abnormalities leads to a
significant burden of end organ dysfunction (Dimopoulos et al.,
2008; Rychik et al., 2012; Schumacher et al., 2014) and mortality
(Khairy et al., 2008).

The multiple levels of organ and cardiovascular dysfunction
that contribute to Fontan failure (Frazier et al., 2005; Morales
et al., 2011; d’Udekem et al., 2014) complicate the discussion
regarding the choice and potential benefits of mechanical
circulatory support in these patients. For example, while a
systemic VAD will improve Fontan physiology when the primary
abnormality is systemic ventricular dysfunction the situation is
more complex when failure is multifactorial, which is more often
the case (Khairy et al., 2008). Pulmonary vascular remodeling
(Khambadkone et al., 2003; Ridderbos et al., 2015) and diastolic
abnormalities (Anderson et al., 2008) often conspire to limit
pulmonary blood flow and assessing the contributions of each
is difficult at best. One process may also exacerbate the other
as cavopulmonary associated power loss may lead to chronic

underfilling (Haggerty et al., 2015) and worsening diastolic
dysfunction. The degree of diastolic dysfunction may also be
underappreciated by testing at rest as Fontan patients may
have limited inotropic reserve (Senzaki et al., 2006). A recent
report from the Pediatric Heart Network Investigators suggests
that while desaturation and inotropic reserve may limit exercise
function, impaired stroke volume reserve (Paridon et al., 2008)
may be the primary driver of Fontan dysfunction as the inability
to increase trans-pulmonary blood flow drives impaired systemic
ventricular preload. This is in keeping with data suggesting power
loss within the Fontan worsens with activity (Khiabani et al.,
2015). Thus, augmenting systemic ventricular output with a VAD
alone may not improve the overall physiology and may lead to
further increases in central venous pressure as trans-pulmonary
blood flow remains the limiting factor.

In addition, the failing Fontan circulation is often addressed
as a single state to which different therapies are applied.
However, this is a misconception as early Fontan failure is very
different than late Fontan failure. Each of these stages of Fontan
failure probably require different therapies and applying one
therapy to all of the stages will result in inconsistent results.
Early failure of the Fontan Circulation is commonly noted
by the development of re-entrant tachycardia or mild clinical
symptoms. For those patients with an atrial-pulmonary Fontan
or anatomic obstruction, this may be successfully addressed with
a Fontan conversion. Those patients who start to develop atrial
fibrillation and early signs of renal or hepatic dysfunction are
in moderate failure and can still be successfully treated with
cardiac transplantation (Kanter et al., 2011). There is growing
evidence that VAD support can be successful in a subset of these
patients (Halaweish et al., 2015; Jabbar et al., 2015), however, it
remains unclear when VAD implantation should be considered
and what percentage of patients will benefit from systemic VAD
alone. Patients with isolated, or predominant ventricular failure,
are likely to benefit from VAD alone, however, Fontan failure is
commonly multifactorial. A VAD will surely not help the clinical
situation if the end-diastolic pressure of the systemic ventricle is
not high (at least above 12 mmHG). Some centers have utilized
a sub-pulmonary assist device either alone (Prêtre et al., 2008)
or as part of a “biventricular” support strategy (Nathan et al.,
2006; Valeske et al., 2014) in circumstances where the pulmonary
vascular bed remained a limiting factor and CVP remained
elevated, however, the results are mixed and the medium to long
term outcome of this approach remains unclear. The addition of a
sub-pulmonary assist device to force blood through an abnormal
pulmonary vascular bed and into an often restricted systemic
ventricle in the setting of heart failure is unlikely to be a successful
long-term support strategy. On the other hand, the application
of a sub-pulmonary support system very early in the clinical
course, prior to the development of multi-organ dysfunction,
may be able to avoid many of these concerns and is the topic
of ongoing research (Di Molfetta et al., 2015). Those patients
presenting with severe failure of their Fontan circulation, who
have developed marked end-organ dysfunction, protein losing
enteropathy, and/or plastic bronchitis are not good transplant
candidates. It is these patients who may benefit from the TAH
as it not only provides a supra-physiological cardiac index (often
over 4 L/min/m2) but does so with a low CVP, something rarely
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seen with VADs or even early after transplantation. It is this
immediate improvement in cardiac output in the environment
of a decongested venous system that may allow recovery of renal
(Ryan et al., 2015) and liver disease previously thought not to be
reversible and thus improve transplant candidacy/mortality (as
has been demonstrated in VAD use in adults with end-stage heart
failure Russell et al., 2009).

The feasibility of using a TAH in the failing Fontan has been
demonstrated in a recent case report by Rossano et al. (2014).
The team placed a TAH in a 13 year old with pulmonary atresia
with intact ventricular septum who presented in extremis with
respiratory failure, hepatic dysfunction, and plastic bronchitis.
A 70-cc TAH was placed after creating a “neo-right atrium.”
The patient recovered end organ function and was able to
ambulate prior to transplantation on POD 61. This case was also
significant because it demonstrated the possibility of constructing
a capacitance chamber in patients without two adequate AV
valves. This is possible because the TAH does not generate
significant “suction” which would collapse the capacitance
chamber. That said, the mass of the device compressing the neo-
atrium is a significant concern and may complicate this support
strategy. It remains to be seen if a reproducible and efficient TAH
implantation method can be developed that will function for the
vast majority of Fontan anatomies.

VIRTUAL FIT

The TAH presents a number of potential advantages to VAD
support in patients with congenital abnormalities and with
complex hemodynamics, anatomic abnormalities or previous
palliations for the reasons mentioned above; however, the
implantation is technically more challenging than implantation
of a VAD. Assessing thoracic anatomy and device fit has been a
concern since the early development of artificial hearts (Jacobs
et al., 1978). This issue is particularly relevant in small adults
(i.e., women) and adolescents. Historically, the 70 cc TAH
was limited to adults or adolescents with a minimum 10 cm
distance from the anterior surface of the T10 vertebral body
to the sternum in order to ensure device alignment and to
prevent kinking or obstruction of venous structures and the
outflow grafts. Size based fit recommendations were subsequently
developed (Copeland et al., 2004). Population based size and
anatomic assumptions regarding chest shape/size, heart size and
arterial relationship have given rise to patient specific virtual
implantation based on cross sectional imaging (Chatel et al.,
1993; Zhang et al., 1999; Dowling et al., 2004; Moore et al., 2014).
Understanding patient specific anatomy and device fit is likely to
be even more significant in patients with CHD given the range
of chamber, valve and great vessel anomalies across the disease
spectrum.

SYNCARDIA® 50 CC CLINICAL TRIAL

While virtual fit may expand the number of patients who may
benefit from a TAH, there was a clear need for a smaller device to
accommodate small adults (especially women) and adolescents

FIGURE 1 | Syncardia TAH 70 cc (left) and 50 cc (right) devices.

who are too small for the 70 cc TAH. Syncardia R© has now
developed a 50 cc pump which is 30% smaller by volume and
is now enrolling children and adults in a bridge to transplant
clinical study (Figure 1). The study will have both pediatric
(age 10–18 years) and adult (19–75 years) arms. There are also
secondary study arms for patients who would not qualify for
study inclusion due to ECMO (either V-A or V-V) support >3
days or only 1 functioning AV valve (both of which are relevant
to patients with CHD). Importantly, inclusion in the study is not
based solely on patient BSA or thoracic measurement in a single
plane. Patients can enroll in the study if virtual implantation
suggests device implantation is feasible. Preoperative virtual
implantationmay alter device selection in up to∼33% of patients
and may help to identify patients with a BSA <1.2 m2 who are
candidates for implantation (Moore et al., 2016).

CONCLUSIONS

The last few decades have seen a dramatic improvement
in clinical outcomes among patients with CHD. These
improvements are most pronounced in young children and
those with severe CHD (Moons et al., 1970; Nieminen et al.,
2007; Khairy et al., 2010) which were historically almost
uniformly fatal. While early survival and improved quality of life
are now the rule, many of the surgical interventions employed
for repairing CHD are palliative rather than curative. This has
shifted the burden of heart failure and cardiac mortality to the
teenage and early adult years (Zomer et al., 2013; Diller et al.,
2015). While the availability of VAD technology has improved
overall heart failure outcomes, the proportion of patients
with CHD who are supported by a VAD noticeably trails the
proportion of patients with cardiomyopathy who are supported
by a VAD (Davies et al., 2011). This is especially concerning
given children (Almond et al., 2009; Jeewa et al., 2014; Zafar
et al., 2015a) and adults (Davies et al., 2011) with CHD have
higher waitlist mortality. The differences in waitlist mortality
are multifactorial, but have been attributed to both limited
access to VAD technology (Gelow et al., 2013) and sub-optimal
outcomes once a VAD has been implanted in patients with
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CHD (Davies et al., 2011; Everitt et al., 2011). Recent use of the
TAH (Morales et al., 2012; Rossano et al., 2014) has highlighted
how the TAH may be able to overcome some of the historical
limitations to VAD use in CHD, although long-term data is
needed. The TAH has the ability to improve end-organ function
by simultaneously increasing cardiac output and lowering CVP,
to address restrictive heart failure, and to provide a reliable,
pulsatile pump that can address the multiple levels of failure
that lead to Fontan failure. The TAH pumps may also be placed
in a variety of orientations (criss-cross, parallel, other) which
allows surgical flexibility and innovation to account for the
anatomic variation associated with CHD. Ultimately, these

characteristics may make the TAH the most effective bridge
to normal physiology for patients with complex CHD who
have been only partially medically or surgically palliated since
birth.
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Purpose: Since non-provocative dive profiles are no guarantor of protection

against decompression sickness, novel means including pre-dive “preconditioning”

interventions, are proposed for its prevention. This study investigated and compared the

effect of pre-dive oxygenation, pre-dive whole body vibration or a combination of both

on post-dive bubble formation.

Methods: Six healthy volunteers performed 6 no-decompression dives each, to a

depth of 33 mfw for 20 min (3 control dives without preconditioning and 1 of each

preconditioning protocol) with aminimum interval of 1 week between each dive. Post-dive

bubbles were counted in the precordium by two-dimensional echocardiography, 30 and

90 min after the dive, with and without knee flexing. Each diver served as his own control.

Results: Vascular gas emboli (VGE) were systematically observed before and after knee

flexing at each post-dive measurement. Compared to the control dives, we observed a

decrease in VGE count of 23.8 ± 7.4% after oxygen breathing (p < 0.05), 84.1 ± 5.6%

after vibration (p < 0.001), and 55.1 ± 9.6% after vibration combined with oxygen (p <

0.001). The difference between all preconditioning methods was statistically significant.

Conclusions: The precise mechanism that induces the decrease in post-dive VGE and

thus makes the diver more resistant to decompression stress is still not known. However,

it seems that a pre-dive mechanical reduction of existing gas nuclei might best explain

the beneficial effects of this strategy. The apparent non-synergic effect of oxygen and

vibration has probably to be understood because of different mechanisms involved.

Keywords: decompression sickness/∗etiology/metabolism, diving/∗adverse effects, risk assessment, risk factors,

preconditioning
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INTRODUCTION

Scuba diving is a sport with exhilaration, beauty, and fascination.
This is probably why there are an estimated 10 million
active recreational scuba divers worldwide (Trout et al., 2015).
Additionally, diving is also key for environmental and scientific
monitoring, construction and maintenance work, offshore oil
exploitation, forensic, rescue, military, and filming purposes.
However, the risks involved are often not advertised. Indeed,
the overall rate of diving-related injury is 3.02 per 100 dives
(Ranapurwala et al., 2014).

One of these injuries is decompression illness (DCI), a
pathology affecting divers, astronauts, pilots and compressed air
workers. Although DCI occurrence is relatively rare, with rates
of 0.01–0.1% per dive (the higher end of the spectrum reflecting
rates for commercial diving and the lower rates for scientific
and recreational diving), the consequences can be dramatic
(Ladd et al., 2002; Vann, 2004; Buzzacott, 2012). Indeed, DCI
severity can vary from skin itching and marbled appearance to
excruciating pain, convulsions, paralysis, coma and death. Over
60% of symptoms present in the first 3 h post dive, with some
presenting as late as 48 h post-dive (Levett and Millar, 2008),
and can be localized (joint pain in a particular articulation) or
involve multiple systems. Therefore, divers should understand
their limitations and how to prevent adverse outcomes.

Except for themore dramatic instance of arterial gas embolism
by pulmonary overpressure, DCI is caused by bubble formation
from dissolved inert gas in the tissues during decompression,
vascular gas emboli (VGE). VGE can cause problems through
direct mechanical effects (by blocking or distorting blood vessels)
but also from the associated inflammatory response they trigger
(Blatteau et al., 2014). Therefore, since decompression sickness
(DCS) risk is inherently dependent on the dive profile and most
importantly on the ascent profile (Marroni et al., 2004), it is
managed by adhering to decompression schedules dictated by
tables or dive computers, which are based on a decompression
model or algorithm. Current algorithms include multi-tissue,
diffusion, split phase gradient, linear-exponential, asymmetric
tissue, thermodynamic, varying permeability, reduced gradient
bubble, tissue bubble diffusion, and linear-exponential phase

models. All of these models aim to limit bubble formation and
growth during the decompression phase. Indeed, if VGE load
is high, so is the risk of DCI. Moreover, VGE can cross from
the central venous to the arterial circulation via a pulmonary
shunt or a Patent Foramen Ovale. The more VGE are present
after the dive, the higher this risk (Nishi, 1972; Blogg et al.,
2014; Pollock and Nishi, 2014). However, all models can only
partly describe reality and are by essence incomplete; they merely
serve to “organize our ignorance” of the phenomenon. Therefore,
the past 15 years or so, have witnessed changes and additions
to diving protocols and table procedures, such as shorter
nonstop time limits, slower ascent rates, shallow safety stops,
ascending repetitive profiles, deep decompression stops, helium-
based breathing mixtures, permissible reverse profiles, multilevel
techniques, both faster, and slower controlling repetitive tissue
halftimes, smaller critical tensions, longer flying-after-diving
surface intervals, and others (Wienke, 2009). Nonetheless, VGE

are still known to form in the body after many dives, even
those done well within the limits of the accepted decompression
model. Understanding these processes physiologically has been
a challenge for decades and there are a number of questions
still unanswered such as the exact primer for bubble formation,
theories to account for micronuclei stability (hydrophobicity of
surfaces or tissue elasticity), or the relevance of predisposing
factors (dehydration for instance) (Papadopoulou et al., 2013).

Since non-provocative dive profiles are no guarantor of
protection against DCS, novel means are required for its
prevention including pre-dive procedures that could induce
more resistance to decompression stress. This idea has prompted
a change in research paradigm. Indeed, since several years,
field research focuses on “preconditioning” methods that might
attenuate bubble formation post-dive. Several practical, simple
and feasible pre-dive measures have been studied such as
endurance exercise (Blatteau et al., 2005; Castagna et al., 2011),
pre-dive exposition to a warm environment (Blatteau et al., 2008),
oral hydration (Gempp et al., 2009) or ingestion of dark chocolate
(Theunissen et al., 2015). Others have tested the benefit of pre-
dive oxygenation (Castagna et al., 2009; Bosco et al., 2010),
or whole-body vibration (Germonpré et al., 2009). All of these
studies show a positive effect with a significant decrease of post-
dive VGE. Several hypotheses have been advocated to explain
the possible protective effect: rheological changes affecting tissue
perfusion, endothelial adaptation with nitric oxide pathway,
up-regulation of cytoprotective proteins, and reduction of pre-
existing gas nuclei from which bubbles originate (Gempp and
Blatteau, 2010).

From a physiological point of view, comparing the
effectiveness of preconditioning is interesting because it
would allow to identify critical factors in the physiopathology
of DCS. Similarly, it would be of practical interest to examine
the possible synergy or antagonism of preconditioning methods
when combined. Therefore, the aim of this study is to compare
the effect on post-dive VGE of different types and combination
of preconditioning methods: oxygenation, whole-body vibration
and vibration associated with oxygenation.

MATERIALS AND METHODS

All experimental procedures were conducted in accordance with
the Declaration of Helsinki (World Medical Association, 2013)
and were approved by the Academic Ethical Committee of
Brussels (B200-2009-039). All methods and potential risks were
explained in detail to the participants.

Study Population
After written informed consent, 6 healthy male divers (Minimum
certification “Autonomous Diver” according to European Norm
EN 14153-2 or ISO 24801-2, with at least 50 logged dives)
volunteered for this study. They were selected from a large sports
diver population in order to obtain a group of comparable age
[30–40 years, 34.8 ± 5.3 (mean ± SD)], body composition (BMI
between 20 and 25, 23.7 ± 1.1) and comparable health status:
non-smokers with regular but not excessive physical activity
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(aerobic exercise one to three times a week). The divers that
participated in this protocol have already participated in some of
our experiments and are known as being consistent “bubblers”
(Theunissen et al., 2015). Prior to entry into the study, they
were assessed fit to dive. None of the subjects had a previous
history of decompression sickness and none of them were on any
cardio-active medication.

Participants were instructed not to dive 72 h prior to the
experimental dive. They were also were asked to refrain from
strenuous exercise and nitrate-rich food for 48 h before the tests
(Blatteau et al., 2005).

Dive Protocol
Each diver performed 6 standardized dives with a minimum
interval of 1 week between then. This standard dive profile
(see below) was performed at least three times under normal
conditions i.e., without preconditioning (“control”), and several
times under experimental conditions, when the effects of
several methods of preconditioning were measured, making
each diver his own control. The order of the experimental
dives was randomized. Preconditioned dives were preceded
either by a 100% normobaric oxygen breathing session (O2)
through a non-rebreather facemask (Teleflex medical BVBA,
Vianen, Nederland), a whole-body vibration session (Vib) using
a commercially available vibration mattress (VM 9100 RM,
HHP Products, Karlsruhe, Germany), or a combination of both
simultaneously (VibO2). Vibration frequencies ranged from 35 to
40 Hz along the whole body thanks to 11motors embedded in the
mattress. The subject lay motionless on the mattress during the
entire vibration session, or a non-vibrating mattress while only
breathing oxygen. All preconditioning had duration of 30 min
and ended 1 h before the start of the dive.

Dives were performed to a depth of 33 mfw (0.4 MPa) for 20
min in a pool environment (Nemo33, Brussels, Belgium) with
a water and air temperature of 33 and 29◦C respectively, thus
needing no thermal protection suit.

The descent was done at 20m.min−1. At depth, subjects were
asked to swim slowly without effort, then came back to the
surface with an ascent speed of 10m.min−1. Since this depth-
time profile falls within accepted “no-decompression limits”
(NAVSEA, 2008), no decompression stop was added to the
profile.

Participant safety was guaranteed through the buddy system, a
procedure in which two divers, “the buddies,” operate together as
a single unit so that they are able to monitor and help each other.
Moreover, a safety diver was ready to intervene at 20m depth.

Measurements
Bubbles which form as a consequence of decompression can be
detected as VGE by ultrasonic methods (Møllerløkken et al.,
2016). Using a two-dimensional echocardiography technique
(Vivid 7, GE Healthcare, Pollards Wood, UK), a frame-based
counting method as described by Germonpré et al. (2014) was
used to quantify VGE.

In this method, in the left lateral supine position, a cardiac
four-chamber view is obtained by placing the probe at the
level of the left fifth intercostal space. It is necessary to modify

the standard four-chamber view by rotating the probe slightly
ventrally (in the direction of the xyphoid process) so the right
atrium and ventricle can be fully visualized. A series of at least
15 cardiac cycles are recorded while keeping the probe immobile.
Each diver was evaluated at three time points: before the dive, at
30min and at 90min after surfacing. They were made at the end
of a period during which subjects remain at rest (without flexion)
and following active provocation by two deep knee bends (with
flexion). In total, 5 videos of 15 cardiac cycles were recorded for
each dive.

At a later stage, these recordings are reviewed using the
MPEGVue software (GE Healthcare, Pollards Wood, UK). First,
the pre-dive echography loops are reviewed in order to identify
intra-cardiac structures that may mimic VGE (e.g., papillary
muscles, valve leaflets, Chiari network, Valsalva sinus). Then,
the post-dive echography is reviewed and played in a loop at
real-time speed in order to rapidly assess the presence or not of
circulating bubbles.

In cases where bubbles are seen, a formal bubble counting
procedure is performed. Using the pause button, the loop is
frozen at the start, and then with the forwards and backwards
buttons, an image frame is selected in end-diastolic/proto-
systolic position and bubbles are counted in both the right
atrium and ventricle. Ten consecutive frames are analyzed and
the bubble count is averaged over these 10 frames.

The counting was performed independently twice by two
trained scientists acquainted with the method used (CB, PG)
the numbers of VGE considered for calculation were those that
reached consensus (Figure 1).

Statistical Analysis
Since all data passed the Kolmogorov-Smirnov and Shapiro-
Wilk tests, allowing us to assume a Gaussian distribution, they
were analyzed with repeated-measures ANOVA with Bonferroni
post-hoc test.

Taking the mean bubble count of the control dives (without
preconditioning) as 100%, percentage changes were calculated
for each preconditioning protocol, allowing an appreciation of
the magnitude of change rather than the absolute values.

All statistical tests were performed using a standard computer
statistical package, GraphPad Prism version 5.00 for Windows
(GraphPad Software, San Diego California USA). A threshold
of P < 0.05 was considered statistically significant. All data are
presented as mean± standard error on mean (SEM).

RESULTS

None of the dives resulted in decompression sickness symptoms.
After the control dives, the absolute VGE counts ranged from

15.2 ± 4.3 VGE per cardiac cycle at rest to 18.9 ± 4.3 after
knee flexion. After the experimental dives, absolute maximal
bubble counts were 4.9 ± 3.2 and 5.6 ± 1.9 (Vib); 8.1 ± 2.9
and 9.8 ± 2.9 (Vib+O2) and 10.9 ± 4.9 VGE and 14.4 ±

2.3 (O2), VGE per cardiac cycle respectively without and with
knee flexion. Maximal bubble counts were systematically used to
evaluate themagnitude of the change independently of the bubble
peak kinetics. However, it can be seen on Figure 2 that it was
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FIGURE 1 | Cardiac four-chamber view obtained by placing the probe at the level of the left fifth intercostal space. (A) Raw Image: Landmark structures in

the right heart are easily identified with the “top” of the right ventricle (RV) and the tricuspid annulus on either side of the right atrium that constitute the “upper” border

of the right atrium (RA). (B) With Analysis: Bubble signals are identified as bright spots and counted individually; tricuspid valve leaflets and other fixed structures (e.g.,

papillary muscles in the top of the right ventricle) are not counted. (LA: Left Atrium; LV: Left Ventricle).

preferentially obtained after active provocation (knee flexion) at
the 30 min post-dive measurement.

The effect of the different preconditioning protocols on bubble
formation after the dive is illustrated in Figure 3. Each pre-dive
procedure induced a significant post-dive VGE change (ANOVA,
p < 0.0001, df = 23). Compared to baseline, this variation is
characterized by a decrease in VGE count of 23.8 ± 7.4% after
oxygen breathing (O2, p < 0.05), 84.1 ± 5.6% after vibration
(Vib, p < 0.001), and 55.1 ± 9.6% after vibration combined with
oxygen (Vib+O2, p < 0.001). The effectiveness of the various
protocols was also statistically significantly different when they
were compared to each other, whole-body vibration (Vib) being
the most effective (p < 0.001).

DISCUSSION

The origin and formation of VGE is still incompletely
understood. Bubble formation after hyperbaric exposure is
not simply the consequence of inert gas supersaturation
during decompression. Experimental data have shown that
supersaturation by itself will not produce bubbles in a
homogenous fluid unless the pressure reduction is about 1400
ATA for air (Zheng et al., 1991)! These “homogenous nucleation”
limits have been studied for several gases and may vary according
to their solubility: 120 ATA for methane, 190 ATA for nitrogen
and 350 ATA for helium (Finkelstein and Tamir, 1985). It seems
thus that homogenous nucleation cannot be held responsible
for (diving decompression) VGE generation. Indeed, numerous
experiments indicate that bubbles originate as pre-existing gas
nuclei (Yount et al., 1979; Vann et al., 1980; Christman et al.,
1986; Lee et al., 1993). Nitrogen, diffusing out of the tissues
during decompression, would preferably fill these gas nuclei
rather than transfer as molecular nitrogen to blood. This causes

the gas nuclei to grow and spill out nitrogen gas bubble into
the bloodstream. Here, they either grow or shrink depending
on surface tension and free gas tension (Blatteau et al., 2006).
Although we only have indirect evidence of the presence of these
gas nuclei, if this hypothesis is correct, eliminating gas nuclei
before the dive would result in lower bubble production after the
dive.

The aim of our study was to compare the effect of three

different preconditioning methods on post-dive VGE. All three

methods have already been shown to significantly decrease the
number of VGE compared to controls dives in a way that is

consistent with data in the literature (Castagna et al., 2009;
Germonpré et al., 2009). The observation of a bubble peak

after active provocation (knee flexing) at the 30 min post-dive
measurement is also coherent with the literature (Blogg and
Gennser, 2011).

The role of oxygen breathing (O2) in the reduction of

DCS risk has been extensively investigated before altitude

decompression (Webb and Pilmanis, 2011; Foster et al.,
2013; Webb et al., 2016). Several studies have shown that a

single hyperbaric oxygen exposure before diving appeared
to be beneficial for preventing the occurrence of DCS in

animals (Butler et al., 2006; Arieli et al., 2007; Katsenelson
et al., 2007) and reducing bubble generation in humans

(Landolfi et al., 2006). This approach did not seem as effective
when normobaric oxygen was used as pretreatment before

a simulated dive in rats (Butler et al., 2006). Nonetheless,

Castagna et al. found that oxygen prebreathing provides
a significant reduction in decompression-induced bubble
formation, regardless of the experimental conditions (Castagna
et al., 2009). This is confirmed by the work of Bosco et al.
although hyperbaric oxygen seems more effective (Bosco et al.,
2010).
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FIGURE 2 | Individual VGE count after a 33 mfw dive without (control) and with preconditioning for 30min ending 1h before the dive [oxygenation (O2),

whole body vibration (Vib) or a combination of both (Vib+O2)]. VGE counts are shown at 30 and 90 min post-dive, before and after knee flex.

Denitrogenation per-se does not seem preponderant in the
effectiveness of oxygen prebreathing (Gempp and Blatteau,
2010). On the contrary, the proposed mechanism is based on
the ability of oxygen to replace nitrogen in the gas nuclei by
diffusion. Reduction of tissue oxygen pressure after switching
from oxygen to air would then enhance the consumption of
oxygen from the gas nuclei, thus eliminating it completely (Arieli
et al., 2002). Another possibility is that oxygen administration
induces prolonged hemodynamic effects such as decrease in heart
rate, cardiac output, and increase in systemic vascular resistance
(Waring et al., 2003; Thomson et al., 2006), leading to a reduction
in inert gas load in peripheral tissues during diving—which
would subsequently reduce post-dive inert gas bubble formation.

Whilst exposure to vibration is traditionally regarded as
perilous, recent research has focused on potential benefits.
Indeed, it was demonstrated that 30 min of whole-body vibration
before a wet dive had preventive effects on post-dive VGE
(Germonpré et al., 2009).

Vibration is a mechanical oscillation, i.e., a periodic alteration
of force, acceleration and displacement over time. Vibration
exercise, in a physical sense, is a forced oscillation, where energy
is transferred from an actuator (i.e., the vibration device) to
a resonator (i.e., the human body). As a consequence acute
physiological responses can be observed.

As in this study there was no observed change in FMD
after vibration, the authors did not believe an NO mediated
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FIGURE 3 | Percentage variation of post-dive VGE count (mean ± SEM)

after a 20 min dive to 33 mfw after different preconditioning measures:

oxygen prebreathing (O2), whole-body vibration (Vib), or a combination

of both (Vib+O2). Control dive value is taken as 100%. Each subject is

compared to his own control dive value. (***p < 0.001; **p < 0.01; *p < 0.05)

(n = 6).

mechanism was involved; rather, a mechanical dislodgement of
VGE precursors (located in microcrevices between endothelial
cells). This is illustrated by the prompt increase of post-dive
VGE after a few seconds of exposure on the vibration mattress
(Germonpré et al., 2009) or by the knee flexion maneuver, which
by increasing the shear stress on the vessel wall, increases the
liberation of any existing, adherent gas bubbles (Møllerløkken
et al., 2016). Another regional effect may be involved. Vibrations
applied to a limb have been shown to increase the rate of
lymphatic drainage. Since evacuation of gas bubbles (and nuclei)
is possibly happening in part by means of lymphatic fluid (Leduc
et al., 1981; Madhavan et al., 2006), it cannot be excluded that
an increased lymphatic flow during the whole-body vibration
session is partly responsible for the observed effect. Indeed,
vibrations could induce, by force transmission, a modification
of endothelial spatial conformation. Secondly, the increase in
lymphatic circulation induced by vibration (Leduc et al., 1981;
Balestra, 2014) would allow the elimination of inter-cellular
tissue-located micronuclei.

Therefore, although the exact mechanism by which gas nuclei
are eliminated from the vessel by mechanical vibration remains
to be clarified, the benefits of whole-body vibration (Vib) are best
explained by the mechanical action of vibration on endovascular
and tissue localization of the micronuclei.

As stated above, bubbles either grow or shrink depending on
surface tension and free gas tension. This also applies to gas nuclei
(Papadopoulou et al., 2013), which are thought to be stabilized
by trapping in intercellular cervices (Tikuisis, 1986) or by coating
with surface-active molecules like surfactant, platelets or proteins
(Letho and Laitinen, 1979; Thorsen et al., 1987, 1993). It is thus
reasonable to assume a synergistic effect of oxygen and vibration
in VibO2 preconditioning. Yet it is the opposite that we observed,
Vib+O2 being superior to O2 but inferior to Vib in decreasing
post-dive VGE counts.

This absence of synergy could be explained by the fact that the
twomodes of preconditioning, mechanical or diffusion, could act
on the same nuclei and thus be in direct competition.

Oxygen breathing will produce a higher level of reactive
oxygen species (ROS), which lead to oxidative stress. Increased
production of ROS favors vascular dysfunction (Kuznetsova
et al., 2014), inducing a decrease in endovascular NO production,
altered vascular permeability and inflammation, accompanied by
the loss of vascular modulatory function, the imbalance between
vasorelaxation and vasoconstriction, and the aberrant expression
of inflammatory adhesion molecules (Bielli et al., 2015). All these
mechanisms could then counteract the influence of vibration.
However, in the study by Germonpre et al. vibration sessions did
not result in a significant modification of endothelial reactivity, as
indicated by the FMD measurements (Germonpré et al., 2009).
Therefore, the probability that NO production or vessel wall
reactivity was significantly altered in the present study (that uses
the same experimental setting) is low. It is also possible that
since oxygen administration induced prolonged hemodynamic
effects such as decrease in heart rate, cardiac output, and increase
in systemic vascular resistance (Waring et al., 2003; Thomson
et al., 2006), blood flow was sufficiently reduced to diminish the
necessary shear forces induced by vibration reducing the capacity
of the mechanical intervention to dislodge gas nuclei.

However, the most likely hypothesis explaining this lack of
potentiation is that mechanical denucleation is the preponderant
mechanism.

CONCLUSIONS

The precise mechanism that induces the decrease in post-dive
VGE and thus makes the diver more resistant to decompression
stress is still not known. Different preconditioning methods
based on oxygen prebreathing or whole-body vibration produce
significant results. However, it seems that a pre-dive mechanical
reduction of existing gas nuclei might best explain the beneficial
effects observed. The apparent non-synergic effect of oxygen and
vibration has probably to be understood because of different
mechanisms involved.
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Worries about the potential negative consequences of popular fat loss regimens for

aesthetic purposes in normal weight females have been surfacing in the media. However,

longitudinal studies investigating these kinds of diets are lacking. The purpose of the

present study was to investigate the effects of a 4-month fat-loss diet in normal weight

females competing in fitness-sport. In total 50 participants finished the study with 27

females (27.2 ± 4.1 years) dieting for a competition and 23 (27.7 ± 3.7 years) acting as

weight-stable controls. The energy deficit of the diet group was achieved by reducing

carbohydrate intake and increasing aerobic exercise while maintaining a high level of

protein intake and resistance training in addition to moderate fat intake. The diet led

to a ∼12% decrease in body weight (P < 0.001) and a ∼35–50% decrease in fat

mass (DXA, bioimpedance, skinfolds, P < 0.001) whereas the control group maintained

their body and fat mass (diet × group interaction P < 0.001). A small decrease in lean

mass (bioimpedance and skinfolds) and in vastus lateralis muscle cross-sectional area

(ultrasound) were observed in diet (P < 0.05), whereas other results were unaltered

(DXA: leanmass, ultrasound: triceps brachii thickness). The hormonal systemwas altered

during the diet with decreased serum concentrations of leptin, triiodothyronine (T3),

testosterone (P< 0.001), and estradiol (P< 0.01) coinciding with an increased incidence

of menstrual irregularities (P < 0.05). Body weight and all hormones except T3 and

testosterone returned to baseline during a 3–4month recovery period including increased

energy intake and decreased levels aerobic exercise. This study shows for the first time

that most of the hormonal changes after a 35–50% decrease in body fat in previously

normal-weight females can recover within 3–4 months of increased energy intake.
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INTRODUCTION

Many persons lead an active lifestyle aiming to lose body fat with
minimal muscle loss for aesthetic or performance purposes. An
extreme example of these individuals are competitors in different
aesthetic and/or weight class sports (Sundgot-Borgen et al.,
2013). These fat loss regimens are very popular and are shown
regularly in the media in a similar way as diets for the obese
are (Fothergill et al., 2016). Although, worries have arisen about
the negative consequences of these diets on, for example, the
female hormonal system, comprehensive longitudinal weight-
loss studies investigating these diets are lacking on this area,
especially in normal-weight females. This lack of studies is
probably due to ethical reasons and practical constraints as it is
not ethical to conduct a randomized controlled trial (RCT) with
normal weight individuals so that the participants would diet as
heavily as needed in these kinds of situations.

A classic Minnesota starvation study in the 1940s investigated
the effects of prolonged and extreme dieting in young previously
normal weights males (Keys et al., 1950; Dulloo et al., 1996). This
type of a long-term semi-starvation experiment would no longer
be possible in civilized countries and thus only much shorter
semi-starvation studies have been conducted, mainly in males
(Alemany et al., 2008; Henning et al., 2014; Müller et al., 2015).
Nevertheless, cross-sectional and longitudinal refeeding studies
have been conducted in females with low energy availability such
as anorexia nervosa or with the female athlete triad. These studies
have shown that prolonged undernutrition is often associated
with low fat and lean mass, decreased bone mineral content,
and other physiological and psychological changes from which
recovery can be very slow and difficult (Sundgot-Borgen et al.,
2013). It is not known how well a normal weight female body can
recover from an energy deficit.

There is a lack of studies in females even though they often
take part in weight reduction ending up in a rather large energy
deficit. For this research question, female fitness competitors are
important as they voluntarily conduct a prolonged heavy diet
concurrent to participating in a large amount of exercise. The aim
of these competitors is to achieve an aesthetic appearance with
symmetry, balance, and muscle “definition” that is accomplished

by low fat mass. These competitors usually compete and thus diet
once per year. Their routine includes a 2–5 month progressive
diet ending up in a state of low energy intake, which is usually
achieved mainly by decreasing carbohydrate and/or fat intake
with maintenance of high protein. Furthermore, exercise volume
is increased to reduce fat mass effectively while maintaining
muscle mass (Helms et al., 2014, 2015). The diet is typically
followed by a recovery period, during which the competitors
increase their energy intake back to baseline. This is quite
a contrast to overweight individuals, who try to maintain
their weight loss, although only rarely that goal is achieved
(Fothergill et al., 2016). Previous weight loss studies with fitness
athletes or bodybuilders have often been case studies using male
bodybuilders (Rossow et al., 2013; Kistler et al., 2014; Robinson
et al., 2015) or they have focused only on body composition,
muscle strength (Sandoval et al., 1989; Bamman et al., 1993; van
der Ploeg et al., 2001), or psychology (Newton et al., 1993). Thus,

physiology, including the hormonal system, has not yet been
comprehensively investigated in a larger group of individuals
following a diet that aims to achieve very low levels of fat mass.

In the present study voluntary fitness-competitors and their
controls are used in a unique research model to investigate
the physiological effects of a demanding 3–4 month period of
dietary energy restriction concurrent with a large amount of
exercise aiming to achieve prolonged negative energy balance. It
is also asked whether a similar 3–4 month period of increased
energy intake is enough to restore endocrine function and body
composition. We hypothesized that (1) fitness-competitors are
able to decrease their body mass mainly by decreasing fat mass
and that (2) the endocrine system is altered, approaching levels
that are typically considered unhealthy if maintained for longer
periods of time, and that (3) the hormonal levels are increased
back to the baseline together with body weight during the
recovery period.

METHODS

Participants
A total of 184 healthy, physically active young females, recruited
by web page and social media advertisements and who claimed
to meet the inclusion criteria volunteered for the study. Out of
the females who fulfilled the preliminary criteria, 63 participants
were planning on competing under the International Federation
of Bodybuilding and Fitness (IFBB) in the year of the study and,
thus, would diet accordingly. In addition, a total of 121 volunteers
were aiming not to diet now, but would probably diet later in
their life or at least try to maintain a fitness lifestyle. An online
pre-study questionnaire was sent to the available 44 diet- and
70 randomly chosen control group candidates that fulfilled the
preliminary requirements for the study (see below). Females, who
were diagnosed with chronic diseases or prescribed medications
such as thyroxine, but excluding contraception, and who were
younger than 20 or older than 38 years old, whose BMI was
below 20 or above 27, or who did not have at least 2 years of
resistance training experience were excluded from the study. As a
result, the diet group competing in the autumn of 2015 consisted
of 30 volunteers. We chose these exclusion criteria because our

aim was to investigate normal-weight healthy previously trained
females. An equal number of control participants were quasi-
randomized by matching based on their age, height, weight,
and training experience reported on the pre-study questionnaire.
The participants selected for the study filled in an additional
questionnaire that was subsequently reviewed by the physician of
our study to confirm that they did not meet the exclusion criteria
relating to health.

All of the diet participants were IFBB amateur fitness
competitors aiming to lose fat, but maintain their muscle mass
in a sport that is tested for prohibited performance enhancing
drugs. Out of these participants, 17 were bikini fitness and 9 body
fitness competitors and 1 was a fitness competitor. These groups
were very similar at the baseline and with regard to the changes
during diet (body composition and hormones, data not shown).

The subjects were given comprehensive explanations
regarding the study design, protocols, and possible risks. This
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study was carried out in accordance with the recommendations
of Ethical Committee at the University of Jyväskylä with written
informed consent from all subjects. All subjects gave written
informed consent in accordance with the Declaration of Helsinki.
The protocol was approved by the Ethical Committee at the
University of Jyväskylä.

Study Design
The study included 3 test days at the laboratory: baseline
testing before the diet or the control period started (Pre),
after the diet (Mid), and after a refeed recovery period (Post)
during which the participants were advised to continue their
training regimen, but to stop dieting. The control participants
were advised to maintain their activity levels and nutrient
intake throughout the study. The participants were given
identification numbers and the measurement team was blinded
so that they did not know into which group participants
belonged to.

Out of the 30+30 participants eventually 30 volunteers that
would follow the diet (referred to as “diet group” from here on)
and 29 controls arrived to our baseline testing. During the study,
nine females (3 from the diet group and 6 controls) dropped
out. All three drop-outs in the diet group stopped dieting due
to failing to follow the diet program whereas controls either
were not able to follow the control period or for some unknown
reason finished the study. This resulted in 50 participants (27
dieters and 23 controls) overall finishing the whole study. The
diet group (n = 27) was on average 27.2 ± 4.1 years old and
the controls 27.7 ± 3.7 years old. The length of the diet-period
for the diet group was 19.8 ± 3.6 weeks while the recovery
period was 17.5± 2.6 weeks. The length of the respective control
periods were 22.4 ±5.0 and 19.2 ± 5.3 weeks, respectively.
Figure 1A depicts the study design and two females from each
group.

For 15 of the competitors, this was their first competition
diet and the rest of the diet group (n = 12) had been dieting
for competitions between 1 and 4 times. Three of the 27
of the diet group participants were competing at the world
championship level, while the rest competed in the Finnish
National championships or in the qualification rounds.

Three Test Days
The participants came to the laboratory from all over the Finland.
If they traveled >50 km to our laboratory, they were provided
with a hotel room for the night prior to testing. Figure 1B
depicts the measurement day of the participant in the laboratory.
The participants came to the tests after 8 h of fasting and
the first measurements (blood sampling, DXA, bioimpedance)
were conducted before a quick standardized low-fat breakfast (a
protein-drink, a protein bar and a medium-sized apple/banana:
in total ∼47–48 g proteins, ∼72–80 g carbohydrates, ∼6 g fat).
Thereafter, ultrasound, skinfolds, blood pressure, and muscle
strength measurements were conducted. The breakfast was
especially important in the measurements after the diet since
some of the participants were in a large energy deficit and
potentially not able to perform, for example, muscle strength
testing in a reliable and safe manner. The mid measurement

day after the diet was conducted the morning after the
competition.

All the measurements were conducted at the same time
(always within max±1 h) due to the importance of standardizing
the time of the day of measurements. The control group
participants were measured on the same days as the competitors.
The same researcher/research assistant was always responsible
for conducting the measurements and analysis to avoid
interobserver/-analyzer variability. The participants were asked
to sleep for at least 8 h during the preceding night and were
required to refrain from strenuous physical activity for at
least 24 h.

Resistance and Aerobic Training
The resistance training background of the participants was 3.5
± 1.4 years in the diet group and 3.1 ± 1.1 years in the
control group. The participants trained with their own training
programs and they were asked to provide their training diaries
throughout the study period. The training frequency, intensity
and volume were calculated from the diaries. Total exercise
metabolic equivalents in hours (MET-hours) were calculated
based on recommendations (Ainsworth et al., 2000).

Split routines were used for resistance training by all
competitors in the diet group meaning that they focused on
single muscle groups per session as is often the case also in
bodybuilders (Hackett et al., 2013). The main muscle groups
trained included thighs, hamstrings, buttocks, chest, shoulders,
arms, upper and lower back, calves, and abdominals. Dividing
training into separate body parts per session did not differ
significantly throughout the training. At baseline the 3-, 4-, 5-,
and 6-split training was used by 3, 10, 13, and 1 of the 27
participants, respectively, while the same numbers were during
the diet on average 5, 8, 14, and 0 and during the recovery period
7, 8, 12, and 0. In addition, the competitors also practiced their
posing routines. Training sessions lasted between 40 and 90min.

Aerobic training for the participants was almost uniquely
either high-intensity interval training (HIT) with bicycle,
crosstrainer, or other gym equipment or both HIT and steady-
state low to medium intensity aerobics (usually walking/running
or with crosstrainer). During the competition week the
participants did not report doing HIT, but instead lower
intensity aerobics. Typical HIT-exercise was 10–25 min in
total including high intensity 15–45 s intervals with 30–60 s of
recovery between the sets. Steady state lower intensity aerobics
was typically 30–60 min in duration. Part of the females
completed their aerobic training mainly together with their
resistance exercise workouts while most of the participants
completed also separate aerobic workouts, especially during the
diet.

At the last week of a typical fitness or bodybuilding diet there
is a tapering period during which total training load is typically
slightly decreased and carbohydrate and total energy intakes
are increased toward the baseline levels. This is conducted to
replenish muscle glycogen stores and, thus, prevent an artificial
decrease in muscle size that occurs with low carbohydrate diets
as ∼2.7 g of water per each gram of glycogen is stored in skeletal
muscle.
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FIGURE 1 | (A) The experimental design of the study. Two representative participants are shown from each group. The pre to mid time period lasted ∼20 weeks

during which the participants decreased their energy intake and the amount of exercise (see the Results Section), whereas the controls maintained their activity levels

and nutrient intake. The mid to post period lasting ∼18 weeks was a recovery period with increased energy intake back toward the baseline levels in the diet

participants, whereas the controls maintained their energy intake and exercise levels (see the Results Section). (B) The measurement day example for each

participant. The x-axis depicts AM-time (morning). Blood, blood sample; DXA, Dual-energy X-ray absorptiometry; InBody, bioelectrical impedance; Food, breakfast;

US, ultrasound; BP, blood pressure; SF, skinfolds; Strength, muscle strength measurements.

Nutrient Intake
The participants maintained their diet during the diet phase.
About 50% percent of the participants reported all their
meals to the investigators. The rest of the participants
had a more flexible diet or did not share all the details
of their diet, but, instead reported representative days
throughout the diet. The controls kept their dietary diary
over 3 weekdays and 1 weekend day at the baseline, in
the middle of the study and during the last part of the
study. Nutrients provided by nutritional supplements were
included in the analysis. The food diaries were analyzed by
nutrient analysis software (Aivodiet, Flow-team Oy, Oulu,
Finland).

Body Composition
DXA

Body composition was estimated by Dual-energy X-ray
absorptiometry (DXA, Lunar Prodigy Advance, GE Medical
Systems—Lunar, Madison WI USA) using methods similar to

Hulmi et al. (2015) in a fasted state. Participants were tested
on their back in a supine position on the DXA table with their
arms at their sides and feet together with minimal clothing (i.e.,
a pair of shorts). The legs were secured by non-elastic straps
at the knee and ankles, and the arms were aligned along the
trunk with the palms facing the thighs. All metal objects were
removed from the participant before the scan. Analysis (using
enCORE 2005, version 9.30 and Advance 12.30) provided total,
lean (bone-free), bone, and fat masses. The android region
is the area between the ribs and the pelvis within the trunk
region (the upper part of the trunk) and correlates with visceral
fat measures (Hill et al., 2007; Miazgowski et al., 2014). High
levels of visceral fat mass are strongly associated with metabolic
abnormalities (Kang et al., 2011). The gynoid area defined by
the software is a region including the sex organs and lower-part
of the hips (Miazgowski et al., 2014). In a previous study in our
laboratory the intraclass correlation coefficient (ICC) for the
body composition measures were 0.786–0.975 (Schumann et al.,
2014).
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Bioimpedance

After an overnight fast, body fat percentage, fat, and lean masses
were measured by bioelectrical impedance using an InBody720
machine with a multifrequency current (Seoul, Korea).

Skinfolds

Skinfold thicknesses were analyzed with Harpender calibers
from four sites: biceps, triceps, subscapular, and suprailiac and
replicated at least three times. Fat percentage was calculated with
a formula (Durnin andWomersley, 1974) while total fat mass and
fat-free masses were calculated by subtraction from body mass.

Ultrasound for Muscle Cross-Sectional
Area and Thickness and Subcutaneous Fat
Thickness
Cross-sectional area (CSA) of the vastus lateralis muscle was
examined at the mid-thigh by extended field of view mode using
a B-mode axial plane ultrasound (model SSD-α10, Aloka, Tokyo,
Japan) using a 10 MHz linear-array probe (60mm width) with
the extended-field-of-view mode (23 Hz sampling frequency).
The CSA of the vastus lateralis muscle was determined from
two levels: the first was exactly 40% from the superior point of
patella toward anterior superior spina iliaca and the second 2
cm distally from the first level. The thickness of subcutaneous fat
in the thigh was examined from the 40% line mentioned above,
but at the medial-lateral axis at the border of vastus lateralis
and rectus femoris. The thickness of triceps brachii muscle and
subcutaneous fat were measured at exactly the midpoint between
medial epicondyle and acromion. A customized convex-shaped
probe support coated with water-soluble transmission gel was
used to assure a perpendicular measurement and to constantly
distribute pressure on the tissue. For CSA, the transducer was
moved manually from medial to lateral along a marked line
on the skin. Three images were scanned from each lines (CSA)
and measurement point (thicknesses). CSA and thicknesses
were analyzed manually using ImageJ software (version 1.44p;
National Institutes of Health, Bethesda, MD). The average values
were used for the statistical analyses. The panoramic ultrasound
method has been shown by us to be very reliable and valid
against magnetic resonance imaging (MRI) to detect resistance
training-induced change in muscle CSA in our laboratory, e.g.,
ICC> 0.9 and high limits of agreement by Bland Altmanmethod
(Ahtiainen et al., 2010). Also for subcutaneous fat thickness intra-
assay CV and reliability for this method are high (Müller et al.,
2016).

Maximal and Explosive Strength
In the beginning of the actual measurements, the participants
were carefully familiarized with the test procedures and
techniques. The participants had a general warm up (body-
weight 1- and 2-legged squats and hand rotations) after
which several warm-up trials were performed on each test
device. A horizontal leg press extension dynamometer (custom
built: Department of Biology of Physical Activity, University
of Jyväskylä, Jyväskylä, Finland) was used to determine
maximal isometric bilateral leg press force (maximal voluntary
contraction, MVC). In the leg press, the participants were seated

with a hip and knee angle of 110◦ and 107◦, respectively. Maximal
leg extension force was analyzed by a customized script (Signal
4.04, Cambridge Electronic Design, UK). Maximal isometric
bilateral bench press for the upper-body strength (MVC) was
measured in a smith-machine and the bar was locked to the
position with the elbow angle of 90◦ (Ojasto and Häkkinen,
2009). The subject was in a supine position on the bench and
pushed against the fixed bar. The test position including the
wideness of the grip was standardized throughout the study.
The maximum force was measured by the force plates under
the bench using a customized script (Signal 4.04, Cambridge
Electronic Design, UK). In these isometric tests, the participants
were instructed to produce maximal force on verbal command
and to maintain their maximal force plateau for 3–4 s while
being verbally encouraged. Maximal explosive strength of the
hip and knee extensors was measured using a vertical counter
movement jump (Komi and Bosco, 1978) on a custom-built
infrared contact mat (Department of Biology of Physical activity,
University of Jyväskylä). The height of rise of the center of gravity
was calculated from the flight time. The subjects were instructed
to perform a quick and explosive countermovement and to jump
as high as possible while their hands were on the hips throughout
the action. In each strength test 3 maximal trials were conducted
with recovery periods of 1 min in the isometric tests and 0.5 min
in the jump test. Up to two additional trials were performed if the
result during the last trial was greater by 5% compared with that
during the previous attempt. The trial with the highest result was
used for statistical analysis.

Blood Pressure and Heart Rate
The participants were seated in a quiet room and after resting
their blood pressure and heart rate (pulse) was measured using
calibrated Omron M6 automatic blood pressure monitor with
appropriate cuff size (Omron R6, Omron Healthcare, Kyoto,
Japan). The measurements were conducted three times and the
average was selected as the final result.

Venous Blood Sampling and Analysis
Venous blood samples were taken from the antecubital vein into
serum tubes (Venosafe; Terumo Medical Co., Leuven, Hanau,
Belgium) using standard laboratory procedures. Whole blood
was immediately analyzed (Sysmex XP 300 analyzator Sysmex
Inc, Kobe, Japan) for hemoglobin and hematocrit. Blood samples
for hormone analysis were stored in room temperature for 30
min, after which they were centrifuged at 3500 rpm for 10
min (Megafure 1.0 R Heraeus; DJB Lab Care, Germany). Free
thyroxine (T4), free triiodothyronine (T3), thyroid-stimulating
hormone (TSH), cortisol, testosterone, estradiol were analyzed
from serum by Immulite 2000 XPi immunoassay system
(Siemens Healthineers, Erlangen, Germany). Serum leptin was
analyzed by Dynex Ds 2 ELISA prosessing System (DYNEX
Technologies, Chantilly, VA, USA) using a commercial kit
(Human leptin ELISA, BioVendor, Heidelberg, Germany). These
hormones are routinely analyzed in our laboratory and day-to
day reliability (CV%) for all of these hormones in our laboratory
is <8%.
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Profile of Moods (POMS) and Reproductive
Function Questionnaires
Mood and menstrual bleeding was asked by the questionnaires
at pre time-point, in the middle of the pre and mid timepoints
and the week before the mid- and post measurements. The
participant’s mood was examined using the Finnish version
(Vuoskoski and Eerola, 2011) of the Profile of Mood States-
Adolescents questionnaire (POMS-A; Terry et al., 1999). The 24
items of the POMS, designed to measure six moods of Vigor,
Confusion, Anger, Fatigue, Depression, and Tension, were rated
on a 5-point Likert scale ranging from 1 = not at all to 5 =

extremely.
Menstrual/reproductive function questionnaire involves yes

or no answers to the following questions: Have you had some
of these menstrual irregularities within the last 2 months: 1:
menstrual cycle has become irregular, 2: menstrual bleeding
has decreased, 3: menstrual bleeding has increased, and 4: no
menstrual bleeding.

Statistical Analysis
All data are expressed as means ± SD, except where designated.
Normality, skewness and possible outliers were checked
with the Shapiro–Wilk test and several plots. Data was
analyzed with the repeated ANOVA (time × group) with
contrasts. Logarithm transformations were applied when
needed to normalize variables or to homogenize group
variances. If assumptions for parametric tests were not met
even with transformations, nonparametric tests (Friedman’s
test, Sign test and Mann–Whitney test) were utilized, and
variables were RANK-transformed for the estimation of
interaction term (time × group in parametric ANOVA).
Average percentage changes between groups were tested with
the nonparametric Mann–Whitney test due to deviations
from normality and outliers. Holm–Bonferroni was used
to manually correct for the multi-tests between individual
time-points between the groups and within the groups.
IBM SPSS for Windows 22.0 (Armonk NY, 2013) was
utilized for statistical analyses. Significance level was set
as 0.05.

RESULTS

Nutrition
The energy intake during the diet was on average 22.9 ±

13.8% (p < 0.001) lower than before the diet, while the
energy intake of the control group remained unaltered (Table 1).
The decreased energy intake in the diet group was mainly
explained by reduced carbohydrate ingestion. Although, absolute
protein and fat intake slightly decreased, these values were
explained by decreased weight and, thus, per kg of body
mass only very slight decrease in fat and no changes in
protein intake was noticed (Table 1). Actually, the relative
protein intake (% of total energy) increased (p < 0.001) and
relative CHO intake decreased (p < 0.01), while relative fat
intake remained unaltered (Supplementary Table 1). During the
recovery energy intake of the participants returned to baseline
levels.

Exercise
The training frequencies and MET-hours of the participants
are shown in Table 2. The participants resistance trained 4.7
± 0.7 (diet group) and 3.9 ± 1.9 (controls) times per week at
the time of the pre-measurements. The diet group maintained
their resistance training frequency during the diet, during the
competition week and during the recovery period. However,
when taking into account the reported length and intensity of
their resistance exercise bouts, the MET-hours of the participants
decreased during the competition week (p < 0.001), probably
due to the tapering period fitness-competitors have before the
competition. The controls maintained their resistance training
frequencies and MET-hours throughout the study period. Lower
body muscles were trained during the diet 1.4 ± 0.5 times per
week and specific upper body muscle groups 1.1 ± 0.3 times per
week in a split design. Unlike resistance training, the diet group
increased their aerobic training during the diet (4.9 ± 2.9 times
per week) when compared to pre-state (3.6 ± 2.8; P < 0.05 and
diet× group interaction p= 0.013). This was due to the increased
amount of steady state aerobics in several subjects, while part of
the participants also started to conduct or increased the amount
of HIT-exercises. The level of aerobic training decreased during
the recovery period in these participants down to 2.3± 1.9 times
per week while the controls maintained their levels of aerobic
training.

Body Composition
Body composition was examined with many indirect
measurements [DXA, bioimpedance (InBody) and skinfolds]
as well as direct measures (ultrasound) as the diet itself may
distort some of the assumptions of individual body composition
measurements or their formulas used. There was group × time
interaction (p < 0.001) in body mass and fat mass independent
of the method used (DXA, skinfolds, bioimpedance; Table 3)
as well as in fat thickness (Figures 2A,B; ultrasound). These
were explained by the fact that the body and fat mass of
the diet group participants decreased during the diet and
returned almost completely (body mass) or partially (fat
mass and thickness) to the baseline after the recovery period.
No change of these parameters was observed in the control
group (Table 3). This resulted in a decrease in fat % by diet
on average from 23.1 ± 5.6 to 12.7 ± 4.0% (DXA), from
19.7 ± 4.2 to 11.6 ± 3.9% (bioimpedance), and from 25.2
± 3.0 to 18.3 ± 2.7% (skinfolds). From these values, fat %
increased during the recovery period to 20.1 ± 5.4%, 18.0 ±

4.5%, and 25.9 ± 4.1% based on DXA, bioimpedance, and
skinfold measurements, respectively. Regarding individual
areas, the android region in DXA reflecting visceral fat
decreased ∼68% in the diet group (p < 0.001) and then
recovered toward baseline and controls (Table 3). Similarly,
fat in the gynoid area decreased by diet 44.2 ± 12.8% (p
< 0.001) followed by an increase close to the pre-values
during the recovery period (post–pre: −9.4 ± 19.5%, p <

0.05) while remaining unaltered in the controls (diet × group
interaction p < 0.001).

Unlike body mass and fat mass, diet or the recovery period
did not significantly alter lean mass measured by DXA. There
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TABLE 1 | Macronutrient consumption.

Pre Mid-diet Diet average Competition-week Recovery Group × time (p)

ENERGY (kJ)

Diet 9903.7 ± 1785.8 7887.6 ± 1440.9*** 7524.2 ± 1556.2*** 9789.7 ± 2553.8 9273.4 ± 2186.6 < 0.01

Cont 10446.1 ± 2307.5 9795.0 ± 1774.0 10425.5 ± 1549.8

ENERGY (kJ/kg bw)

Diet 155.0 ± 27.8 131.4 ± 24.4*** 125.4 ± 26.2*** 166.0 ± 61.1 158.8 ± 41.4 0.067

Cont 162.6 ± 34.7 151.9 ± 24.7 163.6 ± 24.5

PROTEINS (g)

Diet 202.5 ± 44.1 189.7 ± 39.5* 184.7 ± 40.5* 160.6 ± 32.5** 195.4 ± 41.5 < 0.05

Cont 172.3 ± 37.6 181.9 ± 37.9 184.7 ± 39.5

PROTEINS (g/kg bw)

Diet 3.16 ± 0.61 3.14 ± 0.63 3.07 ± 0.64 2.84 ± 0.52 3.34 ± 0.81 0.282

Cont 2.68 ± 0.53 2.81 ± 0.48 2.87 ± 0.85

CHO (g)

Diet 215.6 ± 67.7 126.1 ± 49.1*** 127.8 ± 39.7*** 229.9 ± 199.0 188.5 ± 72.5 < 0.01

Cont 218.8 ± 50.3 216.7 ± 41.4 224.0 ± 49.8

CHO (g/kg bw)

Diet 3.35 ± 0.99 2.10 ± 0.84*** 2.12 ± 0.66*** 4.10 ± 1.65 3.24 ± 1.34 < 0.01

Cont 3.40 ± 0.72 3.37 ± 0.63 3.52 ± 1.05

FAT (g)

Diet 64.4 ± 16.2 56.8 ± 16.4* 52.8 ± 16.4*** 63.9 ± 25.3 59.7 ± 13.0 0.184

Cont 82.2 ± 23.3 73.8 ± 28.8 84.9 ± 29.4

FAT (g/kg bw)

Diet 1.02 ± 0.29 0.95 ± 0.29 0.88 ± 0.29* 1.07 ± 0.49 1.02 ± 0.23 0.692

Cont 1.29 ± 0.38 1.14 ± 0.44 1.34 ± 0.51

The results are averaged daily values. *, **, and *** p < 0.05–0.001 change vs. pre. bw, body weight; CHO, carbohydrates. Diet × group interaction includes pre and diet average

time-points. Data is n = 27 diet and n = 18 control participants at pre and mid/average, n = 21 for the competition week and n = 18 and n = 16 for the diet- and control participants

at the recovery. Recovery nutrition diaries were collected from the middle of the recovery period.

TABLE 2 | Exercise levels.

Pre Mid-diet Second-last week Competition-week Recovery Group × time (p)

RE x/wk

Diet 4.7 ± 0.7 4.7 ± 0.6 4.7 ± 0.7 4.2 ± 1.1 4.6 ± 0.8 0.961

Cont 3.9 ± 1.9 3.8 ± 1.7 3.8 ± 1.7

RE METh/wk

Diet 44.9 ± 8.6 46.0 ± 8.5 45.6 ± 9.7 19.5 ± 10.9*** 42.4 ± 8.3 0.186

Cont 31.9 ± 19.5 27.8 ± 14.9 32.2 ± 17.2

AE x/wk

Diet 3.6 ± 2.8 4.4 ± 2.9 4.9 ± 2.9* 4.4 ± 2.5 2.3 ± 1.9## 0.013

Cont 2.6 ± 2.6 2.9 ± 2.4 3.3 ± 3.5

AE METh/wk

Diet 13.3 ± 10.4 19.1 ± 15.6 22.0 ± 17.1 13.2 ± 8.4 9.7 ± 7.8# 0.015

Cont 17.9 ± 23.7 14.9 ± 14.9 18.3 ± 24.8

*, **, and *** is significant p < 0.05–0.001 change vs. pre and #–## is significant (p < 0.05–< 0.01) difference between the groups in the change. RE, resistance exercise; AE, aerobic

exercise. Of the RE-results, n = 24–26 for the diet participants and n = 18 for the controls. Regarding the AE, n = 21–26 and n = 19 for the diet and control participants, respectively.

was, however, a small, but statistically significant decrease in lean
mass, fat-free mass (Table 3), and VL-muscle CSA (Figure 2C)
measured by bioimpedance, skinfolds, and ultrasonography,
respectively. These small changes, when existing, were fully
recovered during the recovery period (Table 3, Figure 2C). No
significant change was observed in the triceps brachii muscle

thickness due to diet or the recovery period (Figure 2D). When
individual values were looked at more closely, all the females had
medium to large decrease in fat mass after diet, but some females
of the diet group had a small increase in their lean mass (average
of DXA and bioimpedance) while most of them had a decrease or
no change (Figure 2E).
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TABLE 3 | Body composition of the subjects.

Pre Mid Post 1Mid-Pre 1Post-Mid 1Post-Pre Group × time (p)

HEIGHT (cm)

Diet 165.3 ± 4.3

Cont 165.9 ± 5.7

BODY MASS (kg)

Diet 64.3 ± 6.9 56.5 ± 5.3 62.6 ± 6.9 −11.9 ± 3.8%*** 10.9 ± 5.3%*** −2.4 ± 5.6%* < 0.001

Cont 64.3 ± 5.3 64.5 ± 5.5 64.4 ± 5.5 0.3 ± 3.1%### −0.1 ± 3.4### 0.1 ± 3.7%

FAT MASS (DXA: kg)

Diet 14.6 ± 4.6 7.1 ± 2.7 12.7 ± 4.2 −50.4 ± 12.4%*** 84.7 ± 50.7%*** −10.1 ± 25.6%* < 0.001

Cont 14.9 ± 3.7 15.5 ± 3.9 15.1 ± 4.4 5.1 ± 12.9%### −2.6 ± 13.2%### 2.1 ± 16.8%

FAT MASS (InBody: kg)

Diet 12.8 ± 3.4 6.6 ± 2.5 11.2 ± 3.3 −47.4 ± 17.9%*** 91.5 ± 74.0%*** −6.1 ± 29.3% < 0.001

Cont 13.0 ± 3.1 13.2 ± 3.5 13.0 ± 4.0 2.1 ± 16.2%### −1.5 ± 15.6%### −0.1 ± 17.8%

FAT MASS (SKINFOLDS: kg)

Diet 16.3 ± 3.3 10.4 ± 2.2 16.4 ± 4.0 −35.2 ± 11.2%#*** 57.9 ± 26.7%*** 1.3 ± 18.8% < 0.001

Cont 15.5 ± 9.4 16.2 ± 9.7 16.3 ± 9.9 9.5 ± 29.6% −4.5 ± 43.6% 9.5 ± 52.4%

ANDROID FAT (DXA: kg)

Diet 0.92 ± 0.34 0.25 ± 0.14 0.82 ± 0.30 −68.1 ± 19.8%*** 276 ± 204.2%*** 2.4 ± 53.6% < 0.001

Cont 0.98 ± 0.38 1.05 ± 0.43 0.98 ± 0.48 7.8 ± 17.7%### −6.2 ± 23.4%### 1.2 ± 29.2%

LEAN MASS (DXA: kg)

Diet 47.6 ± 4.1 48.0 ± 3.9 48.3 ± 4.3 1.1 ± 3.1% 0.6 ± 3.8% 1.7 ± 4.4% 0.272

Cont 47.3 ± 4.7 47.2 ± 4.7 47.4 ± 5.0 −0.2 ± 2.4% 0.5 ± 2.7% 0.3 ± 3.1%

LEAN MASS (InBody: kg)

Diet 48.6 ± 4.9 47.1 ± 4.3 47.9 ± 5.0 −3.0 ± 4.4%** 2.1 ± 3.2%** −1.1 ± 4.7% 0.341

Cont 49.2 ± 4.9 48.4 ± 4.8 48.5 ± 4.6 −1.6 ± 5.8% 0.2 ± 2.9% −1.3 ± 6.1%

FFM (SKINFOLDS: kg)

Diet 48.0 ± 4.3 46.1 ± 3.9 46.3 ± 4.1 −3.9 ± 2.7%#*** 0.4 ± 2.4% −3.5 ± 3.1%*** < 0.05

Cont 48.8 ± 6.8 48.2 ± 7.0 48.0 ± 7.1 −1.2 ± 3.1% −0.4 ± 4.0% −1.6 ± 4.5%

TOTAL BONE (DXA: kg)

Diet 2.56 ± 0.28 2.53 ± 0.29 2.56 ± 0.31 −1.3 ± 1.8%*** 1.5 ± 3.6% 0.1 ± 3.6% 0.104

Cont 2.57 ± 0.28 2.58 ± 0.29 2.61 ± 0.29 0.3 ± 1.3%## 1.3 ± 2.7% 1.6 ± 2.5% # *

∆ are %-changes. *–*** is significant (p < 0.05–< 0.001) difference to Pre and #–### is significant (p < 0.05–< 0.001) difference between the groups in the change. Group × time =

ANOVA interaction effect p-value. n = 27 diet and 23 control participants for the variables except InBody in which n = 25 for diet subjects for the post-measurement. FFM = fat-free

mass.

Total bone mass tended to have group × time interaction (p
= 0.10), which was explained by a decrease in bone mass during
diet (p < 0.001) while no change was observed in the controls (p
> 0.3; Table 3).

Maximal and Explosive Strength
Isometric maximal strength and explosive strength of leg
extensors remained unchanged during diet and there was no
difference compared to controls (group × time interaction
p > 0.1; Table 4). However, isometric bench press decreased
during the diet when compared to control participants (p < 0.05;
Table 4).

Hormones
There was group × time interaction in serum concentrations
of leptin, testosterone, T3 (p < 0.001), and estradiol (p <

0.01; Figures 3A–D). This was shown as decreases in these
hormones due to the diet when compared to the control

group. Leptin and estradiol (Figures 3A,C) increased back to
baseline while T3 (Figures 3D, 4) and testosterone (Figure 3B)
remained slightly, but significantly below the baseline even after
the recovery period. No changes to the controls at the post
timepoints were, however observed. T4 showed an increase due
to diet and a reduction back to baseline during the recovery
period, but these changes were small and non-significant in
comparison to controls (Figure 3E). No treatment × time
interaction was observed in TSH and cortisol (p > 0.19,
Figures 3F,G).

Blood Pressure, Heart Rate, Hemoglobin,
and Hematocrit
Systolic blood pressure showed a group × time interaction (p
< 0.001), whereas no effect was observed on diastolic blood
pressure (p= 0.177) (Table 5). The post-hoc analysis showed that
diet led to decreased systolic blood pressure (p < 0.001), which
remained decreased after the recovery period, when compared
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FIGURE 2 | (A,B) Subcutaneous fat thickness around Vastus lateralis (VL) and triceps brachii muscles (n = 25–27 diet and 19–20 control participants). (C,D) VL

muscle cross-sectional area (CSA) and triceps brachii muscle thickness (n = 27 diet and 20 control participants). (E) Individual fat and lean mass percentage changes

during the diet or pre to mid control period. Number at the x-axis depicts participant numbers ordered based on the amount of fat loss. DXA and bioimpedance values

are averaged (n = 27 diet and 23 control participants). *–*** is significant (p < 0.05–< 0.001) difference to Pre and #–### is significant (p < 0.05–< 0.001) difference

between the groups in the change. Group × time = ANOVA interaction effect p-value.

to baseline (p < 0.01) and to the controls (p < 0.05). Similarly,
heart rate showed a group × time interaction (p < 0.007)
with a decrease-effect found with the diet (p < 0.001) that was

sustained still after the recovery period (p< 0.01; Table 5). Blood
hemoglobin showed a group × time interaction (p < 0.017),
while a trend existed with hematocrit (p = 0.076; Table 5). The
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TABLE 4 | Muscle force of the subjects.

Pre Mid Post 1Mid-Pre 1Post-Mid 1Post-Pre Group × time (p)

LEG PRESS (N)

Diet 2855 ± 430 2855 ± 656 3059 ± 538** −0.5 ± 9.5% 8.9 ± 12.2% 6.8 ± 9.7% 0.316

Cont 2908 ± 315 2893 ± 388 3021 ± 454 −0.5 ± 6.3% 4.2 ± 8.1% 2.5 ± 8.1%

BENCH PRESS (N)

Diet 620.0 ± 104.1 581.1 ± 104.4 598.9 ± 104.4 −3.4 ± 7.5%# −0.2 ± 8.0%### −3.7 ± 8.2% < 0.001

Cont 645.6 ± 91.4 662.6 ± 82.3 602.8 ± 84.5*** 2.1 ± 5.8% −8.7 ± 3.8% −6.9 ± 5.4%

VERTICAL JUMP (cm)

Diet 26.1 ± 4.2 25.2 ± 4.5 26.3 ± 4.7 −3.4 ± 9.1% 4.7 ± 8.9% 0.9 ± 9.6% 0.107

Cont 28.1 ± 5.5 28.4 ± 5.0 28.2 ± 5.1 1.6 ± 10.4% −0.4 ± 7.7% 0.8 ± 9.2%

1 are %-changes. *–*** is significant (p < 0.05–< 0.001) difference to Pre and #–### is significant (p < 0.05–< 0.001) difference between the groups in the change. Group × time =

ANOVA interaction effect p-value. n = 27 diet and 23 control participants for the vertical jump and for isometric leg press and bench press n = 25 and 26 for the diet participants and

n = 20 and n = 23 for the controls, respectively.

post-hoc analysis showed that diet decreased hemoglobin (p <

0.01), but an increase back to baseline was observed after the
recovery period.

Menstrual Irregularities
The baseline values for the missing menses in the diet-
participants was 11.1% (3/27) and for irregularities in menstrual
bleeding 37.0% (10/27) while in the controls the same values were
and 4.3% (1/23) and 30.4% (7/23) without differences between
the groups (p > 0.6). Fisher’s exact test revealed that the diet
group hadmore (63%) irregularmenstrual bleeding than controls
(30%; p < 0.05) and tended to have more missing menses (44 vs.
22%, p = 0.082) during the diet than the controls during their
weight-maintenance period (measurement-points in the middle
of the diet or after the diet before the competition). After the
recovery period at post, in the diet group 28% (7/25) females
had no menstrual bleeding and in the controls the respective
value was 14.0% (3/22; p = 0.297). For those competitors
using estrogen containing contraception (n = 19) there were
irregularities in menstrual bleeding during the diet in 10/19
participants and/or lack of menstruation in 8/19 participants (at
baseline 8/19 and 2/19, respectively). On the other hand, those
subjects not using estrogen containing contraception (n = 5),
5/5 demonstrated irregular menstrual bleeding during the diet
and/or lack of menstruation in 3/5 participants (at baseline 2/5
and 1/5, respectively). Three subjects did not report whether they
used contraception medication or not.

Mood
There was no statistically significant changes in the mood of the
participants within the diet group or between the diet and control
groups at any of the time-points (Supplementary Table 2). The
only statistical trend was a slight decrease in the vigor of the
competitors (p= 0.066) in the middle of the diet when compared
to the changes in the control group participants.

DISCUSSION

The present study showed that a diet to achieve very low
levels of body fat can be completed with very small losses of

lean mass/muscle size and muscle function in normal weight
females with high levels of protein intake and resistance exercise.
Moreover, the endocrine system is altered during the diet, but is
recovered in most of the females following a recovery period of
3–4 months that includes increased energy intake together with
the recovery of body weight.

Previous studies with energy deficits in otherwise normal
weight individuals have shown various results in body
composition. In the classic Minnesota starvation study body
mass decreased in males on average by 25% with lean mass
representing 6–28% (mean ∼15%), and the rest being fat (Keys
et al., 1950; Dulloo et al., 1996). On the other hand, fat-free
mass showed only a small decrease during a diet in female
bodybuilders (van der Ploeg et al., 2001). There are a few possible
explanations why lean mass and muscle size were maintained
in the present study. First, the proportion of lean mass loss
during diet has been larger the smaller the initial body fat% was
(Dulloo et al., 1996; Huovinen et al., 2015). In the present study,
females had an average 19–25% of fat (depending on whether
DXA, bioimpedance, or skinfolds was used) at baseline, which
is relatively high in comparison to e.g., ∼14% of fat in the male
participants of the Minnesota study (Keys et al., 1950; Dulloo
et al., 1996). Second, studies have shown that during energy
deficit lean mass can be better maintained with ≥1.7–2 g/kg
body weight per day protein ingestion in males and females
(Mettler et al., 2010; Josse et al., 2011; Arciero et al., 2013;
Churchward-Venne et al., 2013; Pasiakos et al., 2013; Longland
et al., 2016). In our study cohort of fitness-competitors the
protein content remained high, on average 3 g/kg even during
the energy deficit. Third, resistance and aerobic training have
been shown to attenuate the loss of lean mass during energy
deficit when compared to energy restriction alone (Kraemer
et al., 1999; Miller et al., 2013), which were both also used
during the diet by the present fitness competitors. Moreover,
the changes in body weight of the diet group were rather slow,
on average ∼0.4 g/kg per week, which is actually pretty close to
the level that was previously observed to maintain lean mass in
normal-weight females on a diet (Mero et al., 2010) and what
has been recommended for fat loss in fitness diets (Helms et al.,
2014). The average participant, while resistance trained, had not
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FIGURE 3 | Serum hormone concentrations at baseline (Pre), after the diet/control period (Mid) and after that during the recovery period (Post). Out of

individual panels, (A) depicts leptin, (B) testosterone, (C) estradiol, (D) free T3, (E) free T4, (F) TSH, and (G) cortisol. n = 27 diet and 23 control participants for all

hormones except TSH and testosterone data, which is obtained from 22 controls. *–*** is significant (p < 0.05–< 0.001) difference to Pre and #–### is significant (p <

0.05–< 0.001) difference between the groups in the change. Significant (p < 0.05) group × time = ANOVA interaction effect p-values are shown. For TSH and cortisol

there were no significant interaction effects (p = 0.198 and p = 0.332, respectively).
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FIGURE 4 | Individual free T3 at pre, mid, and post time-points for diet

and control participants. Number at the x-axis depicts participant numbers

ordered based on the pre-value. The red dotted lines limit the reference values

in normal-weight healthy females. n = 27 diet and 23 control participants.

had many years of training experience (average 3.5± 1.4 years in
the diet group and 3.1 ± 1.2 years in the controls), which makes
it possible for some to even gain some muscle mass on a diet
when regularly conducting resistance training combined with
high protein intake (Josse et al., 2011; Longland et al., 2016).
It is also important to recognize that the last week of a typical
fitness or bodybuilding diet includes tapering of training, which
was observed as decreased MET-hours of resistance training and
similar to baseline carbohydrate eating. This makes lean mass
and muscle sizes after diet more comparable when compared to
baseline. When this is not taken into account in diet studies in
which carbohydrates are restricted, small 1–3 kg losses in lean
mass may just be glycogen and water losses instead of an actual
decrease in protein mass.

Out of the present serum hormones investigated the
concentration of leptin robustly decreased but recovered close to
baseline levels after the recovery period following energy intake
and fat mass as expected (Kelesidis et al., 2010). Decreased leptin
after diet has orexigenic effects in response to energy deficiency
and in decreased fat mass (Kelesidis et al., 2010) and may be one
of the reasons why maintaining low energy intake and energy
deficit for a long time has been shown to be psychologically very
difficult (Keys et al., 1950). In our study, only a few of the females
had leptin levels <3 ng/ml (6 of 27 diet-participants) after the
diet, a level thought to be a low-limit for many physiological

changes in females such as decreased immune function (Chan
et al., 2006). This state was reversed by the recovery period as
serum leptin levels did recover to ≥3 ng/ml levels in all females.
This is important as recovery of leptin can in itself restore,
for instance, ovulatory menstrual cycles and improve levels of
reproductive and thyroid hormones as well as bone markers in
amenorrhea (Rosenbaum et al., 2002; Kelesidis et al., 2010).

Weight reduction in obese or overweight individuals typically
decreases T3 while T4 and TSH usually remain unaltered
(Fothergill et al., 2016). We now showed that also in normal
weight to thin individuals, weight loss from mainly fat stores
decreases only T3 and not T4 and TSH. This is also supported by
data from individuals with anorexia nervosa who have lowered
serum leptin and T3, together with low fat mass (Tolle et al.,
2003). These hormones are usually at least partially recovered
toward the values of normal-weight individuals after weight gain
(Tolle et al., 2003). Individual T3 levels were also compared to
the reference values. For T3, in dieters, 5/27 were below the
reference values (2.6–6 pmol/L) at pre, 20/27 after the diet and
13/27 at recovery while in controls the number of participants
was 5/23, 8/23, and 7/23, respectively (Figure 3). Statistically
significantly lowered T3 at the post time-point suggests that 3–4
months of recovery may not be enough in some individuals after
heavy energy deficit. These females should probably continue
the recovery period of increased energy intake before dieting
again for the competition to avoid longer term changes in
their hormonal balance. This is because in addition to possible
health risks, decreased T3 can lead to decreased metabolic rate
(Kim, 2008). The decrease and only a partial recovery of T3

was accompanied by the decreased heart rate and systolic blood
pressure. Similarly as T3, heart rate also remained decreased after
the recovery period. Together with decreased fat mass, decreased
blood pressure and heart rate are typical responses after a diet,
even for normotensive and non-overweight individuals (Keys
et al., 1950; Awazu et al., 2000; Rossow et al., 2013) showing that
the autonomic nervous system also adapts to an energy deficit as
expected and, thus, may not be a health risk at these levels of heart
rate of ≥49 bpm in all females. However, when the heart rate is
more substantially decreased and long lasting such as in anorectic
individuals without supervised and controlled refeeding, this can
lead to a long QT in ECG and an increased risk for arrhytmia
(Sachs et al., 2016).

Anorectic females have very low serum estradiol (Tolle et al.,
2003) and testosterone (Miller et al., 2007). Not surprisingly, in
the present study, serum sex-hormones estradiol and testosterone
both decreased during the diet. In addition, estradiol, but not
testosterone, recovered at or close to baseline levels within 3–
4 months of recovery. This suggests that recovery of serum
testosterone in females takes longer time and/or larger energy
intake and/or fat mass when compared to estradiol. It is
unknown whether the levels observed in the present study are
physiologically meaningful as the mean values are within normal
values of serum testosterone in most of the participants (Haring
et al., 2012) and the measured loss of muscle size was very small.
However, higher serum testosterone levels in females have been
associated with larger lean mass to fat mass ratio (Rickenlund
et al., 2003) and occasionally correlation between gains in muscle
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TABLE 5 | Blood pressure and hemoglobin/hematocrit of the subjects.

Pre Mid Post 1Mid-Pre 1Post-Mid 1Post-Pre Group × time (p)

SYSTOLIC BLOOD PRESSURE (mmHg)

Diet 118.3 ± 9.3 111.1 ± 7.6 113.9 ± 7.2 −5.9 ± 5.9%*** 2.6 ± 5.3%* −3.5 ± 5.4%** < 0.001

Cont 119.3 ± 6.3 121.7 ± 7.7 119.2 ± 11.0 2.0 ± 2.1%***### −2.1 ± 7.3%# −0.1 ± 7.5%#

DIASTOLIC BLOOD PRESSURE (mmHg)

Diet 67.4 ± 8.0 64.1 ± 6.4 65.3 ± 6.4 −4.0 ± 10.2% 2.1 ± 8.3% −2.5 ± 8.1% 0.177

Cont 69.1 ± 7.1 70.1 ± 13.3 67.7 ± 7.4 1.7 ± 18.1% −1.0 ± 16.1% −1.9 ± 5.6%

HEART RATE (bpm)

Diet 68.9 ± 12.1 62.4 ± 9.0 64.6 ± 10.1 −8.4 ± 10.6%*** 4.0 ± 11.5% −5.5 ± 8.9%** 0.007

Cont 69.6 ± 8.5 70.1 ± 13.3 68.8 ± 9.8 0.2 ± 10.5%# −0.4 ± 12.3% −1.1 ± 8.1%

HEMOGLOBIN (g/L)

Diet 138.8 ± 8.1 134.7 ± 7.8 137.7 ± 7.7 −2.9 ± 4.1%** 2.4 ± 4.3%* −0.7 ± 3.4% 0.017

Cont 135.5 ± 6.1 135.3 ± 5.7 134.9 ± 7.2 0.0 ± 3.6% −0.3 ± 3.6% −0.4 ± 4.0%

HEMATOCRIT (%)

Diet 40.8 ± 2.3 39.8 ± 2.4 40.8 ± 2.2 −2.3 ± 4.4% 2.6 ± 4.4% 0.2 ± 3.6 0.076

Cont 40.3 ± 1.5 40.0 ± 1.6 40.1 ± 1.8 −0.6 ± 3.0% 0.1 ± 3.5% −0.5 ± 3.8%

1 are %-changes. *–*** is significant (p < 0.05–< 0.001) difference to Pre and #–### is significant (p < 0.05–< 0.001) difference between the groups in the change. Group × time =

ANOVA interaction effect p-value. n = 27 diet and 23 control participants for all the result.

cross-sectional area and/or strength during resistance training
have also been observed (Häkkinen et al., 1992). Interestingly,
a slightly decreased bone mass by DXA was observed in diet,
increasing back to baseline after the recovery period. The result
may be due to the direct effects of decreased body and muscle
mass on mechanical forces (Goodman et al., 2015), decreased
energy availability (Ihle and Loucks, 2004) and/or lowered
estradiol and testosterone that are both anabolic to bone based
on some (Davis et al., 1995), but not all studies (Muñoz et al.,
2002).

Some studies have suggested that for optimal health,
minimum body fat for females would be within the range of
12–14% (Meyer et al., 2013), but this depends on the individual
and the body composition assessment method. BMI decreased
from 23.5 ± 1.8 to 20.6 ± 1.4 recovering to 22.9 ± 2.0 while
the lowest BMI’s after the diet were 18.7–19.0 in four females.
On the other hand, 6/27 females had <10% body fat after the
diet in both DXA and in bioimpedance. In many sports such
as in distance running, figure skating and gymnastics fat % in
females can be as low as 10–15% and in some females even below
10% almost year round (Wilmore et al., 1977). Instead, in fitness-
competitors, fat percentage is usually kept at low levels only for
a rather short period of time. Indeed, none of the participants
had <10% levels after the recovery period, while levels of 15–
20% were frequent. This may, in theory, offer a health protection.
Weight cycling, i.e., repeated cycles of weight loss and regain that
are observed in those who frequently compete and thus diet may,
however, predispose to some health risks such as obesity in some
groups of people (Saarni et al., 2006), although the total weight of
evidence is very weak (Mehta et al., 2014). Nevertheless, females
need a higher fat percentage than males because of the endocrine
function that is necessary for ovulation and maintenance of
bone mass. Indeed, in the present study, more dieting females
reported changes in their menstrual function during their diet

than controls in their control period. The values reported are
not unexpected as menstrual dysfunction is very common among
many thin female athletes (Melin et al., 2015). These results
are probably related, in part, to changes in fat mass around
visceral and genital areas. In the present study the estimation
of visceral fat measured as an android region mass by DXA
showed a substantial ∼68% decrease followed by an increase
back to the pre-values after the recovery period. A recent meta-
analysis suggests that in negative energy balance, both exercise
and diet reduce fat mass, but exercise may be more important
to reduce visceral adipose tissue (Verheggen et al., 2016). The
decrease in fat in these areas combined with energy deficit can,
in theory, signal the hypothalamus-pituitary axis to decrease
secretion of hormones relating to ovulation such as estradiol
and eventually, to transiently stop ovulation and menstrual
bleeding.

Even though muscle strength is not essential for fitness
competition performance per se, it may be, in theory, important
to maintain muscle strength for the purposes of resistance
training adaptations. In the present study, the participants
maintained their maximal isometric muscle strength and
explosive strength of leg extensors during the diet. This
can be explained, in part by maintenance of muscle size
in the important knee extensor muscles investigated and by
frequent heavy intensity resistance training that was maintained
throughout the study, which can sustain or improve voluntary
activation of muscles even in strength trained female athletes
(Häkkinen and Kallinen, 1994). However, a measure of upper-
body strength, isometric bench press, decreased during diet
when compared to controls suggesting that during the diet
especially the upper-body strength may be difficult to maintain
due to energy/carbohydrate deficit with a typical training
program of fitness athletes. This was observed even though
the thickness of triceps brachii muscle, which is one of the
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main muscles responsible for the bench press strength, remained
unaltered during the diet. Previously, Bamman et al. (1993)
noticed a decrease in isometric strength after a bodybuilding
diet in males while Rossow et al. (2013) reported decreased
absolute, but not relative levels of muscle strength and Robinson
et al. (2015) reported no changes in most of the isokinetic
measures of maximal strength in a male bodybuilder after
the diet.

Mentally, maintaining rather a large energy deficit can be
hard, possibly especially for those who are dieting toward very
low body fat levels as observed previously in bodybuilders on
a competition diet (Newton et al., 1993). Perhaps surprisingly,
the present fitness-diet did not markedly affect the mood
state of the participants. Supporting the mood results, serum
cortisol did not increase following the diet. This was also a bit
surprising considering that in stressful situations such as energy
restriction and monitoring calories, serum cortisol level often
increase (Tomiyama et al., 2010). However, a slight decrease
in the vigor of the participants (P = 0.066) was observed in
the middle of the diet when compared to the changes in the
control group participants. This suggest that some individuals
on the diet may have felt less active, lively, and/or energetic
when compared to their baseline levels than individuals in the
control group. This supports the earlier case-study with male
drug-free bodybuilder (Rossow et al., 2013). The reason why
the results were not very consistent may be explained, in part,
by the fact that the participants were voluntarily taking part in
the diet, which makes the situation different compared to a full
randomized trial without a clear “reward” (competition) at the
end.

The present study had several strengths. The n-size of the
study was rather large and a control group was included, which
is quite rare in energy deficit—refeeding studies. In addition,
the comprehensive analysis of body composition with direct
measures of muscle and fat size can be regarded as a strength. On
the other hand, the study was limited in the experimental design
that it was not randomized. However, we think that a similar
background of the groups enables us to compare the changes
in the diet group to almost an identical group of the controls
not changing their nutrition or exercise during the experimental
period. The physiology and body composition measurements
were taken after a competition and not a week before the
“peak” week. This is, however, in our view also an advantage
as mentioned above at least regarding the body composition
measurements. Contraceptive medication use did not result in
exclusion from the study. In the present study the majority
(19) of the competitors reported using estrogen-containing
contraception and five not. While we acknowledge that in
addition to the variation in the phase of the menstrual cycle,
also oral contraception use can have effects and thus add extra
variation on the measured variables. We analyzed the changes in
serum estradiol from pre to mid and from mid to post and those
remained significant in the estrogen containing contraception
users and in non-users (p < 0.05) similarly as shown with
all the subjects pooled (data not shown). Unfortunately the
n-size is too small to conduct a valid statistical analysis for

the menstrual irregularities, but our data tends to suggests that
those who do not use estrogen containing medication may
be slightly more vulnerable to menstrual irregularities during
the diet than those who use them. However, this question
needs to be addressed with studies using larger n-size in the
future.

In conclusion, a fitness diet in healthy young females
accomplished by restricting carbohydrate ingestion and
increasing aerobic exercise while maintaining high levels
of protein intake and resistance exercise can be carried out
without major decreases in lean mass/muscle size. Therefore,
the diet almost exclusively decreased body fat and altered serum
hormones, but most of those values recovered within 3–4months
with the increase in energy intake and decrease in high level of
aerobic exercise. However, in some females this time period may
not have been long enough for a full recovery (e.g., free T3 and
testosterone hormones). Future studies should investigate the
time-course of the changes during the diet and in the recovery
period and whether repeating heavy diets for many times has any
long-lasting negative effects.
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Space is an extreme environment for the human body, where during long-term missions

microgravity and high radiation levels represent major threats to crew health. Intriguingly,

space flight (SF) imposes on the body of highly selected, well-trained, and healthy

individuals (astronauts and cosmonauts) pathophysiological adaptive changes akin to

an accelerated aging process and to some diseases. Such effects, becoming manifest

over a time span of weeks (i.e., cardiovascular deconditioning) to months (i.e., loss

of bone density and muscle atrophy) of exposure to weightlessness, can be reduced

through proper countermeasures during SF and in due time are mostly reversible

after landing. Based on these considerations, it is increasingly accepted that SF might

provide a mechanistic insight into certain pathophysiological processes, a concept of

interest to pre-nosological medicine. In this article, we will review the main stress factors

encountered in space and their impact on the human body and will also discuss the

possible lessons learned with space exploration in reference to human health on Earth.

In fact, this is a productive, cross-fertilized, endeavor in which studies performed on

Earth yield countermeasures for protection of space crew health, and space research is

translated into health measures for Earth-bound population.

Keywords:microgravity, space radiation, endothelium, stress response, aging, pre-nosologicalmedicine, bed rest,

visual acuity

Abbreviations: ARED, Advanced Resistive Exercise Device; ADH, antidiuretic hormone; ANS, autonomic nervous systems;

BP, blood pressure; bALP, bone alkaline phosphatase; BMD, bone mineral density; BBI, Bowman-Birk Inhibitor; BBIC,

Bowman-Birk Inhibitor Concentrate; CTX, c-terminal telopeptide; CO, cardiac output; CEC, circulating ECs; EMG,

electromyography; ECs, endothelial cells; eNOS, endothelial NOSl; FVC, forced vitality capacity; FRC, functional reserve

capacity; GCR, galactic cosmic radiations; GCSF, granulocyte colony stimulating factor; HDBR, head-down tilt BR; HR,

heart rate; HZE, high atomic number and energy nuclei; HMEC-1, human microvascular EC; iNOS, inducible nitric oxide

synthase; iRED, Interim Resistive Exercise Device; IL, interleukin; ISS, International Space Station; IVD, intervertebral disc;

IOP, intraocular pressure; SeM, L-Selenomethionine; LVETi, left ventricular ejection time index; LF, light flashes; LBNP,
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Vascular Endothelial Growth Factor; VC, vital capacity.
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INTRODUCTION

Physiology under extreme conditions uncovers reactions of the
human body that may advance our understanding of limits for a
healthy organism and may also shed light on premonitory signs
of disease. Spaceflight (SF) physiology is no exception. During the
last 50 years ofmanned space exploration studies have shown that
humans can adapt to space and can remain productive for up to
1 year and possibly longer.

Many of the basic problems of space medicine—hypoxia,
dysbarism, thermal support, acceleration, and response to great
altitudes—have been studied by aviation and diving medicine
long before the first human SF. In fact, flight, diving, and
space traveling all involve pressure changes, forced changes in
body position, controlled breathing sources, and dependence on
life support equipment (Barratt, 2008). However, space flight
poses unique medical problems due to prolonged exposure to
a combination of stressful stimuli, such as acceleration forces,
radiation, and weightlessness. In particular, the latter condition is
a critical feature of SF and has effects on human physiology which
were quite unexpected at the beginning of space exploration.

To appreciate the uniqueness of SF conditions, one should
consider that a static gravitational field of 9.81 m/s2 and a
protective atmosphere are major factors that have made Earth
amenable to life. The gravity force, always present with a fixed
direction, has influenced the development of all organisms since
the dawn of life (Anken and Rahmann, 2002). It was a major
contributor to biological adaptations from water to land, by
forcing ancestral organisms to develop complex systems for

stability, fluid regulation, gravity sensing, and locomotion. In
fact, every single cell may sense changes in gravity and convert
mechanical stimuli into biochemical signals (Ingber, 1997). In
Low Earth Orbit (LEO), astronauts are still exposed to about
90% of ground level gravity force. However, the spacecraft
speed counterbalances the gravitational force and consequently
astronauts are in a free-falling state resulting in an apparent
weightlessness. In space, many physical and biological changes
occur that highligth the importance of gravity in the evolutionary
course, while coincidentally revealing unexpected links between
microgravity, disease onset and aging. In fact, the adaptive
response to microgravity by a healthy human has many features
in commonwith aging, as both induce the decline of almost every
body system.

In the 1970s, with three sequential Skylab missions of
increasing duration (28, 56, and 84 days), each with three
astronauts, enough data were collected to establish the
foundation of space physiology (Dietlein, 1977; Buckey,
2006). From these preliminary results showing negative
calcium balance with bone density loss, muscle atrophy,
cardiovascular and hematic changes, metabolic, endocrine, and
sleep disturbances, space physicians concluded that astronauts
undergo rapid senescence in space. Their symptoms, in fact, were
similar to those of the elderly (Vernikos and Schneider, 2010).
However, this conclusion lost credit as soon as it was realized
that astronauts could recover after returning to Earth. Systematic
rehabilitation data are not always available and procedures are
not standard, but the fact that anomalies subside in due time

points to a significant difference from the normal aging process.
Nevertheless, this coincidence of symptoms and the possibility
that a longer stationing in space may have greater impact keeps
the issue of accelerated aging at the fore front (Michel et al.,
2007).

An additional issue is the possible impact of radiation
exposure during SF. Outside the natural shield of the atmosphere
and the Earth geomagnetic field, astronauts are exposed to heavy
ions and proton fluxes, far higher than those experienced at
most locations on Earth. Despite the limited number of crew
members available for an analysis of space radiation effects, it
is assumed that the perception of light flashes being reported by
these individuals in a dark environment results from the action
of heavy ions on the retina. Other long-term ocular damage
may result from altered body fluid distribution in microgravity.
The latter is of particular interest as it may provide insights
on a possible combined impact of radiation exposure and
microgravity.

WEIGHTLESSNESS AND FLUID

REDISTRIBUTION AS STRESS FACTORS

IN SPACE

Effects on the Cardiovascular System
The cardiovascular system holds the capacity to adapt to vastly
different environmental and metabolic conditions. Physiological
adaptation to postural changes relies on multiple, coordinated
mechanisms such as the Starling-type and those operated by
the endocrine and autonomic nervous systems (ANS). Gravity
is a crucial factor in fluid distribution and has played an
enormous role in shaping the evolution of the cardiovascular
system. In upright posture, gravity determines a pattern of
fluid distribution with higher arterial pressure in the feet
(200 mmHg) and lower pressure in the head (70 mmHg)
relative to the heart (100 mmHg). In space, this gradient
is lost. Blood redistribution toward the head causes altered
responses of baroreceptor, nervous and endocrine systems
(Katkov and Chestukhin, 1980). As a result, within few minutes
of microgravity exposure, astronauts suffer from a syndrome,
known as “space motion sickness,” which includes anorexia,
vomiting, nausea, headache and malaise, gradually solved over
48–72 h. Dramatic physiological rearrangements due to head-
ward body fluid shift occur under chronic microgravity exposure,
from weeks to month, as well. However, the cause-effect
relationship between fluid redistribution and space motion
sickness remains not completely understood. An increase
in cerebral spinal fluid and intracranial pressure has been
theorized, but never demonstrated (Simanonok and Charles,
1994). Parasympathetic overstimulation, triggered by abnormal
vestibular activity in microgravity, may play a crucial role,
causing vomit, nausea, and baroreceptor desensitization. The
interplay between vestibular and parasympathetic systems is
currently under investigation (Clément et al., 1992).

Cardiovascular (mal)adaptation to microgravity is also
responsible for acute orthostatic intolerance on returning to earth
gravity, which represents an important problem encountered by
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humans once they are adapted to microgravity: low vascular
resistance and hypoadrenergic responses, related to a dysfunction
of central integration of baroreflex afferent input as a result of
SF, are considered the putative pathophysiological mechanisms
of this phenomenon (Meck et al., 2004).

The best experimental setting for exploring acute and chronic
cardiovascular adaptation in microgravity is represented by
space missions. Nonetheless, precious experimental data and
countermeasures against microgravity-dependent physiological
adaptations have been collected from on-earth experiments.
These include, for example, prolonged bed rest protocols
and head-down tilt experiments for simulation of long-term
microgravity exposure and free-fall parabolic flights (Limper
et al., 2014), for acute simulation of microgravity.

Considering the complexity of the integrated neural and
endocrine regulatory mechanisms that control the cardiovascular
system, we will analyze the impact of SF on their operation in the
following paragraphs.

Reflex Mechanisms

Blood redistribution early during microgravity produces
engorgement of the central circulation, sensed by
mechanoreceptors which activate autonomic offloading and
volume regulating reflexes. As a result, there is a vasodilation and
pooling of blood in the viscera and tissues and initial renal fluid
and salt loss. Most adaptations occur within 6–10 h of SF.

Concerning heart rate (HR), values during SF have been
reported as higher, lower, or unchanged from preflight values.
Significantly, different authors have reported an evident fall in
HR, in both short- and long-term missions (Fritsch-Yelle et al.,
1996; Verheyden et al., 2009). Such reduction is consistent with a
rise in arterial pressure being sensed by neck baroreceptors due to
cephalic blood redistribution. A recent 14-day mission involving
three Chinese astronauts failed to show changes in mean HR,
but nevertheless HR excursions increased compared to pre-SF
measurements (Liu et al., 2015).

Similarly, conflicting data exist on mean arterial pressure
(MAP). Several authors have claimed that microgravity decreases
MAP (Fritsch-Yelle et al., 1994; Baevsky et al., 2007; Verheyden
et al., 2009), while others have reported the opposite, at least
during short-term SFs (Hughson et al., 2012). This discrepancy
is likely due to differences in the definition of the pre-flight
baseline as well as in a variety of countermeasures and study
protocols being adopted in-SF. Recently, thanks to a regular
exercise program, six male astronauts being stationed for 2–6
months in the International Space Station (ISS) could redress any
change in systolic and diastolic pressure, and presented normal
MAP (Hughson et al., 2012).

The baroreflex acts in a coordinated way on both heart and
blood vessels to control blood pressure (BP), with the effects
on the heart occurring in parallel to those on systemic vascular
resistance (SVR). Indeed, a decreased SVR may contribute to
the increase in CO reported during SF. However, data from a
long-term ISS mission showed a non-significant reduction in
SVR (although this was possibly due to the high variability in the
experimental group; Hughson et al., 2012). Shear blood stress in
vessel remodeling might help interpreting the impact of SF on

SVR, but the literature is rather elusive and contradictory on this
issue. For years experimental observations were based on animal
models exposed to simulated microgravity. The initial hypothesis
was that vascular smooth muscle cells would suffer from
deconditioning in space and undergo atrophy similar to that
observed in skeletal muscles, thus resulting in loss of tone and
hypotension (Trappe et al., 2009). However, several experiments
performed on Earth on the hindlimb-unloaded rat model
demonstrated that the outcome of vessel remodeling processes
changes according to the anatomic region involved. At 1 g, vessel
walls stressed by BP become hypertrophic, while low BP leads
to wall atrophy. Furthermore, the lumen increases in the carotid
and the basilar arteries, while becomes narrowed in the hindlimb
rat vessels, like the femoral and the anterior tibial arteries (Zhang,
2001). Some studies have reported reduced vasoconstriction in
hind limb and abdominal arteries (Ma et al., 1997; Zhang et al.,
2001), while others have reported basilar artery and common
carotid vasoconstriction (Purdy et al., 1998). In light of that, the
attendant effect on SVR may be small and variable. Therefore, it
is important to consider both vasoconstriction and vasodilation
responses to microgravity when evaluating any change
in SVR.

NO release may represent an additional factor impacting
on SVR. In fact, 20-day tail suspension resulted in the up-
regulation of inducible nitric oxide synthase (iNOS) in thoracic
aorta and heart, and in the over-expression of neuronal nitric
oxide synthase (nNOS) in the brain and kidney (Schrage et al.,
2000).

Recently, it was shown that mice exhibit an impaired
vasoconstrictive response of mesenteric arteries and veins to
norepinephrine (NE), KCl, and caffeine during SF, due to a
decreased response of the adrenergic receptors and a reduced
influx of Ca++. However, these results did not match with
any macroscopic structural change of the arteries (such as
lumen and wall thickness), nor did they show impairment in
passive mechanical properties (Taylor et al., 2013). Collectively,
these data indicate that both structural changes and molecular
adaptations to microgravity may suppress the vasoconstrictive
response to ANS, thus reducing SVR. Consequently, the
arterial pressure control may become impaired and this causes
orthostatic hypotension upon return on Earth.

Endocrine Mechanisms

Bearing in mind the key role of the kidney in BP regulation,
in space the upward redistribution of blood volume with the
concomitant decrease of a pressure gradient should reduce
kidney perfusion. In turn, a lower than normal pressure within
the renal artery should lead to a greater release of renin and,
ultimately, to a more marked activation of the renin-angiotensin-
aldosterone system (RAAS).

Still, kidney perfusion has been found normal in space, along
with increased plasma filtration, diuresis, and natriuresis (Leach
et al., 1975). One should note however that more recent studies
show amarked reduction of diuresis and natriuresis in space with
NE, RAAS, and antidiuretic hormone (ADH) increasing through
unknown mechanisms (Grigoriev et al., 1994; Drummer et al.,
2000; Christensen et al., 2001).
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A drastic weight-loss of the astronauts proved to be
unrelated to the increased diuresis and natriuresis (Christensen
et al., 2005). Imbalanced fluid distribution and atrophy of the
antigravitational muscles (e.g., postural muscles and lower limb
muscles) may facilitate fluid and albumin accumulation within
the muscle interstitial space. An increase of glomerular filtration
and by extension of diuresis and natriuresis, is ascribed to
reduced colloid osmotic pressure. Accordingly, long-term BP
adjustment in space may be mainly sympathetic-dependent,
since RAAS activation is not due to altered kidney perfusion
but rather to higher NE plasma concentration. In space, the
colloid osmotic pressure due to plasma proteins is the only factor
that prevents fluid extravasation. Moreover, microgravity reduces
interstitial fluid removal by the lymphatic system, since this
drainage depends on tissue deformation and local hydrostatic
pressure (Hargens et al., 2013). This situation leads to oedema
formation, particularly evident as a facial congestion (Parazynski
et al., 1991).

Recent work has investigated the actual role of barorereflex
and endocrine mechanisms in long-term microgravity exposure.
Data collected between May 2007 and December 2009, before,
during and after a 6-month mission to the ISS, showed no change
in the baroreflex response slope while adopting an accurate
countermeasure program (Hughson et al., 2012). Indeed, these
data (Hughson et al., 2012) differ from those collected in a 10-
day mission (Drummer et al., 2000) and confirm some previous
findings while disagreeing with other investigations (Eckberg
et al., 2010; Verheyden et al., 2010). From this evidence, it seems
possible that over an extended period othermechanisms, possibly
hormone release, may progressively displace the baroreflex in the
control of BP. However, the gradual adjustment of the human
body to weightlessness may involve other mechanisms besides
the baroreflex and endocrine systems that on Earth are the main
players in the operation of the cardiovascular system.

In summary, despite some contradictory results from different
groups employing diverse research protocols, a consensus
may be reached over the fact that the circulation of blood
becomes more efficient in microgravity. Specifically, a lower HR
supports the body’s energy and perfusion requirements and,
notwithstanding the higher stroke volume, the heart works less
since it does not operate against gravity. Although, microgravity
per-se does not seem to be a stress factor, the rapid adaptive
changes being triggered by fluid redistribution, while appropriate
for space, cause a significant deconditioning and orthostatic
hypotension upon return to Earth. These dynamic phenomena
occurring during SF provide the opportunity to investigate
pathophysiological mechanisms underlying deconditioning and
orthostatic hypotension, regardless of its etiology.

Effects on the Endothelium: A Molecular

View
The endothelium is a spatially diffuse organ, composed of a
single layer of cells (the endothelial cells, ECs) that covers
the inner surface of blood and lymphatic vessels (Fishman,
1982; Augustin et al., 1994). ECs function ensures vascular
integrity and homeostasis and regulates a variety of essential

physiological processes. Conversely, endothelial dysfunction is
involved in a variety of vascular pathologies (e.g., atherosclerosis,
hypertension, thrombosis) as well as in cardiovascular anomalies
frequently found in a sedentary and elderly population (Cines
et al., 1998). EC senescence is characterized by alterations in
adherens junctions and leads to increased vascular permeability.
This phenomenon mostly involves small blood vessels. Vascular
permeability is central to the progression of different diseases
linked to aging (Oakley and Tharakan, 2014), with pro-
inflammatory (e.g., Tumor Necrosis Factor alpha, TNF-α,
and TNF-Related Apoptosis-Inducing Ligand, TRAIL) and
patently inflammatory (e.g., histamine, thrombin, Vascular
Endothelial Growth Factor, VEGF) stimuli causing cytoskeleton
disorganization (Kumar et al., 2009; Sawant et al., 2011).

Significantly, head down tilt bed rest (HDBR) studies have
provided evidence of an increase in circulating ECs (CECs) in
case of diffuse tissue damage (Demiot et al., 2007). ECs are most
susceptible to variations in gravitational loading (Augustin et al.,
1994; Cines et al., 1998), as exemplified by studies in an animal
model (Xianyun et al., 1997) showing an increase in CECs in
response to simulated microgravity.

ECs isolated from vessels of different size and location in the
body are morphologically and functionally heterogeneous
(Monahan-Earley et al., 2013). Since ECs from the
microvasculature cover a surface 50 times larger than that
of all large vessels lumped together, the endothelium of small
blood vessels has a marked impact on systemic homeostasis. Its
importance is evident from the modulation of inflammation to
wound healing and tissue repair. A microvascular endothelial
dysfunction is likely to play a significant role in osteoporosis,
muscle atrophy and in the cardiovascular deconditioning being
reported by astronauts. The same sequence of events may also
occur in healthy volunteers during long-lasting HDBR (Demiot
et al., 2007; Coupé et al., 2009; Morrison et al., 2014).

Several studies have reported the response of ECs to either
simulated or real microgravity, although they mostly involve
models of macrovascular ECs, HUVEC or their derivative
EA.hy926 (Maier et al., 2015). Of note, several devices may
simulate microgravity on Earth (including 2D clinostat, random
positioning machine, RPM, rotating wall vessel, RWV, and
diamagnetic levitation; Herranz et al., 2013), but the resulting
gravity vector is averaged to near zero over time and is
not neutralized (Herranz et al., 2013). On the other hand,
microgravity can be obtained through sounding rockets, drop
towers, or parabolic aircraft flights, albeit over very short periods,
while aboard the ISS or other spacecraft samples are exposed to
real microgravity (Herranz et al., 2013) for a considerable amount
of time.

In simulated microgravity, HUVEC showed increased
migration and proliferation (Carlsson et al., 2003), along with
down-regulation of interleukin-1α (IL-1α), an antagonist of
endothelial proliferation, and up-regulation of heat shock
protein 70 (Hsp70). Conversely, up-regulation of apoptotic
signals (e.g., Bax, Fas-L) occurs in porcine aortic endothelial cells
(PAEC) cultured in RPM.

NO is an important effector for many signaling pathways
and a potent vasodilator responsible for vascular homeostasis.
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Increased NO synthesis following NOS up-regulation is a
common trait of EC adaptation to microgravity (see also
Reflex Mechanisms above). It might have a crucial role in the
endothelial response to microgravity since its level increases in
both microvascular ECs frommurine (1G11; Cotrupi et al., 2005)
and human (HMEC-1; Mariotti and Maier, 2008) source as well
as in macrovascular HUVEC (Shi et al., 2012) and EAhy926
(Siamwala et al., 2010) cells of human origin.

Responses to simulated microgravity suggest substantial
differences between microvascular and macrovascular ECs, but
the interpretation of findings is made difficult by intrinsic
variations in cell types and ground simulators among cell
biology studies in microgravity. Indeed, the same experimental
model may generate different responses when challenged in
diverse devices or by space microgravity. Although not evident
morphologically, these differences emerge at the molecular level
(Grimm et al., 2002; Pietsch et al., 2013; Ma et al., 2014; Warnke
et al., 2014).

In Summer 2015, we dispatched samples of human
microvascular ECs HMEC-1 (a reductionist representation
of human dermal microvascular endothelium) to the ISS
(Balsamo et al., 2014). Still in progress, integrated analyses
of their transcriptome, methylome, and morphology in real
microgravity should shed light on the adaptive response to the
space environment and, possibly, should also uncover differences
with ECs of macrovascular origin.

A new type of EC, type H, mediates neo-angiogenesis, and
osteogenesis in bone (Kusumbe et al., 2014). The decline of
type H cells and the concomitant reduction of osteoprogenitor
cells could offer a convincing explanation for the loss of bone
mass during aging. If so, the activation of specific molecular
pathways promoting type H vessel formation may pave the way
to therapeutic osteogenesis. In this light, it would be of interest
to characterize the response to microgravity by type H ECs and
by extension to evaluate their possible role in the response of the
human body to SF.

In sum, it is clear that gravity has shaped the physiological
properties of different components of the cardiovascular system.
However, the impact of SF on blood vessel functions and specific
properties is far from being explained by the response of cells and
tissues to just microgravity alone.

The Eye, Microgravity, and Vision
The eye is a small organ whose function relies on the
coordinated operation of its optical, vascular, epithelial, and
neural components. In space, the fluid redistribution caused
by microgravity affects the blood supply to the eye with an
impact that depends on specific facets of its vascularization. The
evolution of initial fluid redistribution into long-lasting effects on
eye anatomy and function depends on SF duration (Mader et al.,
2011). Blood supply to the retina and the posterior pole of the eye
is via the ciliary arteries and the central retinal artery branches
of the ophthalmic artery, a branch of the internal carotid artery,
although variations are frequent (Hayreh, 2006). The retina has
an oxygen consumption rate per unit weight higher than the
brain (Ye et al., 2010), consistent with the high metabolic rate of
photoreceptors (Demontis et al., 1995, 1997). To support retinal

oxidative metabolism (Wang et al., 2010), the choriocapillaris
of the choroidal vascular bed have evolved as a system with
large fenestrated capillaries (i.e., high flux and permeability) and
low oxygen extraction (Linsenmeier and Padnick-Silver, 2000).
Furthermore, the choroidal circulation may absorb the heat
generated by the focusing of the infrared component of light on
the posterior pole of the eye (Parver et al., 1980), a role of high
relevance in the foveal region (Parver, 1991). Similarly, blood
supply to the eye supports the secretion of the aqueous humor
by the ciliary epithelium, thus generating an intraocular pressure
(IOP) to set eye tonicity. This process likewise satisfies the
metabolic needs of eye tissues lacking a vascular bed, such as the
lens and the cornea. In turn, IOP affects the perfusion pressure
(PP) of the choroidal circulation that depends on the difference
between blood pressure in the ophthalmic artery and IOP. In
humans, the occurrence of autoregulatory mechanisms (Riva
et al., 1981, 1997a,b) prevents increases in IOP from translating
into corresponding changes in choroidal blood flow, despite their
influence on PP. PP regulations are also apparent in response to
HDBR protocols, with a persistent increase in ophthalmic arterial
pressure, IOP and PP in response to transient changes in the size
of retinal arterioles and venules (Baer and Hill, 1990). Optical
coherence tomography (OCT), paired with angiography using
near infrared fluorescent probes poorly absorbed by pigment
epithelium such as indocyanine green, has significantly enhanced
the functional evaluation of the choroidal circulation, otherwise
not accessible using visible light (recently reviewed; Ferrara et al.,
2015). Similar to retinal vessels, HDBR tilting increased choroidal
thickness and IOP in proportion to the tilt angle, as assessed by
OCT and indocyanine green angiography, while retinal thickness
was largely unaffected (Shinojima et al., 2012). These results
indicate that an upward shift in blood distribution may quickly
affect eye vasculature.

Blood redistribution toward the head induced bymicrogravity
is expected to affect eye vasculature by reducing arterial blood
supply and slowing venous flow from the eye. It is important
to remind that venous blood return from the head, neck and
upper trunk is typically assisted by gravity, as it occurs via
veins that lack both valves and muscular contraction, as opposed
to the lower half of the body, where this mechanism provides
the propulsive force that opposes gravity. In microgravity, a
reduced blood flow return from head and neck to the heart is
expected to raise the venous pressure and increase filtration at
the capillaries causing, in turn, an increase in both intracranial
pressure and IOP, consistent with face swelling mentioned above
(see Endocrine Mechanisms).

Several papers report the effects of microgravity on eye
function. Short exposures to microgravity during parabolic
flights (20 s-long) were found associated with a significant
increase (58%) in IOP and a non-significant decrease (4%) of
retinal arteries size, indicating that the effects of microgravity on
IOP take place on a short time-scale (Mader et al., 1993). An
important issue is whether these rapid changes in the eye vascular
bed affect its function.

Exposure to microgravity on a time scale of a few days, such
as during shuttle flights, was associated with reduced near sight
in about 23% of astronauts (Mader et al., 2011). Furthermore,
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48% of astronauts returning from ISS long-duration SFs reported
near sight vision reduction (Mader et al., 2011). Detailed
investigations in astronauts that reported visual problems upon
returning from 6 month-long SFs indicate the occurrence of
ocular damage. A hyperopic shift was found in 6/7 astronauts,
with posterior eye pole flattening and choroidal folding in 5/7
(Mader et al., 2011).

MRI investigations of orbital and intracranial effects of
microgravity were carried out in 27 astronauts at a variable
time after their return from space, while pre-SF control data
were not available (Kramer et al., 2012). However, in 8 of
them, the analysis included measurements carried out between
two consecutive SFs and in 7/27 (26%) globe flattening was
present. This study also documented swollen and bent optic
nerve sheath in 26/27 (96%) astronauts. Importantly, evidence
of optic nerve protrusion in 4/27 (15%) and pituitary dome
concavity in 3/27 (11%) astronauts support the hypothesis of an
increase in intracranial pressure (Kramer et al., 2012).

Overall, these findings recall those found in patients
affected by idiopathic intracranial hypertension (Jacobson,
1995). Specifically, the elevation of fluid pressure within
the skull may lead to an increased volume of choroidal
vessels, shifting the fovea along the anterior-posterior axis
with ensuing shortsightedness, but this hypothesis awaits
confirmation (Nelson et al., 2014). Swelling of choroidal vessels
may also damage the papilla, the site of optic nerve emergence
from the eye. However, despite the expected increase in
intracranial pressure in all the flying astronauts (those exposed
to microgravity, as opposed to those that trained but did not
travel to space), globe flattening was found in at least one eye
in only 7/27 astronauts. Moreover, changes in visual acuity
were reported to occur after 3 weeks up to 3 months in
microgravity (Mader et al., 2011), well beyond the initial increase
in cranial pressure from blood redistribution (Tatebayashi et al.,
2002), making problematic a straightforward link between
the immediate increase in cranial pressure and late visual
impairments. Furthermore, the persistence of these anatomical
changes and visual problems several months after return to
Earth, i.e., after removing the initial increase in intracranial
pressure, suggests that the structural damage possibly results
from additional events triggered by intracranial hypertension
during long-term exposure to microgravity (Taibbi et al., 2013),
rather than by hypertension per-se.

The finding that visual problems associated with prolonged
exposure to space are present only in a fraction of astronauts
suggests that genotype also plays a role in the frequency with
which persistent functional and anatomical damage in response
to microgravity may appear. Interestingly, those astronauts that
developed eye and vision problems (Zwart et al., 2012) had
reduced folate and increased homocysteine levels, despite similar
nutrition before, during and after SFs. Genetic polymorphisms
in methylene-tetrahydrofolate-reductase (MTHFR), the gene
coding for a key step in folate synthesis, are frequent
and associated with reduced enzymatic activity. Therefore,
differences in folate levels based on genetic backgrounds may
account for part of the variability in the propensity of astronauts
to develop eye problems in microgravity. However, despite this

clear association, we lack a mechanistic link between folate deficit
and the probability of developing eye problems in microgravity.

Effects on the Musculoskeletal System
Prolonged exposure to microgravity affects the musculoskeletal
system, with the loss of bone and muscle mass attributed
to both reduced use and perfusion changes (Hargens et al.,
2013). Skylab missions showed an increase in bone resorption
markers (n-terminal telopeptide, NTX, and hydroxyproline) and
a significant reduction in Ca++ balance. Bone mineral loss was
higher in sites supporting the body weight in normal gravity,
like lumbar spine, femoral neck, and trochanter, pelvis, calcaneus,
and leg, whereas arm bones were not affected (LeBlanc et al.,
2007).

Soyuz and Mir missions confirmed the Skylab results, adding
novel insights into bone marker change in cosmonauts. Levels
of osteocalcin, a structural protein of the bone, slightly but
significantly increased in blood samples collected at day 14 in
space, but significantly decreased after 110 days in space (LeBlanc
et al., 2000). Osteocalcin drastically increased upon return to
Earth. Data from long-lasting American and Russian missions
(n = 60, between 4 and 6.5 months) demonstrated that 92% of
crewmembers suffered 5% loss of bone mineral density (BMD)
in at least one skeletal site (LeBlanc et al., 2000). For the sake of
comparison, the rate of BMD loss occurring during a 6-month
stay on ISS is similar on average to that occurring between the
5th and 6th decade of life on Earth.

Osteoclast activity increases andmajor bone resorption occurs
in 14-day long, −6◦ HDBR studies, with control subjects
showing increased level of resorption markers in blood and
urine compared with subjects undergoing vibration training as
countermeasure. The analyzed markers included urine levels of
c-terminal telopeptide (CTX) and NTX, in addition to blood
levels of bone alkaline phosphatase (bALP) and Procollagen type
I N-terminal propeptide (PINP; Smith et al., 2005).

In reference to bone metabolism, the levels of vitamin D,
bALP, osteocalcin, calcitonin, parathyroid hormone (PTH), and
Ca++ have been investigated. Results from the Mir18 mission
showed a significant decrease in 1,25(OH)2-vitamin D and its
precursor 25(OH)-vitamin D. Calcitonin levels were not affected
either in space or back on Earth. The observation that PTH
values rapidly increase upon return to Earth (Smith et al., 1999)
indicates detrimental mass bone restoration, as PTH promotes
bone resorption and elevates blood Ca++ levels by activating
osteoclasts. However, PTH acts on kidneys too, to increase Ca++

and decrease PO3−
4 reabsorption (Lee et al., 2009), suggesting that

bone loss in microgravity may be due mainly to impaired kidney
function and vitamin D production, rather than to a significant
calcitonin and PTH imbalance. Therefore, reduced vitamin D
level may decrease Ca++ fixation in bones and reabsorption in
kidneys, causing increased Ca++ excretion despite normal levels
of calcitonin and PTH (Smith et al., 1999). Vitamin D level
increases later on, upon a prolonged re-exposure to gravity, to
promote net bone fixation.

Perfusion remodeling during SF may affect bone mass,
and unbalance the ratio between osteoblastic and osteoclastic
activity. Data on perfusion-dependent effects on muscle mass
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are only available from tail-suspended mice (a simulation of
weightlessness). Tail suspension was performed for 10 min, 7
days, and 28 days. Femoral and tibial perfusion were reduced
with 10 min of treatment, and blood flow to the femoral shaft
and marrow were further diminished with 28 days of treatment.
Correspondingly, the mass of femora and tibiae was lowered
with 28 days of tail suspension. In this condition, the femur was
hypoperfused both in acute and chronic simulated microgravity,
while the tibia showed a perfusion increase at the distal bone
region only, at least in acute treatment. However, the authors
(Colleran et al., 2000) may not have considered that tibia fuses
with fibula in mouse (Moss, 1977) and the vascular anastomosis
of tibial and fibular arteries provides blood supply to the tibia.
Interestingly, it was shown that blood flow to the skull, mandible,
and humerus increases only acutely (i.e., upon acute perfusion).
It is possible that in chronic conditions aortic pressure increases,
due to the blood shift from the hindlimbs to the forelimbs and
head, and adjusts within a longer period by vasoconstriction of
the most perfused arteries (Colleran et al., 2000).

There is high variability in results regarding extension and
grade of muscle atrophy, which may ensue from different
durations of muscle unloading but also relate to pre-flight muscle
size in a non-linear way (Belavý et al., 2009). For instance,
when comparing the plantar flexors with the knee extensors,
atrophy was more pronounced in the former, possibly because
during locomotion on Earth a higher load stresses the plantar
flexors than the knee extensors. Consequently, unloading in space
causes more damage in plantar flexors than in the extensors.
The damage does not derive from fiber loss, but rather from a
reduction in their size and protein synthesis.

Exactly what type of muscle fiber suffers the most damage
from exposure tomicrogravity is still unclear, due to controversial
results from human and mouse models (Belavý et al., 2009). Even
though type I fibers seem to be the most affected in both species,
the underlying mechanism may be different. In humans exposed
to 5-week HDBR, protein anabolism was severely affected, as
shown by the decreased synthesis of myofibrillar proteins and
collagen along with an unchanged catabolism, unlike the mouse
model that showed considerable protein breakdown (de Boer
et al., 2008).

To explore the mechanism underlying the loss of anti-
gravitational muscle mass in response to prolonged disuse in
humans, the fascicle length and pennation angle were analyzed
in the gastrocnemius and in the vastus lateralis at the end of
5 weeks of horizontal BR. In both muscles, the reduction of
the pennation angle was quite remarkable, and mirrored the
loss of sarcomeres, both in parallel and in series. Interestingly,
these parameters were not affected in biceps brachii, an upper
limb muscle (de Boer et al., 2008). At the functional level,
data on neuromuscular activity registered by electromyography
(EMG) to investigate the plantar flexor activity showed a 35–40%
reduction after 90–180 days in space (Lambertz et al., 2001). Of
note, these data differ from those showing an increased EMG
activity in the tibialis anterior and soleus, without changes in the
gastrocnemius medialis (Edgerton et al., 2001).

High individual heterogeneity might partially account for
such differences. The muscular parameters of cosmonauts

were studied focusing on their maximal voluntary contraction
(MVC), maximal shortening velocity index (VImax) and
musculotendinous stiffness index (SIMT), collecting data pre-
and post-SF. Despite a significant decrease in MVC and an
increase in VImax and SIMT, the number of observations was
small and there was high inter-individual variability (Edgerton
et al., 2001).

In conclusion, it is not surprising that a varying degree
of muscle loss results from different duration of microgravity
exposure. These considerations may have a major impact
on rehabilitation after injuries, especially in aging subjects,
highlighting the need to focus on those muscle groups more
prone to mass loss in response to unloading.

Effects on the Respiratory System
Microgravity-induced respiratory modifications have been
studied for decades, focusing on several parameters that
characterize respiration and ventilation (Baranov et al., 1992;
Prisk, 2000; Prisk et al., 2006). Different studies are difficult to
compare due to environmental bias (for example, during the
Skylab missions in the 1970s, data were collected from astronauts
exposed to the hypobaric and hyperoxic environment; Sawin
et al., 1976) and to the variability of experimental protocols
(which included pre-, in- and post-SF measurements; Baranov
et al., 1992). Furthermore, indirect experimental procedures were
used to estimated gas exchange and the ventilation-perfusion
ratio.

Studies from Spacelab missions 1 and 2 on lung ventilation
and perfusion showed that microgravity causes a slight increase
in respiratory frequency and a reduced physiological dead space
thanks to homogenous blood redistribution in lung vessels. Data
from the same missions described a reduction in tidal volume
(Donnelly et al., 2010), which was confirmed by other studies
(Prisk et al., 2006). Data collected from a 6-month stay on ISS
(where the environment is normoxic), failed to show significant
modifications in gas exchange in space. However, there was a
significant reduction in O2 consumption and CO2 production at
2 and 4 months (Prisk et al., 2006). The reason why this happens
remains unknown (Prisk, 2014). A possible explanation needs
to consider multiple concomitant factors. First, the reduction of
muscle work due to reduced gravitational loading. Second, the
difference in perfusion and ventilation between upper and lower
lung regions, which decreases and may require less frequent and
deep ventilation by the respiratory muscles. Altogether, these
effects are expected to reduce the metabolic rate.

Changes in thorax wall and respiratory mechanics are among
the first aspects to address when considering respiration in space.
In microgravity, the contribution of the abdomen to the tidal
volume increases, while rib cage expansion is reduced (Wantier
et al., 1998). Studies in the 1990s suggested that microgravity
decreased vital capacity (VC; Venturoli et al., 1998), forced
vitality capacity (FVC), and peak inspiratory and expiratory flows
(Baranov et al., 1992). The authors proposed that microgravity
could weaken respiratory muscles, compromising the respiratory
function. However, more recent data questioned these concepts:
apart from a significant early increase during the mission’s first
2 months, VC and FVC at 4 and 6 months were not statistically
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different from pre-SF values (Prisk et al., 2006). Peak inspiratory
and expiratory flows showed the same trends. Prisk et al. showed
a significant reduction in maximum inspiratory pressure (MIP)
at functional reserve capacity (FRC) and residual volume (RV)
during the entire mission (Prisk, 2000). Maximum expiratory
pressure (MEP) at total lung volume was significantly reduced
at 2 and 4 months but showed a trend toward full recovery
at 6 months. MEP at FRC was not affected. Notably, the same
authors reported a significant reduction in tidal volume between
in-SF respiration and steady respiration on-Earth (Prisk, 2000).
As alreadymentioned, this may be due to different lung perfusion
in space: since blood redistributes upward, lung vessels should
receive more blood, resulting in more efficient gas exchange
and therefore lead to a lower excursion between inspiration and
expiration at rest.

Remarkably, FRC in space reduces significantly to around
500 ml (Elliott et al., 1994). This reduction is explained directly
by microgravity: since FRC is a direct measure of the balance
between lung collapse and the outward expansion of the thoracic
chamber, in space the contribution of the abdominal content
weight to thorax expansion becomes negligible, therefore FRC
falls (Prisk, 2014). RV measured after forced expiration decreases
significantly in space. In fact, on Earth alveoli at the bottom of the
lungs deflate more easily than the alveoli at the top, causing the
retention of a larger amount of air in the upper lung regions. In
space, this does no longer occur and therefore RV is lower than
on Earth (Elliott et al., 1994).

These results suggest that the respiratory system undergoes
significant adaptation after prolonged exposure to blood
redistribution in microgravity. These changes develop over
several weeks, possibly indicating that adaptation occurs through
anatomical rather than functional changes, a finding relevant
to the impact of prolonged bed rest on elderly subjects or
chronically ill patients.

RADIATION EFFECTS

In addition to weightlessness, a main environmental factor
acting upon the human body in space is represented by cosmic
radiation. Far from Earth, beyond the Van Allen radiation belt,
the astronauts of long-term missions to Moon or Mars would
be exposed to remarkable doses of radiations of two kinds:
solar particle events (SPE) and galactic cosmic radiations (GCR),
which cause acute and late morbidity respectively. SPE occur in
space with different intensity according to periodic oscillations of
solar activity and contribute to total irradiation for a maximum
5% (Cucinotta et al., 2013). GCR consist mainly of protons and
high atomic number and energy nuclei (HZE, 1%), establishing
a qualitative difference between cosmic and Earth radiation
spectra, which consists of α-, β-, and γ-rays.

A 3% risk of exposure-induced death (REID) at the upper
95% confidence interval is considered the maximum acceptable
risk for a space mission (Cucinotta and Durante, 2006). Future
long-duration missions, including landing on Mars, need to take
this limit into account because the estimated impact of radiations
for a mission to the red planet lasting 460–780 days exceeds the

REID limit (Cucinotta et al., 2013). However, these data lack
accuracy since they are based on predictions for cardiovascular
and ischemic heart disease computed from a meta-analysis of
studies concerning atomic-bomb survivors and radio-exposed
workers (Kennedy, 2014). In addition, while small animals and
human cell cultures have been exposed to simulated GCR, the
effect of HZE particles was not investigated, although this aspect
is quite relevant indeed. In fact, HZE particles are qualitatively
different from the protons of GCR and exert a stronger effect
on biomolecules, resulting in complex DNA damage and higher
amounts of reactive oxygen species (ROS) formation, which in
turn leads to chronic oxidative stress and increases drastically
genomic instability (Kennedy, 2014).

Radiation effects on the human body can be classified either
as acute or long-term. The first may cause the astronauts
to suffer from acute radiation sickness, including vomiting,
nausea, and a falling blood count (Donnelly et al., 2010); the
latter corresponds to cancer development. The risk of suffering
from acute radiation poisoning is quite low during internal
vehicle activity, also during long-term missions. Nonetheless,
consequences of acute irradiation could decrease the white blood
cell count, and break epithelial layers thus resulting, for example,
in translocation of bacteria and their products in the intervillous
district of the ileum. T-lymphocyte decrease, vomiting, and
nausea, skin damage with loss of blood vessels density under
the dermis could occur as well (Cucinotta et al., 2013; Kennedy,
2014). Disseminated intravascular coagulation is among the most
serious acute effects of chronic exposure to cosmic radiations.

Concerning long-term effects, experiments conducted on
mice proved that 0.5–3 Gy protons or 0.5 Gy 56Fe exposures
reduced overall survival and caused malignant lymphoma and
Harderian gland tumors. In experimentally irradiated mice,
pre-malignant and malignant lesions of myeloid origins were
observed, with proton and γ-ray-induced accumulation of p53,
along with increased ROS generation and deregulation of the
extra-cellular matrix compartment (Barcellos-Hoff et al., 2015).

When exposed to radiation in microgravity, an organism
may in principle suffer from a diminished capability of DNA
repair systems, which physically consist of enzymes transported
through the cell to exert their role in the nucleus whenever
necessary. In fact, there is at the moment evidence of the
combined effects of bothmicrogravity and radiations on different
organs and organ systems, such as the eye, the cardiovascular, and
the immune systems. Although, we will not discuss here the latter
(well-reviewed in Crucian et al., 2014), still we want to remark
that several other factors such as isolation, confinement, and
disrupted circadian rhythms in general add to microgravity and
radiation to generate the complex phenotype of a space-exposed
organism.

Radiation Effects on the Eye
During SF, cosmic radiations are expected to affect all organs
to some extent. The eye is particularly susceptible to cosmic
radiations, as it lacks the protections warranted to inner organs
by the skin, with its layer of dead keratinocytes, or to the brain
by the skull. Not surprisingly, the first evidence of the effects of
cosmic radiation on the human body came from Apollo 11 lunar
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module pilot Buzz Aldrin (Pinsky et al., 1974), who reported
the occurrence of light flashes (LF) upon dark-adaptation. Most
astronauts have later reported the occurrence of LF when dark-
adapted. There is evidence that multiple components of cosmic
radiation may cause LF (Casolino et al., 2003). Depending
on the energy of impinging particles, LF may result from
retina stimulation by photons generated via Cerenkov’s effect
by particles traversing the vitreous (Fazio et al., 1970) or the
lens (McAulay, 1971). However, an additional mechanism may
explain HZE-triggered LF. Hydroxyl radicals generated by HZE
interaction with water (Yamaguchi et al., 2005) may cause the
peroxidation of polyunsaturated fatty acids (PUFA) ensheathing
rhodopsinmolecules in the diskmembrane of rod outer segments
(reviewed in Catalá, 2006). Evidence for PUFA peroxidation
induced by the exposure to high-energy carbon ions via reactive
hydroxyl radicals has been gathered both in vivo and in vitro.
Furthermore, the annihilation of two peroxy radicals leads to
the emission of a photon, which may isomerize a rhodopsin
molecule (Narici et al., 2012, 2013). Due to the high amplification
of the phototransduction cascade in retinal rods, isomerization
of a rhodopsin protein by a single photon is sufficient to lead
an individual to LF perception (Baylor et al., 1979). According
to this model, rod photoreceptors work as a sensitive probe to
detect light emitted in response to a chain reaction triggered
by cosmic radiation via the generation of highly reactive radical
species, thus signaling the occurrence of nearby damaging
molecules. However, the generation of reactive radical species
by HZE may also take place in other retinal neurons, although
it may go unnoticed due to the lack of light-sensitive probes
for photons emitted during radical annihilation. In fact, the
electrophysiological response of mice exposed to both light and
12C ions suggest that charged particles do not simply mimic the
light response at the rod level, but rather may interfere with the
processing of light signals downstream of rods (Carozzo et al.,
2015). Consistent with this notion, increased apoptosis along
with ganglion and amacrine cell damage are indicators of inner
retinal injury in space-flown mice. This damage correlated with
increased accumulation of lipid peroxidation byproducts and up-
regulated expression of genes involved in response to oxidative
stress as well as in mitochondria-associated apoptotic pathways
(Mao et al., 2013). The lack of damage at the site of origin of LF
(outer retina) may result from the protection afforded to rods by
rhythmic disk shedding, which removes the outer segment tip
damaged by HZE-generated free radicals (recently reviewed in
McMahon et al., 2014).

The notion that HZE may trigger lipid peroxidation and
ultimately lead to the activation of the phototransduction cascade
in rods and LF perception by astronauts is supported by multiple
and independent evidence gathered both in vitro and in vivo.
However, some discrepancies remain. In particular, it is unclear
how to reconcile the role of HZE-triggered lipid peroxidation
with the observation that LF frequency is about twice as much
when traveling toward theMoon than on the way back. Although
the sensitivity of astronauts to LF may decrease during the first
few days in orbit, the underlying mechanisms and their link with
lipid peroxidation are unclear. A second issue is the large inter-
individual variability in sensitivity to LF (Pinsky et al., 1974).

In fact, while some astronauts report the occurrence of LF as
soon as they became dark-adapted (i.e., when the rod system
takes over vision) and refer to LF as an annoying phenomenon
that may interfere with their ability to rest (Fuglesang et al.,
2006), others are far less sensitive. At the extreme, the Apollo
16 command module pilot Thomas K. Mattingly did not report
LF at all, possibly because of his poor night vision (possibly
confirming the role of rods in LF perception). However, the
occurrence of intermediate sensitivities to LF in astronauts with
normal rod-mediated vision may indicate a role of additional, as
yet unknown, factors. By analogy with the eye damage caused
by microgravity (see The Eye, Microgravity, and Vision), genetic
polymorphisms may play a role in setting the sensitivity of
astronauts to LF perception in response to HZE exposure.

LESSONS LEARNED FOR/FROM SPACE

RESEARCH

Countermeasures for Space from Bed Rest

Studies
Ground-based studies represent an essential opportunity to
investigate human physiology in simulated microgravity, and
thus to test the effectiveness of potential countermeasures for
preventing or mitigating the undesired physiological changes
associated with SF, mentioned in the above paragraphs.

At the beginning of the human SF era in 1961, head-out
water immersion was used to simulate weightlessness on the
ground, limited to short periods (6–12 h). In the early 1970s,
head-out dry immersion (i.e., immersion with an impermeable
elastic cloth barrier between subject and thermo-neutral water,
thus providing an absence ofmechanical support of specific zones
during immersion—supportlessness), was proposed (Shulzhenko
and Vil-Vilyams, 1975) and then widely used, in particular by
Russian scientists (Navasiolava et al., 2011). Gradually, the model
of HDBR became the method of choice for studying the effects
of prolonged musculoskeletal unloading on the ground. Based
on the sensation of astronauts after long-duration SF, HDBR
was considered more appropriate for simulating physiological
changes of SF than horizontal BR, and −6◦ HDBR was found
to be the best compromise among possible bed inclinations
(Atkov and Bednenko, 1992). Placing healthy volunteers in bed
became the model of choice for inducing and studying the
effects of prolonged SF and for testing potential countermeasures.
While earlier studies were more focused on the role of inactivity
resulting from HDBR and related exercise countermeasures to
restore normal physiological function (Sandler and Vernikos,
1986), subsequent research aimed at exploring new approaches
for developing comprehensive, more efficient countermeasures
(Pavy-Le Traon et al., 2007). However, the lack of standardized
measures from different HDBR campaigns, conducted in
different locations and by different space agencies, precluded
drawing an overall conclusion on the efficiency of the various
tested countermeasures. To overcome these limitations, in the
context of the Roadmap for European Countermeasure Research
with Bed Rest, in 2006 the European Space Agency (ESA) took
the lead in defining a standardized framework for future HDBR
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studies. Fixed durations were defined for short-, medium-, and
long-termHDBR, as well as the duration of ambulatory and post-
HDBR period. In addition, a crossover design with one control
and several treatment groups, with a washout period in between,
was defined for short- and medium-term HDBR. To facilitate
direct comparison among studies, a set of physiological measures
(Bed Rest Core Data) and related times of examination was
defined, thus providing standards for cardiovascular, nutrition,
exercise, bone, and muscle, neuro-vestibular and psychology
assessment, on top of other experimental variables proposed by
different research groups. The application of this standardization
started with the BR-AG1 study in 2010 (Table 1). In this study,
+1 Gz artificial gravity (AG) at heart level elicited by short-
arm centrifuge, was applied as daily countermeasure using
two different protocols (30 min continuously, and 6 × 5 min
intermittent) in 12 male volunteers enrolled in a cross-over
design. The two protocols did not show differences in aerobic
power (peak VO2) after HDBR compared with the control
condition, while the 6 × 5 min protocol was more effective in
preserving orthostatic tolerance after HDBR. However, neither
protocol attenuated plasma volume loss (Linnarsson et al., 2015),
nor prevented changes in left ventricular function (Caiani et al.,
2014). Compared to the 30 min protocol, the intermittent AG
protocol resulted in increased MVC capability in the knee
extensor and plantar flexor muscles (Rittweger et al., 2015), lower
adrenocortical stress responses (Choukèr et al., 2013), and fewer
neurovestibular symptoms (Clément et al., 2015).

In the SAG 5-d HDBR, daily 25 min upright standing
as a countermeasure, compared to 25 min locomotion-
replacement training including a combination of heel raising,
squatting, and hopping exercise, were studied (Mulder
et al., 2014). However, cardiovascular, bone and metabolic

deconditioning persisted despite the applied countermeasures
(Feuerecker et al., 2013).

The following MEP 21-d HDBR study focused on the
beneficial effects of a nutritional countermeasure, constituted
by supplementing high protein intake (1.2 g/kg body weight/d
plus 0.6 g/kg body weight/d whey protein) with alkaline salts
(90 mMol potassium bicarbonate/day). The results were unclear.
The countermeasure resulted in marginal changes in structural
myofibril properties, with a possible delay in hybrid fiber
transition in some but not all subjects, together with no major
shifts in the major proteolysis markers in biopsy material.
Altogether, data suggested little if any proteolysis to occur above
constitutive protein turn-over in disused human skeletal muscles
(Blottner et al., 2014). The same nutritional countermeasure was
also studied in the MNX 21-d HDBR in conjunction with a
resistive vibration exercise (RVE).

In the 60-d RSL study, the efficacy of a countermeasure
system that allows reactive jumps independently of gravitational
forces (i.e., used in the horizontal position) was tested to prevent
muscle and bone loss during HDBR. Starting in January 2017,
another 60-d HDBR will study the effects of a novel nutritional
countermeasure, consisting of a cocktail of several substances
(530 mg/day of polyphenols + 168mg of vitamin E with 80µg
selenium + 2.1 g omega-3). The cocktail is supposed to have
an effect on blood antioxidant capacity, lipid metabolism, and
muscle cell metabolism.

Physical Exercise Programs to Protect the

Musculoskeletal System
Physical exercise programs are the main countermeasure used
pre-, in-, and post-SF to protect the musculoskeletal system.
In the last decades, new solutions to mitigate the effects

TABLE 1 | Updated list of ESA-sponsored bed rest campaigns since 2000.

Name Year Place, subjects PRE (d) HDT (d) POST (d) Intervention HDT angle

LTBR 01-02 2001/2002 Toulouse, 25 males 15 90 15 1) Flywheel exercise 2) Bisphosphonate −6◦

STBR 01-02 2001/2002 Cologne, 9 males. Cross-over 9 14 3 Caloric variations in nutrition, Amino acid infusion −6◦

BBR 2003/2004 Berlin, 20 males 3 56 6 Vibration exercise 0◦

WISE 2005 Toulouse, 24 females 20 60 20 1) Combined resistive exercise, aerobic exercise,

Lower Body Negative Pressure 2) Nutritional

supplement

−6◦

BBR2-2 2007/2008 Berlin, 24 males 9 60 7 1) High-load resistive exercise (RE) 2) RE+ whole-body

vibration

−6◦

BR-AG1 2010 Toulouse, 12 males Cross-over 5 5 5 1) Artificial gravity by daily short-arm centrifuge for: 30

min 2) Intermittent 6x 5 min

−6◦

SAG 2010/2011 Cologne, 10 males Cross-over 5 5 5 1) Locomotion replacement training 2) Upright standing −6◦

MEP 2011/2012 Cologne, 10 males Cross-over 7 21 6 Combined supplementation of 0.6 g whey protein

(WP)/kg body weight (BW) and 90 mmol potassium

bicarbonate (KHCO3)

−6◦

MNX 2012/2013 Toulouse, 12 males Cross-over 7 6 1) Resistive Vibration Exercise (RVE) 2) RVE +

Nutritional Supplement

−6◦

RSL 2015/2016 Cologne, 24 males 14 60 14 Reactive jump −6◦

TBD 2017/2018 Toulouse, 20 males 14 60 14 Cocktail −6◦

TBD, to be defined; d, duration (days) of the different bed rest phases (PRE, before; HDT, head-down tilt; POST, after HDBR). Cross-over, subjects repeated the study, first in the control

group, then in the countermeasure one.
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of microgravity on musculoskeletal atrophy were adopted.
Remarkable progress from a rowing ergometer, used in the Skylab
missions, to a much more complex motorized treadmill, used in
the ISS, derived from a growing attention to this issue. Thanks to
countermeasures, HR and the maximum O2 consumption seem
not to change in short- and long-term missions, with suboptimal
levels reached for O2 consumption.

Recovery on Earth appears to depend on the duration of
a space mission. Moreover, post-SF responses and orthostatic
tolerance change when exercises in an upright seated position
are performed (Moore et al., 2010). However, despite these
promising results regarding cardiac performance, other studies
highlight that the current strategy is not sufficient to prevent
severe loss of the anti-gravitational muscles like calf (Trappe
et al., 2009). A program consisting of treadmill running/cycling
and 3–6 days per week of moderate-intensity, resistive exercises
was proposed (Caiozzo et al., 1996). Nonetheless, calf muscle
showed serious damage: muscle volume, maximum voluntary
contraction (MVC) and peak force declined after a 6-month
stationing in space. Remarkably, the soleus was more affected
than the gastrocnemius and the astronaut with the largest
gastrocnemius experienced the more severe deterioration.
Overall, the observed transition from slow MHC-I to fast MHC-
IIa fibers was significant, despite individual variability. This
phenomenon occurs both in animal (Caiozzo et al., 1996) and
human models (Widrick et al., 1999). The reason for this
transition is not clear, but might be linked to the upward
redistribution of blood and the subsequent hypoperfusion and
reduced oxygenation of the calf, a situation possibly causing
reduced oxidative phosphorylation and eventually transition
to oxidative/glycolytic metabolism typical of the fast MHC-IIa
fibers.

The devices used by the crew were a bicycle ergometer, a
treadmill, bungee cords, and an elastomer providing a resistance
exercise, the Interim Resistive Exercise Device (iRED; Lamoreaux
and Landeck, 2006). iRED is unsuitable for long-term weightless
exercise programs (Lamoreaux and Landeck, 2006). Therefore, a
new device called Advanced Resistive Exercise Device (ARED)
was developed (Lamoreaux and Landeck, 2006). Experiments on
the efficiency of ARED conducted on Earth gave positive results:
there were not statistical differences between the ARED-trained
and the free-weight exercise-trained groups regarding muscle
strength, muscle volume, vertical jump height, and lumbar spine
BMD gained in 16 weeks of exercises (Loehr et al., 2011).
The machinery, now onboard the ISS, is expected to improve
astronaut cardiovascular and musculoskeletal recovery.

Treadmill technology has recently made substantial progress
too, aiming to overcome the limited weight load of the Subject
Load Device (SLD) used in the old-model machinery through
a novel Zero-Gravity Locomotion Simulator (ZLS). Simulations
proved that this system can provide a ground resistance force
(GRF) statistically comparable to the GRF provided by over-
ground run (Genc et al., 2006).

Another suggestive solution to mitigate the adverse effects
of microgravity is to simulate gravity itself. The best way to
achieve this purpose is to exploit the centripetal force produced
by a centrifuge. Applications are currently under investigations

with interesting results. Recently, a study proved that 1 h per
day of exposure to 2.5 Gz AG counteracts the adverse effects
of a 21-day BR program on the muscle fibers of the vastus
lateralis and gastrocnemius (Caiozzo et al., 2009). The torque-
velocity of the knee extensor was better preserved after exposure
to AG, compared to the HDBR control group, and the plantar
flexor torque-velocity increased after the AG program, whereas
parameters of the control group worsened. The muscle fiber
cross-sectional area was preserved in the soleus, in opposition
to the HDBR group. Investigations on the slow-to-fast fiber
transition revealed the MHC-I fibers to be better preserved in
the soleus of the AG group, but MHC-IIx fibers still increased
in both the vastus lateralis and the gastrocnemius. However,
centrifugation alone cannot revert the effects of microgravity in
terms of oxygen uptake, HR, and pulmonary ventilation, despite
cycle ergometer exercise (Greenleaf et al., 1999). An optimal
solution could be represented by a combination of centrifugation
with (i) intensive aerobic exercise for cardiovascular system
protection and (ii) moderate exercise to prevent musculoskeletal
system deterioration. However, the use of a small-radius
centrifuge requires the rotation rate must increase to obtain
a centripetal force comparable to the g-force. That may not
be affordable by an astronaut exercising on the centrifuge. In
addition, both the Coriolis Effect and the centrifugal force cause
motion sickness, so further studies are required to determine the
most appropriate exercise program integrated with AG exposure
(Hargens et al., 2013).

Another tool to counteract the upward fluid shift in space
might be represented by the Low Body Negative Pressure (LBNP)
chamber. Exposure of the legs to a negative pressure causes
interstitial fluid pressure fall in the legs and blood shift from
the higher to the lower regions of the body. Results showed that
−30 mmHg pressure increased transcapillary fluid transport by
decreasing the interstitial fluid pressure and the plasma volume,
without affecting the foot venous pressure. Moreover, after LBNP
exposure, even though transcapillary fluid transport decreased
again, the plasma volume remained lower. Although the plasma
volume extracted from the blood flowing in the legs was not
exactly quantified, the increased circumference of the leg during
and after LBNP exposure suggested that the headward blood shift
occurring in space had been effectively counteracted (Aratow
et al., 1993). Thus, a crew might use the LBNP chamber during a
resting period and alternate low-pressure exposure with aerobic
exercise performed on a properly set centrifuge so as to maximize
cardiovascular and musculoskeletal performance.

Space activity suits (SAS) ormechanical counter-pressure suits
might represent another possible solution for the future. Those
are spacesuits made to apply a steady pressure against the skin
by means of skintight elastic garments. Several were designed
and tested in the past. Recently, with the Soyuz TMA-18M 44S
mission to the ISS, a new type of SkinSuit was tested in space
(SkinSuit, 2015). It was developed over some years to provide
simulated+Gz that increases gradually from the shoulders to the
feet. SkinSuit aims to counteract the stretching of the spine in
space, which causes the lower back pain experienced by 50% of
astronauts early in their missions. The ability to control spinal
elongation in space might also help reduce the risk of post-SF
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injury to intervertebral discs (IVD), which astronauts are at
greater danger of experiencing upon return to Earth. In terrestrial
life, the SkinSuit technology has the potential to help the elderly
and many people with lower-back problems, in addition to
improving support garments currently used for conditions like
cerebral palsy.

Further, studies on whole-body vibrations investigated how
RVE can ameliorate musculoskeletal performance in volunteers
undergoing prolonged HDBR. In a cohort of 20 male subjects
immobilized for 8 weeks and monitored during a 6-month
follow-up (Belavý et al., 2012), a significant amelioration of
the activity ratio of the lumbopelvic muscles and a not
significant improvement of the co-contraction of the lumbopelvic
extensors and flexors were documented. Another interesting
research revealed tail-suspended mice to be affected by IVD
hypotrophy and glycosaminoglycan/collagen ratio imbalance.
When exposed to a vertical platform oscillating with a 90 Hz
frequency, disc deterioration was mitigated. In particular, the
disc height, the glycosaminoglycan content in the whole disc
and typical dimensions of the nucleus pulposus were restored
(Kennedy, 1998). It must be noted that in humans exposed to
microgravity a biochemical rearrangement of the IVDs leads to
disc hypertrophy, just opposite of what happens inmice (Holguin
et al., 2011). However, the finding that RVE of the vertebral
column can ameliorate the anatomic and biochemical status of
the IVDs is still valid and might be addressed to humans too.

The space crew diet is supplemented with calcium, vitamins
D and K, and bisphosphonates, a common postmenopausal
drug also successfully tested in HDBR study to reduce bone
reabsorption to minimize bone demineralization (Smith et al.,
1999). Potassium citrate and PTH were also evaluated (Buckey,
2006; LeBlanc et al., 2007; Stein, 2013).

Interestingly, technologies and some medicines developed
for SF have found application on Earth. Examples include a
drug to improve physical condition and cognition with low
side effects (phenotropil; Zvejniece et al., 2011), or a powerful
antiseptic (miramistin; Vasil’eva et al., 1993). The most recent
one is a medicine developed against astronaut bone loss and
now used for the treatment of osteoporosis caused by menopause
and chemotherapy (antibody against sclerostin protein; Rodent
Research, 2016).

Protection against Irradiation
Two approaches can be useful to mitigate the adverse effects
of space radiations. One is pharmacological and based on the
prescription of antioxidants and other protective substances.
Another one is mechanical, based on a protective physical barrier
provided by novel materials—yet to be developed—to reinforce
the spaceship (that we will not examine here).

Antioxidants can neutralize ROS generated by GRC and
SPE particles. However, different molecules exert different
antioxidative reactions, which render the administration
of a combination of various antioxidants more protective.
Thus, combined doses of L-Selenomethionine (SeM), sodium
ascorbate, N-acetylcysteine, α-lipoic acid, vitamin E succinate,
and coenzyme Q10 were administered both to cell cultures
and mice (Kennedy, 2014). The most interesting results came

from the in vivo model: after exposure to 56Fe ion (0.5 Gy),
proton or γ-rays (both 3 Gy), the plasma total antioxidant
status (TAS) decreased, but the administration of the previously
cited antioxidant combination improved TAS. Moreover,
use of the Bowman-Birk Inhibitor (BBI, a soybean-derived
protease inhibitor) completely restored TAS. BBI mode of
action is not clear yet, but it is used in chemotherapy to prevent
cancer progression. BBI was also suggested to neutralize anti-
inflammatory proteases, trypsin, and chymotrypsin (Kennedy,
1998). In another experiment, BBI, BBIC (Bowman-Birk
Inhibitor Concentrate), SeM alone or in combination with
ascorbic acid, coenzyme Q10, and vitamin E succinate protected
HTori cells from transformation after HZE and proton radiation
exposure (Kennedy et al., 2004). Hematopoietic tissue is
most sensitive to irradiation, so the antioxidant activity was
investigated in mice undergoing 1 and 8 Gy X-ray, γ-ray, and
proton irradiation. Remarkably, antioxidants prolonged mouse
life and improved the total count and neutrophil count in
peripheral blood and partially prevented the degeneration of
bone marrow cells even though the treatment could not rescue
peripheral lymphopenia (Wambi et al., 2008). In addition to
antioxidants, growth factors can be administered to stimulate
granulocyte production and neutralize the lymphopenia reported
after antioxidant treatment only.

Two forms of granulocyte colony stimulating factor (GCSF),
filgrastim and pegfilgrastim, were given to mice exposed to SPE-
like proton or γ-rays. Pegfilgrastim was found more effective
for neutrophil protection (Romero-Weaver et al., 2013). On
this basis, Pegfilgrastim, also known as Neulasta, was also
administered to irradiated ferrets and pigs. Interestingly, the
neutrophil count never decreased below the baseline level (i.e.,
before irradiation), suggesting that Neulasta can increase the
number of circulating neutrophils in different animal models
(Kennedy, 2014).

Chinese medicine inspired a suggestive solution for protecting
lymphocytes from radiation-induced death. In China, the
formula SWT (Si-Wu-Tang) was used in the past for treating
patients suffering from radiation sickness after radiation
accidents. The formula components were investigated and were
found to be paeoniflorin, ferulic acid, tetramethylpyrazine, and
fructose. The analysis of the physiological response induced by
each of these compounds revealed that the only protective active
principle for granulocytes and lymphocytes was, surprisingly,
fructose. Irradiated mice treated with fructose showed higher
levels of granulocytes and lymphocytes if compared to the
irradiated untreated samples, and fructose supplementation of
the diet before radiation exposure improved the outcomes
(Romero-Weaver et al., 2014). Given that, these stimulating data
need to be confirmed by further studies to better define the real
impact on the immune system.

CONCLUSION

Humans adapt to the hostile environment of space, characterized
by the absence of gravity and chronic radiation exposure, through
cardiovascular adaptation and drastic changes in metabolism,
respiration, body mass, bone density, and muscle integrity.
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From the analysis of published data, it appears that
a reductionist approach (assuming one or another main
challenging factor) cannot easily explain the impact of long-
term exposure to SF conditions. Indeed, this review shows that
the independent actions of either body fluid redistribution or
radiation exposure may not account for the organism response to
long-term SF. In addition, the role of hormonal stress response
to weightlessness may contribute to shaping the adaptation of
the human body to space although this aspect has remained
largely unexplored. Indeed, increased cortisol levels during
SF are expected to affect kidney operation, bone resorption,
immunity, muscle loss, glycaemic control, endothelial response
and may contribute to the discrepancies observed between short-
and long-term SF and to the inter-individual variability as
well.

An important side of human body adaptation to SF
conditions is its relevance to human health in general.
Analysis of SF impact on health may benefit aging people
on Earth. Aging is a progressive, time-dependent physiological
deterioration of the homeostatic response and adaptation to
the external environment that makes the individual fragile
and more vulnerable to diseases. Several molecular-oriented
studies shed light on the molecular pathways involved in
aging (Weinert and Timiras, 2003). On Earth, aging affects
the cardiovascular, musculoskeletal, nervous, gastrointestinal,
urinary and neuroendocrine systems (Boss and Seegmiller,
1981), with immune system impairment and an enhanced
inflammatory activity (Montecino-Rodriguez et al., 2013).
Remarkably, these changes occur in space 10-fold faster than
on Earth (Vernikos and Schneider, 2010), allowing scientists
to speculate that the astronauts may be an appropriate
model for exploring the mechanisms of aging. SF may allow
researchers overcoming limitations of studying precocious aging,
for example in progeroid syndromes, and physiological aging in
healthy primates that would require 15–30 years to be properly
characterized (Le Bourg, 1999).

Ground simulations, HDBR studies among them (Sandler
and Vernikos, 1986; Pavy-Le Traon et al., 2007; Vernikos
and Schneider, 2010), have been essential to investigate and
analyze observations made on space crews, about the influence
of contributing factors, mapping time course of physiological
changes and exploring biological mechanisms under controlled

conditions. In turn, insights gained from HDBR studies found
application in the health care of chronically-ill people.

Obviously, there are significant differences among the effects
of SF, HDBR, and physiological aging. A possible conceptual
context to compare, differentiate and understand them is offered
by considering them as disorders of mechanotransduction.
Ingber’s tensegrity theory and research (Ingber, 1997) provide
the framework for understanding how external and internal
mechanical forces influence the living organism at molecular and
cellular levels. His work reveals that “molecules, cells, tissues,
organs, and our entire bodies use tensegrity architecture to
stabilize their shape mechanically, and seamlessly to integrate
structure and function at all size scales.” This theory could
explain at a mechanistic level how intermittent mechanical
forces applied externally, such as vibration (Rubin et al., 2002),
movement, or exercise (Bachl et al., 1993), centrifugation
(Vernikos et al., 2004), push/pull or intermittent tension
(Pietramaggiori et al., 2007), can influence cell and tissue growth
and function.

In this perspective, physiology of space and extreme
environments might deepen our understanding of aging and/or
medical disorders.
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In mice, disseminated coagulation, inflammation, and ischemia induce neurological

damage that can lead to death. These symptoms result from circulating bubbles

generated by a pathogenic decompression. Acute fluoxetine treatment or the presence

of the TREK-1 potassium channel increases the survival rate when mice are subjected to

an experimental dive/decompression protocol. This is a paradox because fluoxetine is a

blocker of TREK-1 channels. First, we studied the effects of an acute dose of fluoxetine

(50mg/kg) in wild-type (WT) and TREK-1 deficient mice (knockout homozygous KO and

heterozygous HET). Then, we combined the same fluoxetine treatment with a 5-day

treatment protocol with spadin, in order to specifically block TREK-1 activity (KO-like

mice). KO and KO-like mice were regarded as antidepressed models. In total, 167

mice (45 WTcont 46 WTflux 30 HETflux and 46 KOflux) constituting the flux-pool and

113 supplementary mice (27 KO-like 24 WTflux2 24 KO-likeflux 21 WTcont2 17 WTno dive)

constituting the spad-pool were included in this study. Only 7% of KO-TREK-1 treated

with fluoxetine (KOflux) and 4% ofmice treatedwith both spadin and fluoxetine (KO-likeflux)

died from decompression sickness (DCS) symptoms. These values are much lower than

those of WT control (62%) or KO-like mice (41%). After the decompression protocol,

mice showed significant consumption of their circulating platelets and leukocytes. Spadin

antidepressed mice were more likely to exhibit DCS. Nevertheless, mice which had both

blocked TREK-1 channels and fluoxetine treatment were better protected against DCS.

We conclude that the protective effect of such an acute dose of fluoxetine is enhanced

when TREK-1 is inhibited. We confirmed that antidepressed models may have worse

DCS outcomes, but concomitant fluoxetine treatment not only decreased DCS severity

but increased the survival rate.

Keywords: bubble, decompression sickness, diapedesis, kcnk2, TREK-1, diving, depression, capillary leak
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INTRODUCTION

In this study, fluoxetine and the new antidepressant spadin were
used to find a treatment strategy against decompression sickness.

Circulating bubbles cause cell damage (Vallee et al., 2013),
prothrombotic phenomena, ischemia, and diapedesis (Dutka
et al., 1989; Zamboni et al., 1989, 1992, 1993; Dal Palu and
Zamboni, 1990; Helps and Gorman, 1991). This inflammation
can spread systemically and may degenerate into a vicious
cycle, ending in multiple organ failure (Jacey et al., 1976;
DeGirolami and Zivin, 1982; Ersson et al., 1998). Spinal cord
and brain neurological damage underlie the most serious
symptoms of decompression sickness (DCS; Gempp et al., 2008).
These symptoms result from circulating bubbles generated by a
pathogenic decompression, following a dive for example. Even
after standard treatment with hyperbaric oxygen, 20–30% of
victims suffer from sequelae after a neurological DCS (Blatteau
et al., 2011). We aimed to establish a potential treatment strategy
using an animal model of DCS.

Fluoxetine, the active compound in the antidepressant
Prozac™, prevents the reuptake of serotonin (5-
hydroxytryptamine, 5-HT) by inhibiting serotonin transporters
(SERT) located in neurons, platelets (Lesch et al., 1993), and
leukocytes (Faraj et al., 1994; Lima and Urbina, 2002; Yang
et al., 2007). SERT increases the concentration of circulating
serotonin (Brenner et al., 2007). When used in a single high dose,
fluoxetine is also believed to mediate neuroprotection (Pariente
et al., 2001; Chollet et al., 2011; Taguchi et al., 2012) by inhibiting
NMDA-R (Vizi et al., 2013), regulating inflammatory effects
(Kubera et al., 2001; Jin et al., 2009; Lim et al., 2009) and algesia
(Kostadinov et al., 2014). We have previously demonstrated that
WT mice treated with fluoxetine are more resistant to DCS and
that fluoxetine inhibits the inflammatory process by reducing the
level of circulating IL-6, a pro-inflammatory cytokine (Blatteau
et al., 2012).

TREK-1, the product of the kcnk2 gene, regulates cell
excitability and prevents neuron death by inhibiting NMDA-
dependent glutamatergic excitotoxicity induced by ischemia
(Franks and Honore, 2004; Heurteaux et al., 2004; Buckler
and Honore, 2005; Honore, 2007; Dedman et al., 2009). The

mechanosensitive TREK-1 channel (Franks and Honore, 2004) is
activated by a mechanical deformation of the cellular membrane,
for example by a deformation induced by air depression
(Heurteaux et al., 2004). Additionally, in mice, decompression-
induced desaturation also activates TREK-1. Consequently, KO
(“KO” is used in the mean of “TREK-1−/− mice”) mice are
more sensitive to DCS thanWT (TREK-1+/+) mice (Vallee et al.,
2012). TREK channel activity is also under the control of several
different mechanisms acting either on channel trafficking and
surface density or directly on gating properties (Noel et al., 2011).
Furthermore, KO mice display a depression-resistant phenotype,
similar to chronic fluoxetine-treated mice (Heurteaux et al.,
2006).

We have shown that the opening of TREK-1 channels is
protective in DCS, suggesting that TREK-1 channel activity limits
ischemia-induced glutamatergic toxicity (Vallee et al., 2012). The
TREK-1 channel is directly inhibited by fluoxetine (Heurteaux

et al., 2006; Bogdan et al., 2011; Sandoz et al., 2011) and by spadin,
a new antidepressant that internalizes the channel after a 5-days
treatment and consequently abolish channel activity (Mazella
et al., 2010; Moha Ou Maati et al., 2011), so the question arises as
to whether acute fluoxetine treatment could be significantly more
efficient when the TREK-1 channel is impaired: we suggest if less
fluoxetine can link to TREK-1, the fluoxetine anti-inflammatory
effect should be enhanced in a dose-dependent manner, although
the neuroprotection afford by the TREK-1 activity could be
loss. Conversely, we wondered whether mice pre-treated with
an anti-depressant drug, that impairs TREK-1 activity, would be
sensitized to DCS.

In this study, we wanted to obtain a better understanding
of the protection afforded by fluoxetine in our DCS model. We
aimed to block the fluoxetine binding on TREK-1, and therefore
to promote other fluoxetine pathways, resulting in a better
efficiency for the inhibition of the NMDA-R or the regulation of
interleukin releases for example (Figure 2).

Before the exposure to the pathogenic decompression, we gave
an acute dose of fluoxetine on wild-type (WT: TREK-1+/+) mice
and on mice to whom TREK-1 disappeared from the membrane
surface. We therefore used TREK-1 knockout (KO: TREK-
1−/−) and heterozygous (HET: TREK-1+/−) mice, or 5 days
of treatment with spadin resulting in KO-like (TREK-1−/−like)
mice, to inhibit TREK-1 channel activity. KO and KO-like mice
were considered the antidepressed models. We obviously did not
use chronic fluoxetine (more than 21 days are necessary) on WT
mice to obtain an antidepressive state, followed by an acute dose
of fluoxetine; while of interest, this would not allow us to reach a
conclusion.

MATERIALS AND METHODS

Animals and Ethical Statement
All procedures involving experimental animals were in line
with European Union rules (Directive 2010/63/EU) and French
law (Decree 2013/118). The ethics committee of the Institut
de Recherche Biomédicale des Armées approved this study.
According to our animal care committee, a scoring system

inspired by the Swiss veterinary guidelines was implemented
to ensure the welfare of animals. A dedicated observer scored
(from 0 to 3) the stress or pain relating to some criteria for
each animal, and then completed a sheet (Supplementary Data).
Pain of degree 3 (very painful) in one case or a total score of
12 in the table were the ethical endpoints. On this sheet, the
most commonly found were: vocalizing, aggression or withdrawn
behavior, reduction in exploratory behavior, licking, closed eyes,
tears, bubbles in the eyes, high respiratory rate, runny nose,
fur bristling, labored breathing, convulsions, paralysis, difficulty
moving, and problems with the fore or rear limbs (classified as
motor disorders). In this study, no score reached 12 and there was
no need to cull the animal based on these criteria. Actually, mice
displaying degree 3 convulsions died very rapidly. At the end of
the experiment, mice were anesthetized first with halothane (5%
in oxygen, Halothane, Belamont, France) in order to gain time
and tominimize stress, and then with an intraperitoneal injection
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of a mixture of 16mg/kg xylazine (Rompum R© 2%, Bayer
Pharma) and 100mg/kg ketamine (Imalgène R© 1000, Laboratoire
Rhône). Our investigator (NV) is associated with agreement
number 83.6 delivered by the Health and Safety Directorate of
our department, as stated in the French rules R.214-93, R-214-
99, and R.214-102. Mice were housed in an accredited animal
care facility. Mice kept were in group cages both during rest
and during the experiments and maintained on a regular day
(6:00 a.m.–6:00 p.m.)/night (12 h) cycle. Food (AO3, UAR) and
water were provided ad libitum and the temperature was kept at
22± 1◦C.

In TREK-1−/− mice, the gene encoding the TREK-1 channel
was knocked out by Cre-Lox recombination (Heurteaux et al.,
2004). The comparator animals were analogous C57Bl/6 mice
(Charles River Laboratory, Arbresle, France). In order to
preclude phenotypic variation between the different strains (Sato
et al., 2006), crosses were made every 11 generations. Wild-
type (WT, TREK-1+/+) heterozygous (HET, TREK-1+/−) and
knockout (KO, TREK-1−/−) mice were produced for this study.
To avoid fluctuations due to female hormonal cycles, only males
were used in this study.

Flux-Pool
In total, 167 mice (6–9 week-old) constituting the flux-pool
were exposed to compressed air to induce DCS. The mice were
randomly divided into four groups and numbered (Figure 1):
46 for the wild-type group treated with fluoxetine (WTflux), 30
for the heterozygous group treated with fluoxetine (HETflux), 46
for the knockout group treated with fluoxetine (KOflux), and 45
wild-type controls (WTcont).

Fluoxetine (50mg/kg) was administered by gavage to
experimental animals as an oral solution (Prozac™ 20mg/5ml,
oral solution bottle of fluoxetine hydrochloride, Lilly
Laboratories, France) 18 h before hyperbaric exposure, while the
wild type control group (WTcont) received a similar saccharine
fluoxetine-free solution (7.4 g/kg). This high dose of fluoxetine
was determined on the basis of previous results from a mouse

model of ischemia (Jin et al., 2009; Blatteau et al., 2012; Taguchi
et al., 2012).

Spad-Pool
In total, 113 mice (strain C57Black/6, 6–9 weeks of age, Harlan
laboratories, Gannat, France) constituted the spad-pool and were
used to replicate the experiment performed with the flux-pool,
but substituting TREK-1 KOmice with spadin-induced KOmice
(KO-like mice). To generate KO-like mice, mice were treated
for 5 days at 9:00 a.m. with intraperitoneal injections of spadin
(100µg/Kg) in a bolus of 100µL of NaCl 0.9%. The mixture
for the acute fluoxetine treatment (50mg/kg; 1.5mg per mouse)

was obtained from 20mg capsules (fluoxetine hydrochloride
Prozac™, Lilly Laboratories, France) diluted in 300µL of a
solution of NaCl 9% and gum arabic 5%. It was injected
intraperitoneally 18 h before the end of the hyperbaric exposure
(p.m. 5:00).

The first group (WTcont2, n = 21), for control, received the
equivalent 5 days of treatment (100µL per day of NaCl 0.9%,
i.p.) plus the vehicle (300µL of NaCl 0.9% with gum arabic 5%)
corresponding to the acute dose of fluoxetine. A second group
(KO-like = WTspadin 5d, n = 27) received a daily dose of spadin
for 5 days plus the vehicle of the acute fluoxetine treatment. A
third group (WTflux2, n = 24) received an acute i.p. injection of
fluoxetine plus the analogous 5 days-treatment without spadin. A
fourth group (KO-likeflux =WTflux+spadin 5d, n = 24) received 5
days of treatment with spadin and the acute dose of fluoxetine. A
fifth group (WTno dive, n = 17) not submitted to the hyperbaric
protocol received the same injections as WTcont2 mice. Batches
were mixed for the hyperbaric protocol.

Hyperbaric Procedure
Hyperbaric Exposure Began at 12:30 p.m.

Each mouse was weighed 30min before the dive. Samples of
20 mice (10 per cage) from the flux-pool or batches of 6–8 mice
from the spad-pool were subjected to the hyperbaric protocol in a
200-l tank fitted with three observation ports. The mice were free
to move around the cage.

FIGURE 1 | Symptoms in different groups of mice 30min after pathogenic decompression as a function of genotype or drug treatment or both. (A) The

flux-pool. (B) The spad-pool. Histogram: black blocks represent the percent of mice that died following the dive (Fatal DCS); gray represents mice that failed at least

one grip test (sensory motor test for forelimbs) (Grip−); white represents the proportion of mice that passed both grip tests (Grip+). Radar Chart: percentage of mice

displaying a type of symptom in a population; cross represents the total (in percent) of Grip− mice, considering that a mouse can present several symptoms at the

same time. WT, wild-type; KO, knockout; HET, heterozygous; KO-like, mice treated for 5 days with spadin. Flux, fluoxetine; cont and cont2, control (no active

molecules). Black * denotes p < 0.05 between groups. Gray * denotes p < 0.10 (trend) between groups.
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The compression protocol involved two ramps of pressure
increase, first at 0.1 atm/min up to 1 atm, followed by 1 atm/min
up to 9 atm; 9 atm corresponds to the pressure where animals
were kept for 45min before decompression. The decompression
rate was 60 atm/min up to the surface. Compression and
decompression were automatically controlled by a computer
linked to an analog/digital converter (NIUSB-6211, National
Instrument, USA) with two solenoid valves (Belino LR24A-SR,
Switzerland) and a pressure transmitter (Pressure Transmitter
8314, Burket Fluid Control System, Germany). The software was
programmed on a DasyLab (DasyLabNational Instrument, USA)
by our engineer. The software also controlled the temperature
and oxygen rate. Compressed air was generated using a diving
compressor (Mini Verticus III, Bauer Comp, Germany) coupled
to a 100-l tank at 300 bars. The oxygen analyzer was based on
a MicroFuel electrochemical cell (G18007 Teledyne Electronic
Technologies/Analytical Instruments, USA). The temperature
inside the tank was monitored using a platinum-resistance
temperature probe (Pt 100, Eurotherm, France).

Water vapor and CO2 produced by the animals were captured
with soda lime (<300 ppm captured by the soda lime) and
seccagel (relative humidity: 40–60%). Gases were mixed by an
electric fan. The day-night cycle was respected throughout.

Behavioral and Clinical Observations
At the end of the decompression time, mice were observed for
30min. All signs were recorded together with their time of onset:
labored breathing, convulsions or death. Paralysis, difficulty
moving and problems with the fore or rear limbs were classified
as motor deficits.

The grip test, a motor/sensory test adapted from Hall et al.
(Hall, 1985), was used to quantify forelimb involvement 15 and
30min after the end of decompression. The mouse was placed in
the middle of a 60 cm-long cord suspended at a height of 40 cm
hanging from its fore paws and each performance was timed with
a stop-watch, over a test duration of 30 s. Mice which escaped
by climbing up and then walking along the cord corresponded
to the highest score of 30 s. Mice which failed at least one test
were considered as symptomatic (Grip−). The results of this
behavioral test were used to define DCS and distinguished the
following groups: dead (fatal DCS), mice that failed at least one
grip test (Grip−) and mice that passed the grip test (Grip+).

Anesthesia and Sacrifice
All mice were anaesthetized 30min after surfacing (after grip
tests) first with halothane (5% in oxygen, Halothane, Belamont,
France) in order to gain time and to minimize stress, and then
by intraperitoneal injection of a mixture of 16mg/kg xylazine
(Rompum R© 2%, Bayer Pharma) and 100mg/kg ketamine
(Imalgène R© 1000, Laboratoire Rhône). Mice in the spad-pool
were kept for heart blood sampling for biochemistry and then
sacrificed by injecting pentobarbital (200mg/kg ip, Sanofi Santé,
France).

Blood Tests
Blood tests were carried out using an automatic analyzer
(ABCvet, SCIL Animal care company, France) on samples taken

before the dive and again 30min afterwards. The second test
values were corrected according to the hematocrit variation.
Leukocytes, erythrocytes, hematocrit, platelets and Mean Platelet
Volume (MPV)were analyzed in 20µl samples taken from the tip
of the tail and diluted in the same volume of 2mMEDTA (Sigma,
France).

Blood biochemistry [Na+, K+, Ca2+, creatinine kinase,
glucose, blood urea nitrogen (BUN), creatinine, transaminase,
bilirubin, albumin, globulin, total proteins] was conducted with
automatic analyzers (Vetscan VS2, Abaxis Veterinary Company,
France; Reflovet Plus SCIL Animal Care Company, France; and
Accutrend Plus, Roche Diagnostic, USA) on lithium heparin
(Sigma, France) blood samples from the heart. Hemolytic
samples were rejected.

Genotyping
For first part of the study (flux-pool), DNA for PCRwas extracted
from cells from the tip of the tail (5mm) after overnight digestion
at 56◦C with protease K (200µg/ml) (Promega, Charbonnière,
France) freshly added in a buffer solution containing 100mM
Tris (pH 8.5), 200mM NaCl, 5mM EDTA, and 0.2% SDS. The
protease K was then heat-inactivated (95◦C for 5–10min). The
lysate was diluted 20-fold in ultrapure water before amplification.

PCR was carried out on 5µl of lysate added to 20µl of the
reaction mixture. For negative controls, water was substituted
for the lysate. The reaction mixture contained a pair of
primers (10 pM/µl) [1–2] or [1–3] with an amplification mixture
(GoTaq R©Green Master Mix 2X, Promega France). DNA primers
(MWG-Opéron Biotech, France) corresponding to the loci of
interest in the kcnk2 gene (Primers #1 [5′ GGT GCC AGG TAT
GAA TAG AG 3′]; Primers #2 [5′ TTC TGA GCA GCA GAC
TTG G 3′]; Primers #3 [5′ GTG TGA CTG GGA ATA AGA
GG 3′]) were used with the following thermocycler (MultiGene
Gradient, Labnet International, USA) settings: initialization step
94◦C/3min>> [denaturation step 94◦C/25 s >> annealing step
61◦C/25 s >> elongation step 72◦C/35 s] for 35 cycles.

Amplified DNA sequences were resolved by electrophoresis
(Biorad Generator, Powerpac 200; 90V 45min) on buffered
1.2% Tris acetate EDTA agar gels supplemented with BET for
UV detection (Geneflash, Syngene Bioimaging). PCR-detected
bands at both 680 bp [1–2] and 1870 bp [1–3] characterize the
homozygous wild-type (WT, TREK-1+/+), and a single band
at 650 bp [1–3] characterizes the homozygous knock-out (KO,
TREK-1−/−). A pair of bands characterizes heterozygous mice
(HET, TREK-1−/+).

Statistical Analyses
Individual blood cell count data were calculated as the
percentage change from baseline (the measurement before
hyperbaric exposure). Numerical data points are expressed as
mean and standard deviation. A contingency table was used
for independence and association tests coupled with the χ2

significance test. Different groups were compared using the
Mann-Whitney (MW) test and matched comparisons within
groups were analyzed using the Wilcoxon (W) test. Multiple
comparisons were performed using the Kruskal-Wallis test
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followed by the Bonferroni-Dunn post-hoc test. The significance
threshold was 95% with an α-risk of 5%.

RESULTS

Flux-pool: 167 mice (91 WT, 30 HET, and 46 KO) were subjected
to the hyperbaric protocol to induce DCS. In these groups,
mouse weights were similar [weightWTcont: mean = 24.0 ± 2.3 g
(range: 19.4–29.3 g); weightWTflux: mean = 24.2 ± 0.6 g (range:
23.7–25.1 g); weightHETflux: mean = 24.5 ± 2.4 g (range: 20.4–
29.4 g); weightKOflux: mean = 24.4 ± 2.1 g (range: 20.8–30.6 g)]
(KWWTcont/WTflux/HETflux/KOflux: n = 45/46/30/46, α = 0.05,
p = 0.657).

Spad-pool: 113 mice were used in this pool. Spadin was
used to generate TREK-1 KO-like mice. Again, mouse weights
were similar [weight KOlike: mean = 27.4 ± 2.2 g (range:
23.0–31.5 g); weight WTflux: mean = 28.2 ± 2.7 g (range:
23.7–34.4 g); weight KO-like flux: mean = 28.7 ± 2.0 g (range:
25.1–33.0 g) weight WTcont2: mean = 27.2 ± 2.1 g (range: 23.1–
31.3 g); weight WTno dive: mean = 27.2 ± 1.9 g (range: 24.9–
32.6 g)] (KWKO-like/WTflux,/KO-like flux/WTcont2/WTno dive, n =

27/24/24/21/17, p = 0.121). These weights were significantly
higher than those of the flux-pool (KWAllgroups, n =

27/24/24/21/17/45/46/30/46, p < 0.0001), which may increase
susceptibility to DCS.

Hence, in order to avoid confusion, results of both pools, i.e.,

flux and spad, are presented separately.

Clinical Observations
Compared to WT mice, the KO or KO-like mice showed no
abnormal behavioral or phenotypic signs. All groups displayed
a similar range of DCS symptoms (Figure 1).

Most of the mice were prostrate, suggesting that they were
in physiological distress. Symptoms of DCS or death occurred
after returning to the surface. Mice died from convulsions
(on the outer edge of the radar map, Figure 1) and/or
respiratory distress. Mice essentially displayed neurological
symptoms with varying degrees of severity with motor and
locomotor impairments (paraplegia, paraparesis) and, in some
cases, convulsions. We also observed fewer convulsions and
slightly more labored breathing in KO-likeflux (Figure 1B Radar
chart). The opposite trend was found for WTcont2 (Contingency
table, χ2

KO-like/WTflux2/KO-like flux/WTcont2/WTno dive = 63.175 vs.
21.026, p < 0.0001).

In the flux-pool, DCS symptoms generally occurred at 5.8 ±

3.5min on average after the end of the dive. When mice
succumbed to DCS, it occurred rapidly, i.e., 6.1 ± 3.1min
on average. There was no significant difference for the onset
of first symptoms or death latency, regardless of the group
(KWWTcont/WTflux/HETflux/KOflux: p = 0.399, p = 0.390,
respectively).

In the spad-pool, first DCS symptoms generally occurred
at 6.2 ± 3.4min on average after the end of the dive. When
mice succumbed from DCS, it occurred more rapidly, at 2.1 ±

4.5min on average. There was no significant difference in the
onset of first symptoms or death, regardless of the treatment

(KW KO-like/WTflux2/KO-like flux/WTcont2/WTno dive: p = 0.620, p =

0.550, respectively).

Lethal DCS, Grip−, Grip+ Status
KOflux and KO-likeflux mice were less susceptible to the
hyperbaric protocol than other groups. Fewer KO-like mice
succeeded in the grip tests (Figure 1 histograms).

Analysis of the different clinical status of DCS showed a
significant difference between the WTcont group and WTflux,
HETflux, and KOflux groups (KWWTcont/WTflux/HETflux/KOflux:
n = 45/46/30/46, α= 0.05, p < 0.0001) (Figure 1;Table 1). Only
7% of KOflux mice died as a consequence of DCS. Additionally,
KOflux mice presented a better success rate in both their grip
tests (Contingency table, χ2

WTcont/WTflux/HETflux/KOflux = 39.194
vs. 16.919, n = 45/46/30/46, α = 0.05, p < 0.0001).

In the spad-pool, analysis of the different DCS statuses
showed a significant difference between the different groups
(KW KO-like/WTflux2/KO-like flux/WTcont2/WTno dive: p < 0.0001).
Interestingly, a significant difference appeared between the KO-
like group and the KO-likeflux group. The main difference
corresponded to the number of animals that died from DCS,
i.e., 41 and 4% for the KO-like group and KO-likeflux group,
respectively (Figure 1; Table 1). Surprisingly, the number of
mice that died was lower in the KO-likeflux group than in
the WTflux2 group, i.e., 4 and 17% respectively (Figure 1;
Table 1). The success rate in both grip tests (Grip+) was
lower for the KO-like group (Figure 1; Table 1; Contingency
table, χ2

KO-like/WTflux2/KO-like flux/WTcont2/WTno dive = 14.496 vs.
15.507, p = 0.070).

Mice that Failed the Grip Test (Grip−)
Survivors underwent two grip tests (Figure 1; Table 1). While
results of grip tests were different according to the treatment
group, no treatment seems to better promote recovery or worsen
the physical state of mice once symptoms become manifest.

TABLE 1 | Clinical status after a dive.

Populations Clinical status after the hyperbaric exposure

Grip+(%) Grip−(%) Lethal DCS(%)

Flux-pool WT cont 22 16 62

WT flux 46 13 41

HET flux 60 23 17

KO flux 78 15 7

Spad-pool WT cont2 52 19 29

KO-like 26 33 41

KO-like flux 54 42 4

WT flux 2 46 38 17

Survivors underwent two grip tests. Grip tests, i.e., motor/sensory tests, were used to

quantify forelimb involvement 15 and 30min after the end of decompression. Mice which

failed at least one test were considered to be symptomatic (Grip−). The results of this

behavioral test were used to define DCS and distinguish the following groups: dead (Lethal

DCS), mice that failed at least one grip test (Grip−) and mice that passed both grip tests

(Grip+).
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We previously suggested that the absence of TREK-1 channel
activity could limit recovery after DCS (Vallee et al., 2012), but
our present data are not in accord with such a hypothesis. For
example, a large number of KOflux mice passed both grip tests,
but without an improvement between both tests, whereas KO-
likeflux mice not only passed both grip tests, but improved their
scores between test 1 and test 2.

In more detail and with regard to the timed performance
in the grip tests, WTflux mice improved their mean time spent
suspended from the cord (WWTflux: n = 6, α= 0.05, p = 0.034) in
the second test carried out 15min later (16.8 ± 2.1s vs. maximal
time 30.0 ± 0.0 s). In the spad-pool study, better performances
were observed in the second grip tests for the KO-like population
(WKO-like: p = 0.014, 4.1 ± 5.8 s vs. 16.0 ± 11.2 s) and the
KO-likeflux population (WKO-like flux: p = 0.014, 11.5 ± 8.9 s vs.
22.2± 11.1 s).

Significant differences were observed between populations
in both grip tests (first test, KWWTcont/WTflux/HETflux/KOflux :

n = 7/6/7/7, α = 0.05, p = 0.048 and second test, KW

WTcont/WTflux/KOflux: n = 7/6/7/7, α = 0.05, p = 0.039):
the WTcont group did not perform as well as mice treated
with fluoxetine (first test: MW WTcont/KOflux: n = 7/7, p =

0.054, MW WTcont/WTflux: n = 7/6, p = 0.002; second test:
MW WTcont/WTflux: n = 7/6, p < 0.0001). WTflux mice
performed better in the second grip test than HETflux mice
(MWHETflux/WTflux: n = 7/7, p < 0.009). With regard to timed
performance in the grip tests of the spad-pool, no significant
differences were observed between populations, either in the first
(KW: p = 0.190) or second grip test (KW: p = 0.453), or in their
delta performance (KW: p = 0.193).

Full Blood Counts
Erythrocyte Counts

To a small extent, a decrease in red cell counts, usually though
diapedesis, can be observed after a dive and can be attributed
to the decompression protocol (Table 2). Overall, we cannot link
this decrease to an effect of treatment or to mouse genotype.

In the flux-pool, differences in erythrocyte counts could be
attributed to the treatment before the dive (KW: p < 0.0001):
WTcont mice displayed lower erythrocyte counts than both
WTflux (p < 0.001) and KOflux (p < 0.003) mice. HETflux

mice also presented lower erythrocyte counts than KOflux

mice (p = 0.01). Globally, erythrocyte counts decreased
on average after the dive, to a small extent (W: p = 0.003,
mean = −0.4 ± 7.9), with lower counts in Grip− mice
(KW p = 0.017). These differences can therefore be related
to treatments given to the mice (KW p < 0.0001: WTcont

and WTflux presented lower erythrocyte counts than KOflux),
but there were no variations in their consumption rate
(KW p = 0.382) after the dive. This suggests that the
red cell count decrease was due to the decompression,
even when basal levels were different according to
treatment.

In the spad-pool, no effect on erythrocyte counts could be
attributed to the sole effects of treatments before the dive (KW:
p = 0.999), or afterwards (KW: p = 0.392), or in its variation
between before and after the dive (KW: p = 0.172). Following the
dive, a significant decrease in erythrocyte counts (W p < 0.001,
mean = −8.6 ± 10.1) was observed after the decompression
protocol in all survivors, but the variation was not linked to the
clinical state after the dive (Grip+ vs. Grip−: MW p = 0.299:
Grip+: mean= −7.3± 9.4%; Grip−: mean= −10.2± 11.0%).

Platelet Counts
Globally, platelet loss occurs following a dive that can be linked
to the physical state of mice. Platelet consumption seemed to
be more related to the clinical state of the mice than to their
treatment or their genetic status (Table 2). Platelet consumption
increased with the severity of DCS. This drop in platelet counts
was attributed to clotting activity following exposure of the
collagen under bubble-damaged endothelial cells in blood vessels
(Persson et al., 1978; Haller et al., 1987; Thorsen et al., 1987;
Nossum et al., 1999) or to direct interactions between bubbles
and platelets (Hallenbeck et al., 1973; Warren et al., 1973; Giry
et al., 1977).

TABLE 2 | Variation (%) in erythrocyte, leukocyte, and platelet counts before and after decompression.

Correction according to the hematocrit variation Part of the study Variation in blood cell counts between

before and after the hyperbaric exposure (%)

Grip+ Grip− All survivors

Hematocrit 1-Flux-pool −14.4±19.2 −4.5± 25.3 −12.6± 21.6*

2-Spad-pool +29.9±51.8 +31.0± 48.3 +25.2± 43.8*

Erythrocytes 1-Flux-pool −0.6±8.9 0.2± 1.8# −0.4± 7.9*

2-Spad-pool −7.3±9.4 −10.2± 11.0 −8.6± 10.1*

Leukocytes 1-Flux-pool −6.6±66.6 +12.1± 80.8 −2.4± 69.7*

2-Spad-pool −29.0±51.7 −25.4± 74.7 −27.4± 62.8*

Platelets 1-Flux-pool +9.2±33.1 −13.6± 29.2# +4.5± 33.5

2-Spad-pool −26.1±23.8 −41.2± 29.3 −32.7± 27.0*

The column on the right shows the averaged count carried out for all survivors (Grip+ and Grip−). Grip− mice were considered to be symptomatic. Grip+ mice were considered to

be asymptomatic. *Denotes a significant difference within all the survivors between pre- and post-decompression counts. #Denotes a significant difference between Grip+ and Grip−

mice.
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In more detail, and with regards to the first part of the study,
some differences in platelet counts could be attributed to the
treatments before the dive (KW: p < 0.001): WTcont displayed
lower platelet counts than both HETflux (p = 0.004) and KOflux

(p < 0.001). WTflux also presented lower platelet counts than
HETflux (p = 0.004) and KOflux (p < 0.001).

Following the dive, no significant decrease in platelet counts
(mean = +4.5 ± 33.5%) was recorded when all survivors were
considered (W p = 0.728). Nonetheless, Grip− mice tended
to exhibit higher consumption of platelets than Grip+ mice
(KW, p = 0.005; Grip+: mean = +9.2 ± 33.1%; Grip−:
mean = −13.6 ± 29.2%). No link could be established between
platelet consumption and treatments (KW, p = 0.076). This
suggests that platelet consumption, attributed to clotting activity,
is mainly due to the clinical state induced by decompression
rather than to treatment or genotype.

In the spad-pool, the absence of a difference in platelet counts
could be attributed to the treatment effects before the dive (KW:
p = 0.209), and levels before the dive had no consequences on
the clinical state after the dive (KW: p = 0.735).

Thirty minutes after the dive ended, a significant decrease in
platelet counts (−21.2 ± 26.5%) was recorded in all survivors
(MW: p < 0.0001). Platelet consumption was independent of
the nature of the treatment (KW: p = 0.132). Grip+ mice had
more circulating platelets (KW, p = 0.042) and tended to have a
lower consumption (in proportion) of their platelets than Grip−
mice (KW, p = 0.069; Grip+: mean = −26.1 ± 23.8%; Grip−:
mean = −41.2 ± 29.3%). Actually, Grip− platelets had a greater
volume than that of Grip+ mice (p = 0.0014), confirming that
old platelets (with a lower normal volume) had been used in the
aggregation process.

Leukocyte Counts

Globally, there was a loss of leukocyte following the dive (Table 2)
that was usually attributed to diapedesis (Dutka et al., 1989;
Zamboni et al., 1989, 1992, 1993; Dal Palu and Zamboni, 1990;
Helps andGorman, 1991). Neither treatment seemed to influence
leukocyte movement greatly, or the clinical state.

In the flux-pool, differences in leukocyte counts could be
attributed to the treatments before the dive (KW: p = 0.001),
as WTcont displayed lower leukocyte counts than both HETflux

(p = 0.010) and KOflux (p < 0.005). These differences influenced
their clinical state after the dive (KW: p = 0.004). Therefore, mice
that died after the dive-decompression protocol (Lethal DCS
mice) had lower leukocyte counts before the dive than Grip+
mice (4.3± 1.2 vs. 5.3± 1.6× 2.103/µl).

After the dive, in all survivors, leukocyte counts decreased
by 2.4 ± 7.9% (W: p = 0.003). These differences in counts or
variation between the different groups were not significant with
regard to genotype or treatment (KW: p = 0.129 and p = 0.342),
or clinical status after the dive, i.e., Grip+, Grip−, or Lethal (KW
p = 0.870 and p = 0.416).

In the spad-pool, differences in leukocyte counts could be
attributed to the 5 days of spadin treatment (KW, p = 0.008).
KO-like mice displayed higher leukocyte counts than KO-likeflux
mice (p = 0.016), WTflux2 mice (p = 0.007) or WTno dive mice (a
trend, p = 0.096). Differences observed before the dive possibly

influenced the clinical state after the dive (KW: p = 0.022). Here
again, Lethal DCS mice had higher leukocyte counts than Grip+
mice (6.3± 1.7 vs. 5.0± 2.0×02.103/µl, p = 0.032). Nonetheless,
this is the opposite result to what has just been proposed for the
flux-pool study, what must invalidate the hypothesis.

Following the dive, a significant decrease in leukocyte
counts (W: p < 0.0001, mean = −27.4 ± 62.8%) was
recorded in all survivors. Nonetheless, there was no difference
in the consumption of leukocytes between Grip+ and Grip−
mice (KW: p = 0.8930: Grip+: mean = −29.0 ± 51.7%;
Grip−: mean = −25.4 ± 74.7%). Leukocyte recruitment was
independent of the nature the treatment (KW: p = 0.905).

Finally, fluoxetine administered orally before the dive tended
to increase the number of circulating leukocytes, compared to
control mice. When injected i.p., fluoxetine reduced leukocyte
counts. In fact, intraperitoneal injection of fluoxetine induces
irritation and leukocyte adhesion in the abdominal cavity (Herr
et al., 2014). This effect was not counteracted by the 5 days of
spadin treatment, while the latter, when given alone i.p., tended to
increase leukocyte counts. Finally, however, this prestimulation
was equal in all groups for the spad-pool and controlled by
the administration of the vehicle in the same way as fluoxetine
administration. These paradoxical effects on leukocyte counts
before the dive did not influence the (high) survival rate of the
KOflux and the KO-likeflux mice.

As already described (Pontier et al., 2008; Blatteau et al.,
2012; Vallee et al., 2012), the leukocyte counts dropped after
decompression in all survivors, and leukocyte recruitment was
independent of the type of treatment.

Blood Biochemistry
Following the dive, blood biochemistry was assessed on samples
from heart punctures. Compared to WTno dive, sodium (KW:
p = 0.007; post-hoc p = 0.019 p = 0.01), potassium (KW:
p = 0.022; post-hoc p = 0.006 p = 0.004), globulin (KW:
p = 0.01; post-hoc p = 0.008 p = 0.001), and transaminase
(KW: p = 0.001; post-hoc p = 0.002 p < 0.0001) were found
at increased levels in mice subjected to the hyperbaric protocol,
regardless of the clinical state (Grip+ or Grip−) (Table 3). Grip−
mice had higher levels of creatinine kinase (KW p = 0.062;
post-hoc p = 0.019). The BUN level was lower in the Grip+
groupthan in the WTno-dive group (KW p = 0.041; post-hoc
p = 0.016). The albumin level was lower in the Grip+ and the
Grip− groups than in theWTno-dive group (KW: p < 0.001; post-
hoc p = 0.002 p < 0.0001). Triglyceride levels were higher in
Grip− than in Grip+ mice (KW p = 0.005; post-hoc p = 0.01).
Overall, the dive induced a hemoconcentration regarding sodium
potassium and AST levels. This could be due to a capillary leak
consider low albumin levels (in contrast to high globulin levels).
Cell destructions and/or liver shouting could also be engaged,
especially when taking into account high triglycerides levels then
recorded in Grip−. Increase in creatinine kinase also suggested
muscle or heart straining when DCS was stated.

Blood sample analyses from two mice, punctured just before
they died (Lethal DCS) showed (i) higher levels of sodium (KW
p = 0.007; post-hoc p = 0.001), potassium (KW p = 0.022; post-
hoc p = 0.028) or creatinine kinase (KW p = 0.062; post-hoc p =
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TABLE 3 | Blood biochemistry analysis according to clinical status after

the decompression protocol.

Effect of clinical status on: KW Post-hoc test

Total bilirubin 0.004 Lethal DCS < WTno dive p = 0.002

Lethal DCS < Grip+ p < 0.0001

Lethal DCS < Grip− p = 0.002

Na+ 0.007 WTno dive < Lethal DCS p = 0.001

WTno dive < Grip+ p = 0.019

WTno dive < Grip− p = 0.01

Grip+ < Lethal DCS p = 0.031

Grip− < Lethal DCS p = 0.006

K+ 0.022 WTno dive < Grip+ p = 0.0006

WTno dive < Grip− p = 0.004

WTno dive < Lethal DCS p = 0.028

BUN/Urea 0.041 WTno dive > Grip+ p = 0.016

AST/transaminase 0.001 WTno dive < Grip+ p = 0.002

WTno dive < Grip− p < 0.0001

Globulin 0.010 WTno dive < no DCS p = 0.008

WTno dive < DCS p = 0.001

Lactate 0.016 Grip+ < Lethal DCS p = 0.010

Creatinine kinase 0.062 WTno dive < Grip+ p = 0.019

Triglycerides 0.005 Lethal DCS > Grip+ p = 0.005

Grip+ > Grip− p = 0.010

Albumin 0.000 WTno dive > Grip+ p = 0.002

WTno dive > Grip− p < 0.0001

0.064) in comparison with WTno dive mice, (ii) a higher sodium
level in comparison with both the Grip− and Grip+ groups (KW
p = 0.007; post-hoc p = 0.006 and p = 0.031 respectively), (iii)
a higher lactate level (KW p = 0.016; post-hoc p = 0.010) and
triglyceride concentration (KW p = 0.005; post-hoc p = 0.005)
when compared to the Grip+ group, (iv) higher bilirubin levels
than those of WTno dive, Grip+ and Grip−mice (KW p = 0.004;
post-hoc p = 0.002 p < 0.001 p = 0.002, respectively), (v)
unchanged glycemia, calcium, cholesterol, creatinine, and total
protein levels vs. the other groups.

When looking at the effect of the treatments per se on
blood biochemistry after the dive (Table 4), we pointed out
that mice treated with fluoxetine, such as KO-likeflux and
WTflux2 and corresponding to the best survival rates, had
higher levels of potassium (hemoconcentration, cell destruction),
AST (aspartate aminotransferase, liver function) and globulin
(hemoconcentration), and lower levels of albumin (an indicator
of capillary leak) and lactate (high levels indicate anaerobic) than
those of the WTno-dive group.

KO-like mice, receiving spadin for 5 days, displayed the worst
survival rate. In comparison with the WTno-dive group, they
expressed very low levels of bilirubin, a toxic and hydrophobic

TABLE 4 | Blood biochemistry analysis depending on treatment after the

decompression protocol.

Treatment effects on: KW Post-hoc test

Albumin 0.001 WTno dive > KO-likeflux p = 0.001

WTno dive > WTflux2 p < 0.0001

Na+ 0.027 WTno dive < KO-like p = 0.0004

K+ 0.000 WTno dive < KO-likeflux p < 0.0001

WTno dive < WTflux2 p = 0.002

Aspartate T/transaminase 0.000 WTno dive < KO-likeflux p < 0.0001

WTno dive < WTflux2 p < 0.0001

Total bilirubin 0.000 KO-like < KO-likeflux p < 0.0001

KO-like < WTflux2 p < 0.0001

KO-like < WTno dive p = 0.002

Globulin 0.001 WTno dive < KO-likeflux p = 0.001

WTno dive < WTflux2 p = 0.001

Lactate 0.014 KO-like > WTflux2 p = 0.003

Triglycerides 0.029 KO-like > KO-likeflux p = 0.004

KO-like > WTflux2 p = 0.001

breakdown product of red blood cells that is bound to and carried
by albumin. They also had very high levels of lactate (anaerobic
metabolism and possible mitochondria dysfunction), sodium
and triglycerides; the origin of these high triacylglycerol levels
in their blood could be due to adipocyte release, pancreatitis,
autoimmune disease or nephritic syndrome.

DISCUSSION

In this study, fluoxetine should be regarded as an anti-
inflammatory drug, considering that we opted for an acute,
high dose of 50mg/kg; the antidepressant effect of fluoxetine
requires long-term treatment (28 days at 20mg/kg) to induce
synaptogenesis, and should not be considered in this study. In
contrast, 5 days of spadin treatment was sufficient to internalize
TREK-1 channels and consequently to exert antidepressant
activity (Mazella et al., 2010; Moha Ou Maati et al., 2012).

Prevention of Decompression Sickness
The decompression protocol used in this study is comparable
with that used in previous studies on mice of a similar weight
(Berghage et al., 1979; Blatteau et al., 2012; Vallee et al., 2012).
Mice in the spad-pool were heavier, which may have increased
their susceptibility to DCS. Nonetheless, the protocols used in
this study induced neurological DCS with motor and locomotor
impairments and convulsions, suggesting damage to the spinal
cord or brain.

The increase in AST (aspartate aminotransferase) may be
due to fluoxetine hepatotoxicity, as fluoxetine is extensively
metabolized in the liver to norfluoxetine and this is a well-known
side effect (Inkielewicz-Stepniak et al., 2014). Fluoxetine may
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also induce moderate lymphocyte infiltration within the portal
tracts and ballooning degeneration of hepatocytes (Kwak et al.,
2000). The low mortality associated with fluoxetine treatment
led us to conclude that increased AST levels may have a minor
effect on DCS outcomes. Nonetheless and except for Lethal DCS
mice, we also observed increased concentrations of sodium and
potassium ions and globulins, after the dive. These variationsmay
be explained at least in part by hemoconcentration (increased
hematocrit in the spad-pool) or by hepatocyte damage due to the
presence of bubbles in the liver, as previously observed in rats
(L’Abbate et al., 2010). Arguing in favor of liver dysfunction, the
albumin and BUN (both synthetized by the liver) concentrations
were low, but these lower concentrations could also been
explained by damage to the glomerulus, as occurs in nephritic
syndrome (Blann and Ahmed, 2014), or by capillary leak that
may lead to edema (Clarkson et al., 1960). This albumin loss
demonstrated that fluoxetine did not prevent capillary leak per
se, a symptom of severe DCS. Finally, the blood biochemistry
results indicate that damage induced by bubbles may have
induced capillary leak, cell destructions and liver dysfunction.
However, other blood components were not affected by the
dive. Consequently, additional data will be necessary to validate
or invalidate the liver dysfunction hypothesis. Dramatically,
multivisceral dysfunction could be supported by changes in
analyte concentrations in Lethal DCS mice, such as high levels
of creatinine kinase or lactate.

This protocol also decreased erythrocyte, leukocyte and
platelet counts, suggesting diapedesis, inflammation and clotting
activity, as well as ischemia, the usual symptoms described for
DCS. Platelet dysfunction has been described for fluoxetine
(Lesch et al., 1993; Brenner et al., 2007), but this effect did not
influence platelet recruitment or DCS outcomes in our study.
On the other hand, TREK-1 channels are not known to affect
clotting function directly, although they are activated by platelet
activating factor (Maingret et al., 1999). Under these conditions,
TREK-1 channels likely played a minor role in DCS outcomes.

The main result from our work is that mice with impaired
TREK-1 channel function and treated with fluoxetine are more
resistant to the consequences of decompression than WT mice
treated with fluoxetine, and far more resistant than untreated KO
or KO-like mice. Our data suggest that the presence of the TREK-
1 channel may mitigate the global benefit of fluoxetine in DCS-
related ischemia and inflammation. The second important result
from our work is that 5 days of spadin antidepressant treatment,
thereby blocking TREK-1 channel activity specifically, increased
DCS susceptibility. However, when the same 5 days of spadin
treatment was administered to mice treated with fluoxetine, the
protective effect of fluoxetine was increased. These data indicate
that the main protective effect of fluoxetine is mediated by a
cellular pathway independent of TREK-1 channel activity.

Loss of Protective Activity of TREK-1
The high mortality rate of KO-like mice confirmed that the
neuroprotection induced by the TREK-1 channel in WT was
prevented by spadin (5 days of treatment). The importance
of the TREK-1 channel in neuroprotection is well-documented
for different physio-pathological processes, including hypoxia

(Moha Ou Maati et al., 2011), glutamatergic excitotoxicity and
neuronal death (Heurteaux et al., 2004). According to our
previous and present studies (Vallee et al., 2012), mice that do not
express the TREK-1 channel (KO-like or KO) are more likely to
develop neurological symptoms after DCS damage to the central
nervous system. This could be attributed to the stimulation
of NMDA receptor activity, which exacerbated glutamate
excitotoxicity, making the brain blood barrier (BBB) more
permeable to leukocytes (Bittner et al., 2014). These KO mice
are known to display an inflammatory phenotype and accelerated
leukocyte trafficking across the BBB (Bittner et al., 2014).

This study focused on fluoxetine, which inhibited TREK-1
channel activity (Kennard et al., 2005; Sandoz et al., 2011)
and thus reduced its neuroprotective effects. However, in the
present work and in previous experiments on fluoxetine and
DCS (Blatteau et al., 2012), we found that WT mice treated
with fluoxetine were more resistant to DCS than untreated
mice. These observations suggest that the positive anti-
inflammatory effects of fluoxetine outweigh fluoxetine-induced
TREK-1-inhibition.

Enhanced Protective Activity of Fluoxetine
on TREK-1−/−(like) Mice
KO and KO-like mice treated with fluoxetine appeared to be
the most resistant to decompression. It was recently shown that
fluoxetine selectively inhibits glutamate-N2B NMDA receptors
and then induces neuroprotection (Vizi et al., 2013). This
property of fluoxetine could partly substitute for the loss of
TREK-1-mediated neuroprotection. Another hypothesis can also
be drawn. In the absence of TREK-1 channels at the cell
membrane, more fluoxetine may have been available for binding
to other fluoxetine targets, thereby increasing its protective
effects. This hypothesis is suggested by the dose dependence of
DCS in KOflux HETflux and WTflux mice treated with fluoxetine.
We previously attributed the main protective effect of fluoxetine
in DCS to its anti-inflammatory properties from the observed
decrease in IL-6 (Blatteau et al., 2012). Decreased IL-6 secretion
was also described in TREK-1-deficient cells (Schwingshackl
et al., 2012) and this could superimpose on the effect of fluoxetine
to further reduce inflammation in TREK-1 deficient mice. It
could constitute an efficient response to TREK-1−/−-induced
BBB damage (Bittner et al., 2013, 2014) or more hypothetically,
an opportunity to cross the BBBmore readily andmore efficiently
(Figure 2). Finally, fluoxetine is also known to prevent BBB
disruption (Lee et al., 2014) thanks to its anti-inflammatory
activity coupled with its ability to block NMDA receptors and
attenuate glutamatergic excitotoxicity. Further studies will be
required to confirm this hypothesis.

Should SSRI Treatment be a
Contraindication for Diving?
Spadin was described as a new concept of antidepressant and it
was shown that 4 days of treatment with spadin corresponds to
21–28 days of treatment with classical SSRIs (Mazella et al., 2010;
Moha Ou Maati et al., 2012; Borsotto et al., 2015; Devader et al.,
2015; Veyssiere et al., 2015). Spadin treatment induces TREK-
1 internalization, resulting in the disappearance of the channel
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FIGURE 2 | Fluoxetine and possible interactions in a CNS-ischemia model. The circle summarizes the deleterious cascade encountered after a provocative

dive, resulting from vascular bubble formation. Fluoxetine stimulates IL-10 secretion which attenuates the inflammatory response mediated by IL-1, IL-6, and TNF. This

reduces leukocyte infiltration across the BBB. Fluoxetine is also known to selectively block glutamate N2B-containing NMDA receptors (non-synaptic

neurodegenerative), reducing the negative effects of excitotoxicity on neurons. However, blockade of the TREK-1 channel by an SSRI such as fluoxetine may

contribute to the limitation of the protection afforded by these channels, but it may also strengthen the fluoxetine action at other sites in a dose-dependant manner.

from the plasma membrane (Mazella et al., 2010). KO mice are
known for developing a depression-resistant phenotype and also
for being more sensitive to ischemia (Heurteaux et al., 2006).
Both KO and KO-like TREK-1 mice were more likely to succumb
to DCS after dive. Therefore, we legitimately wonder whether
SSRIs, in their usual indication against depression in humans,
could represent a risk factor in diving, or more generally in risky
sports that may induce ischemia and inflammation.

Fluoxetine, TREK-1 and Clinical Status:
Weight
TREK-1 is widely expressed in central and peripheral tissues. It is
highlyexpressedinthenervoussystem,digestivesystem,endocrine
systemand reproductive system, aswell as in themuscular system.
In the CNS, TREK-1 is expressed in both astrocytes and neurons.
It should be kept in mind that fluoxetine, like spadin, could
spread throughout whole body and thus could induce many
interactions not anticipated in this study, even if the symptoms
are mainly nervous. Moreover, it could be useful to include
in further studies immuno-histological technics to confirm the
infiltrating leukocyte population in the brain injury. The signaling
pathways should also be of interest to assess cell viability.

CONCLUSION

We previously found that acute fluoxetine treatment affords
the best protection against DCS when the TREK-1 potassium
channel is impaired. We suggest that this drop in mortality may
be due to decreased ischemia-induced glutamatergic toxicity,
which could be due to the blockage of NMDA receptors by
fluoxetine, and/or to an enhancement of the anti-inflammatory
effect of fluoxetine. Following this study, exact mechanism
remains to be elucidated. We also found that antidepressed
mice, i.e., KO or spadin treated, showed increased susceptibility
to DCS compared to WT mice. It remains to be determined
whether antidepressants could be contraindicated in humans
participating in risky activities such as diving that may induce
ischemia, even though we found an efficient but paradoxical
solution to DCS by delivering fluoxetine.
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Hydrothermal vent organisms have evolved physiological adaptations to cope with

extreme abiotic conditions including temperature and pH. To date, acid-base regulatory

abilities of vent organisms are poorly investigated, although this physiological feature

is essential for survival in low pH environments. We report the acid-base regulatory

mechanisms of a hydrothermal vent crab, Xenograpsus testudinatus, endemic to highly

acidic shallow-water vent habitats with average environment pH-values ranging between

5.4 and 6.6. Within a few hours, X. testudinatus restores extracellular pH (pHe) in

response to environmental acidification of pH 6.5 (1.78 kPa pCO2) accompanied by an

increase in blood HCO− levels from 8.8 ± 0.3 to 31 ± 6mM. Branchial Na+/K+-ATPase3

(NKA) and V-type H+-ATPase (VHA), the major ion pumps involved in branchial acid-base

regulation, showed dynamic increases in response to acidified conditions on the mRNA,

protein and activity level. Immunohistochemical analyses demonstrate the presence

of NKA in basolateral membranes, whereas the VHA is predominantly localized in

cytoplasmic vesicles of branchial epithelial- and pillar-cells. X. testudinatus is closely

related to other strong osmo-regulating brachyurans, which is also reflected in the

phylogeny of the NKA. Accordingly, our results suggest that the evolution of strong

ion regulatory abilities in brachyuran crabs that allowed the occupation of ecological

niches in euryhaline, freshwater, and terrestrial habitats are probably also linked to

substantial acid-base regulatory abilities. This physiological trait allowed X. testudinatus

to successfully inhabit one of the world’s most acidic marine environments.

Keywords: hydrothermal vent, V-type H+-ATPase, Na+/K+-ATPase, hypercapnia, invertebrate physiology, gill,

crustacean

INTRODUCTION

Deep sea hydrothermal vent systems support ecosystems with an enormous biomass, and reveal
a rich biodiversity ranging from microbes to vertebrates (Tunnicliffe, 1992). To survive in these
extreme habitats, vent associated organisms show a range of morphological and physiological
adaptations to cope with challenging environmental conditions including temperature, metallic
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sulfides, anoxia, hypercapnia, and low pH (Goffredi et al., 1997;
Ramirez-Llodra et al., 2007). Highly acidified conditions due
to the release of HCl and CO2 are a characteristic of most
seafloor vent systems including the shallow-water hydrothermal
vent system of Kueishan Island (24◦50′N, 121◦57′E), off the coast
of Taiwan (Han et al., 2014). This shallow water hydrothermal
vent system has been described as one of the most acidic
vents in the world, discharging water with a high content of
elemental sulfur particles, having temperatures ranging between
76 and 116◦C and a minimum pH of 1.52 (Chen et al., 2005;
Figure 1A). The gas composition released by the underwater
volcano is mainly CO2 (<92%; Han et al., 2014). Even in
the surrounding areas with depths between 2 and 14m, the
seawater is highly acidic ranging from pH 6.6 to 5.4 (Han
et al., 2014). This challenging hydrothermal vent habitat is
inhabited by Xenograpsus testudinatus, a crab species that is
endemic to shallow-water (<200m) vent systems (Ng et al.,
2000). X. testudinatus is the only metazoan species found in the
direct surroundings of the vents, and individuals congregate in
large numbers in vent crevices with an average of 364 individuals
per m2 (Figure 1B). These crabs have evolved a unique feeding
behavior by feeding on dead zooplankton killed by the toxic
vent discharges (Jeng et al., 2004). During slack water conditions,
when there are no currents, the crabs swarm out of their crevices
(Figures 1C,D) to rapidly feed on this “marine snow” of dead
zooplankton (Jeng et al., 2004).

Crustaceans are probably one of the most successful
invertebrate group that occupy ecological niches in marine
systems ranging from polar regions (Frederich et al., 2001)

FIGURE 1 | Xenograpsus testudinats crabs in the hydrothermal vent

habitat at Kueishan island located off Taiwan’s east coast. Underwater

photographs of the hydrothermal vent system at Kueishan island, showing an

active chimney discharging acidic, CO2 rich water (note the X. testudinatus

crab in the direct vicinity of the vent opening) (A). High densities of X.

testudinatus crabs can be found in the direct surrounding of the vents hiding in

sulfur-rich crevices (B). Whilst feeding on zooplankton killed by the toxic

discharges of the vents crabs swarm out of their shelters, and are directly

exposed to highly acidic waters (C,D). All images were obtained and

authorized from the co-author Dr. Ming-Shiou Jeng.

to hydrothermal vents (Joel and Haney, 2005; Dittel et al.,
2008) and have radiated from seawater to freshwater and even
into terrestrial habitats (Schubart et al., 1997). While those
found in stenohaline marine habitats are more likely to be
weak osmo-regulators or even osmo-conformers crustaceans
from euryhaline or intertidal habitats are moderate to strong
osmo-regulators, a physiological feature that is beneficial for
adaptation to habitats with fluctuating salinities (Charmantier
and Charmantier-Daures, 2001; Henry et al., 2012). The gills
are the major organ involved in extracellular ion homeostasis,
equipped with an efficient ion regulatory machinery that shows
evolutionary conserved features comparable to the ion regulatory
epithelia in cephalopods and fish (Henry et al., 2012). Similar
to the situation in most vertebrate and invertebrate systems, the
ubiquitous Na+/K+-ATPase localized in basolateral membranes
creates the electro-chemical gradient that is used by secondary
active transporters such as apical Na+/H+-exchangers or anion
exchangers that can mediate ionic and pH homeostasis in
crustaceans (Cameron, 1978; Heisler, 1986; Pörtner et al., 1991;
Gutowska et al., 2010; Henry et al., 2012). The V-type H+-ATPase
(VHA) has also been described in gill epithelia of crustaceans,
demonstrating a cytosolic or apical localization of this enzyme
(Weihrauch et al., 2001; Tsai and Lin, 2007). The VHA has
been shown to be involved in the acidification of intracellular
organelles, and in the secretion of protons across the plasma
membrane of specialized cells located in ion-regulatory epithelia
(Weihrauch et al., 2002; Tresguerres et al., 2006; Hwang, 2009;
Hu et al., 2014). Based on the structure of the VHA with the
catalytic (V1 complex) site facing the cytoplasm, the VHA is
restricted to transport protons out of the cytoplasm (Beyenbach,
2006).

In euryhaline crabs changes in environmental salinity were
demonstrated to directly affect the extracellular acid-base status
of these animals (Truchot, 1981, 1992). The fact that a
reduction in environmental salinity induces a metabolic alkalosis
while an increase in salinity leads to a metabolic acidosis
demonstrated that osmo-regulation and themaintenance of acid-
base homeostasis are directly linked (Whiteley et al., 2001). This
connection between osmo and acid-base regulation may explain
why most osmo-regulating crustaceans are relatively tolerant
to environmental acid-base disturbances (Henry and Cameron,
1982; Spicer et al., 2007).

X. testudinatus is a brachyuran crab species that has a
phylogenetic position close to other crab species that are
characterized as strong osmo-regulators including the euryhaline
crab Eriocheir sinensis and crabs of the genus Hemigrapsus spp.
(Hicks, 1973; Bedford and Leader, 1977; Onken and Graszynski,
1989; Ki et al., 2009). The potential link between acid-base
and osmo-regulation in many euryhaline decapod crustaceans
prompted us to formulate the hypothesis that X. testudinatus
utilizes conserved ion pumps to regulate extracellular pH.
To test this hypothesis we exposed X. testudinatus to CO2-
induced seawater acidification (pH 6.5), and monitored changes
in extracellular acid-base status as well as expression, protein
concentrations and activities of the branchial Na+/K+-ATPase
and V-type H+-ATPase over a time course of 48 h. These
results will demonstrate that evolution of strong osmo-regulatory
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abilities in this phylogenetic group may represent a requisite that
is accompanied by substantial acid-base regulatory abilities that
allowed X. testudinatus to inhabit one of the most acidic marine
habitats.

MATERIALS AND METHODS

Acidification Experiments
X. testudinatus with carapace width ranging between 3 to 4 cm
were obtained by SCUBA divers from Kueishan Island, Taiwan
(ROC) in July 2013. Crabs were collected from depth ranging
between 5 and 10m and held in recirculating natural seawater
systems (500 l total volume, nitrification filter, salinity 31–32h,
temperature 28◦C, constant 12 h dark:12 h light cycle) at the
Institute of Cellular and Organismic Biology, Academia Sinica.
Animals were fed ad libitum twice per day with tilapia meat.
CO2 perturbation experiments were carried our using a total of
48 animals that were distributed into six 20 l tanks (8 animals
per tank). The six tanks, with three replicate tanks for each pH
treatment were connected to a flow through system providing
filtered (0.2µm), natural seawater. Water was exchanged at a
flow rate of ∼3 l h−1 to guarantee high water quality inside the
test aquaria. The pH (8.0 and 6.5) in the experimental tanks
was continuously adjusted by the addition of the appropriate
gas mixtures using a continuous pH-stat system (pH controller,
MACRO) that controlled the addition of pure CO2 into the
seawater. The experimental tanks were additionally aerated
with air (O2 saturation > 90%) to assure sufficient seawater
pO2 during the experiment. Specific seawater physicochemical
conditions for the different incubations are shown in Table
S1. Animals were not fed during the 48 h experimental period
in order to minimize physiological artifacts caused by feeding
activity. pHSW was measured using a WTW 340i meter equipped
with a WTW SenTix 81 electrode that was calibrated daily
with Tris and AMP buffers at a salinity of 31 to monitor
the experiment. Alkalinity in seawater samples was determined
spectrophotometrically according to Sarazin et al. (1999). The
carbonate system of seawater was calculated from AT and pHSW

using the software CO2SYS (Lewis andWallace, 1998), including
the dissociation constants of Mehrbach et al. (1973) as refitted by
Dickson and Millero (1987). Along the experimental duration of
48 h, extracellular acid-base parameters were measured, and gill
tissue samples were collected for gene expression, protein, and
enzyme analyses. Tissue and hemolymph sampling was carried
out at six time points (0, 1, 4, 12, 24, and 48 h) along the
time course of 48 h. At each sampling time point, one to two
animals were sampled from the three experimental replicate
tanks, leading to a biological replication of n = 4. Animals were
anesthetized by cooling on ice and were killed by an incision of
the frontal region of the carapace. The carapace was removed
to access the branchial chamber where the gills are located.
X. testudinatus has six gill pairs (Figures S2A,B), of which the
anterior-most gill 1 (G1), is minute (length 1–2mm); G6 is the
posterior-most gill with a total length of ∼10mm. G1–G3 are
designated as anterior gills, while G4–6 are considered posterior
gills. G3–G6 are similar in size while G2 is smaller (∼5mm

long). The gill formula of X. testudinatus is: G1,G2 podobranch,
G3 and G4 arthrobranchs with a common insertion point, G5
and G6 arthrobranchs with a common insertion point. Gills
from the left side were sampled for gene expression studies
while those from the right side were sampled for protein and
enzyme analyses. Pooled samples of posterior gills (4,5,6) were
used for gene expression, activity and protein analyses. The
experimental protocols for the present study were approved by
the National Taiwan Normal University Institutional Animal
Care and Utilization Committee (approval no.: 101005).

Extracellular Acid-Base Status
Hemolymph samples were taken from the coxa using a gas-tight
Hamilton syringe. Determination of pHe in venous hemolymph
was performed in 100µl samples using a microelectrode (WTW
Mic-D) and a WTW 340 pH meter (precision ± 0.01 units)
that was calibrated with Radiometer precision buffers 7 and 10
(S11M44, S11 M007). Measurements were performed inside a
temperature controlled water bath adjusted to 28◦C. Due to
low hemolymph sample volumes for total dissolved inorganic
carbon (CT) determinations (∼100µl) samples were diluted 1:1
with de-ionized water prior to measurements. After hemolymph
sampling, the dilution and measurement of samples was carried
out within less than 30 s to guarantee negligible changes in the
carbonate system of hemolymph samples. CT was determined
in duplicates (100µl each) via a Corning 965 carbon dioxide
analyzer (precision ± 0.1mmol l−1; Olympic Analytical Service,
England) that was calibrated using a fresh dilution series of 40,
20, 10, 5, and 2.5mM bicarbonate in distilled water to generate a
sodium bicarbonate standard curve. Carbonate system speciation
(i.e., pCO2, [HCO−

3 ]) of hemolymph samples of X. testudinatus
was calculated from extracellular pH (pHe) and CT using the
Henderson–Hasselbalch equation with dissociation constants
and solubility coefficients as previously described for the shore

crab Carcinus maenas (Truchot, 1976).

Immunohistochemistry and Western Blot
Analyses
For immunohistochemistry gill tissues from control animals were
fixed and mounted to slides as previously described (Hu et al.,
2014). The primary antibodies, a mouse monoclonal antibody
α5, raised against the avian α subunit of the Na+/K+-ATPase
(Hybridoma Bank) and a polyclonal antibody raised against part
the subunit A region (SYSKYTRALDEFYDK) of the molluscan
V-type-H+-ATPase (VHA; for more detail see Hu et al., 2013)
were diluted in PBS (1:100) and placed in droplets of 200µl
onto the sections, and incubated over night at 4◦C inside a wet
chamber. Sections were then washed (3 × 5min) with PBS and
incubated for 1 h with the secondary antibody, anti-mouse Alexa
Fluor 488, or anti-rabbit Alexa Fluor 568 (Invitrogen) (dilution
1:250). After rinses in PBS (3 × 5min), sections were examined
and photographed using a fluorescence microscope (Zeiss imager
A1) equipped with an appropriate filter set. Negative controls
were performed several times for every antibody by omitting the
primary antibody.

Immunoblotting was essentially performed as previously
described (Hu et al., 2014) using 15µL of gill crude extracts.
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Proteins were fractionated by SDS-PAGE on 10% polyacrylamide
gels, and transferred to PVDF membranes (Millipore), using
a tank blotting system (Bio-Rad). Blots were exposed to the
primary antibody (see previous section) diluted 1:250–500
and incubated at 4◦C overnight. After washing with PBS-T
(phosphate buffered saline containing 0.1% Tween20), blots
were incubated for 2 h with horseradish conjugated goat anti-
rabbit IgG antibody (diluted 1:1000–2000, at room temperature;
Amersham Pharmacia Biotech). Protein signals were visualized
using the enhanced chemiluminescence system (ECL, Amersham
Pharmacia Biotech) and recorded using Biospectrum 600
imaging system (UVP, Upland, CA, USA). Signal intensities were
calculated using the free software “Image J” (e.g., Schneider et al.,
2012).

Enzyme Activity
ATPase activity was measured in crude extracts of the three
posterior gills (4,5,6). The measurement is based on a coupled
enzyme assay containing pyruvate kinase (PK) and lactate
dehydrogenase (LDH) as previously described (Hu et al., 2014).
Crude extracts were obtained by quickly homogenizing the tissue
samples using a pestle followed by complete homogenization
in a tissue lyzer (Qiagen) in five volumes of ice-cold imidazole
buffer (Hu et al., 2014). After centrifugation for 10min at 1000
g and 4◦C, cell debris was removed and the supernatant was
used as a crude extract. The reaction was started by adding
1.5µl of the sample homogenate to the reaction buffer. The
coupled to The hydrolysis of ATP reflected by the oxidation of
NADH was measured photometrically at 30◦C in a temperature
controlled plate reader (Molecular Device, Spectra Max, M5),
over a period of 15min, with the decrease of extinction being
measured at λ = 339 nm. Addition of 2µl ouabain (5mM final
concentration) or bafilomycin (Bafilomycin A1, Sigma-Aldrich)
(1µM final concentration) to the assay was used to determine
the fraction of Na+/K+-ATPase or H+-ATPase activity from
the total ATPase (TA) activity. The concentrations of inhibitors
used in this enzyme assay are sufficient to fully inhibit the NKA
(Morris et al., 1997) and VHA (Dröse and Altendorf, 1997),
respectively. Six measurement replicates were performed for
each sample (three with inhibitor dissolved in DMSO and three
with DMSO). Enzyme activities were calculated by using the
extinction coefficient for NADH of ε = 6.31mM−1·cm−1 and
given asmicromoles of ATP consumed per gram tissue freshmass
(gFM) per hour.

Preparation of mRNA
Separated gills (1–6) were homogenized in Trizol reagent
(Invitrogen, Carlsbad, CA, USA) using a Tissue lyser (Quiagen).
Chloroformwas added to the Trizol homogenates, and total RNA
was extracted from the aqueous phase and purified by addition
of isopropanol. Genomic DNA contaminations were removed
by DNase I (Promega, Madison, WI, USA) treatment. The
mRNA for the RT-PCR was obtained using a QuickPrep Micro
mRNA Purification Kit (Amersham Pharmacia, Piscataway, NJ,
USA) according to the supplier protocol. Extracted mRNA
concentrations were determined by spectrophotometry (ND-
2000, NanoDrop Technol, Wilmington, DE), and the integrity

of the mRNA was controlled by electrophoresis in RNA gels. All
mRNA pellets were stored at−80◦C.

Cloning of xtNKA Fragment
Fragments of the X. testudinatusNa+/K+-ATPase (NKA) and V-
Type H+-ATPase (VHA) genes were amplified from gill tissue
by means of reverse transcription followed by PCR (RT–PCR)
using primers based on highly conserved regions of the NKA and
VHA from the green shore crab C. maenas. Reverse transcription
was performed as previously described (Hu et al., 2013) and
the primer pair 5′-CAGTCACTTCATCCACATCA-3′ and 5′-
CACATCTCCAATAGCCAGTT-3′ resulted in a 540 bp fragment

of the NKA. PCR fragments were separated by electrophoresis
in 1.5% agarose gels. Extraction, purification, and cloning of the
PCR fragments from the gel was accomplished as previously
described (Hu et al., 2013). Plasmids were sequenced and
sequence analysis was performed using the BLASTx program
(NCBI, http://blast.ncbi.nlm.nih.gov/Blast.cgi).

Real-Time Quantitative PCR (qPCR)
The mRNA expressions of selected candidate genes were
measured by qPCR using the Roche LightCycler R© 480 System
(Roche Applied Science, Mannheim, Germany). Primers for the
Na+/K+-ATPase, V-type H+-ATPase and the reference gene
arginine kinase were designed using Primer Premier software
(vers. 5.0; PREMIER Biosoft International, Palo Alto, CA)
and are provided in Table S2. PCR reactions were performed
as previously described (Hu et al., 2013, 2014) and PCR
products were subjected to a melting-curve analysis. Primer
efficiencies were >96% and control reactions were performed
using nuclease-free water to determine background levels.
Additionally, DNAse I treated RNA samples served as a control,
demonstrating that no PCR product was obtained, and thus the
success of theDNase I treatment. The standard curve of each gene
was in a linear range with arginine kinase (AK) that served as
reference gene. The expression of this reference gene has been
demonstrated to be stable in the green shore crab C. maenas
during CO2 treatments (Fehsenfeld et al., 2011).

Statistical Analyses
Statistical analyses were performed using Sigma Stat 3.0 (Systat)
software. Statistical differences between pH treatments within
one time point were analyzed using a Student’s t-test. The
significance levels were set to p < 0.05∗ and p < 0.01∗∗.

RESULTS

Extracellular Acid-Base Status
Mean extracellular pH (pHe) measured in hemolymph samples
along the time series of 48 h ranged between pH 7.50 ± 0.02
to 7.59 ± 0.01 in control animals (Figure 2A; Figure S1). In
response to acidified conditions of pH 6.5, pHe dropped (p <

0.05) by ∼0.25 pH units compared to control animals after
1 h. pHe was partially restored after 4 h and remained stable at
levels of ∼0.1 pH units below control pHe. Mean blood HCO−

3
levels were found to range from 6.4 ± 0.5 to 8.2 ± 1.1mM in
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FIGURE 2 | Extracellular acid-base parameters during exposure to acidified conditions. Time series measurements of in vivo extracellular pH (pHe) (A),

hemolymph HCO−
3 levels (B), and pCO2 (C) along the experimental period of 48 h. The exposure period is separated into a short-term (gray) and medium-term (white)

acclimation period. Extracellular acid-base parameters are additionally presented in a Davenport diagram in Figure S1. Asterisks indicate significant differences

between pH treatments (*p < 0.05 and **p < 0.001). Bars represent mean ± SE (n = 4).

control animals along the incubation period of 48 h (Figure 2B).
In response to acidified conditions of pH 6.5, hemolymph HCO−

3
levels progressively increased from 8.8 ± 0.3 to 31 ± 6mM
during the 48 h incubation period and significant differences
(p < 0.05 and 0.01) to control animals were observed after 4 h
incubation until the end of the experiment. Hemolymph pCO2

levels ranged from 0.41 to 0.55 kPa in control animals along the
incubation period of 48 h (Figure 2C). In response to acidified
conditions, hemolymph pCO2 levels increased to peak values of
2.7± 0.3 kPa (Figure 2C).

Regulation of Branchial Na+/K+-ATPase
and V-Type H+-ATPase upon Low pH
Exposure
Comparisons of routine mRNA levels of NKA and VHA did
not reveal any significant differences between anterior (1–3)
and posterior gills (4–6; Figure S2). In response to acidified
conditions, mRNA levels of the NKA and VHA measured in
the posterior gills (4,5,6) increased rapidly within 1 h by 2.3-
and 11.4-fold, respectively (Figures 3A,B). While NKA mRNA
levels returned to control levels within the acute acclimation
phase of 4 h, VHA mRNA levels rapidly increased upon low pH
exposure for 1 h and then decreased back to control levels within
24 h (Figures 3A,B). The increase in mRNA concentrations
is paralleled by an increase in NKA and VHA enzyme
activities (Figures 3C,D). Compared to control conditions where
maximumNKA enzyme activities ranged from 335± 60 to 456±
9µmolATP h

−1 g−1
FM, branchial NKA activities in crabs exposed to

acidified conditions increased within 1 h to a maximum of 719±
115µmolATP h−1 g−1

FM. Along the period of 24 h, NKA activities
decreased back to control levels (Figure 3C). Branchial VHA
enzyme activities increased in response to acidified conditions
with an activity peak after 12 h reaching 1.7-fold increased
enzyme activities compared to control animals (Figure 3D).
After 24 h of low pH exposure, branchial VHA activities returned
back to control levels and remained slightly above control levels
for the experimental period of 48 h. When comparing relative
changes of NKA mRNA and activity levels along the entire
experimental period a slight shift by ∼3 h in peak NKA activities
can be found in comparison to mRNA levels. Moreover, while
NKAmRNA levels returned to control conditions after 4 h, NKA

enzyme activities remain elevated by 40% to 30% along the
experimental duration of 48 h (Figure 3E). A more pronounced
shift between peak mRNA and enzyme activity levels of ∼9 h
has been observed for the branchial VHA (Figure 3F). After this
acute phase, VHA enzyme activities decreased back to control
levels after 48 h exposure to acidified conditions.

Localization of Na+/K+-ATPase and V-Type
H+-ATPase in Gill Epithelia
Immunohistochemical analyses demonstrate the sub-cellular
localization of Na+/K+-ATPase and V-type H+-ATPase in gill
epithelia of posterior gills from control animals (Figure 4A).
Using double staining, high concentrations of Na+/K+-ATPase
were detected in basolateral membranes of the entire gill
epithelium as well as in pillar cells spanning between the
two epithelial layers (Figure 4A). V-type H+-ATPase was
predominantly located in the cytoplasm of epithelial- and pillar-
cells. In contrast to the distribution of NKA in cells of the entire
gill lamella, VHA immunoreactivity is only observed in single
cells, predominantly pillar cells. Negative controls performed
by omitting the primary antibody, did not show any signal in
posterior gill lamellae, supporting the specificity of the primary
antibodies used (Figure S3). Western blot analyses demonstrate
specific immunoreactivity of antibodies with proteins including
Na+/K+-ATPase (≈110 kDa) and V-type H+-ATPase (≈70 kDa;
Figure 4B). Western blot analyses of posterior gills of pH 8.0
and 6.5 treated crabs demonstrates increased NKA as well as
VHA protein concentrations in low pH treated animals during
the acute low pH acclimation phase (Figure 4C). NKA protein
concentrations in the acute acclimation phase (12 h) are 1.4-fold
higher whereas VHA protein concentrations of posterior gills are
increased by 3-fold in low pH treated animals compared to pH
8.0 acclimated animals.

DISCUSSION

Acid-Base Regulation in the Vent Crab
Xenograpsus testudinatus
Substantial acid-base regulatory abilities are a characteristic of
many active marine organisms including fish, cephalopods, and
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FIGURE 3 | Branchial Na+/K+-ATPase and V-type H+-ATPase transcript abundance and enzyme activities during acclimation to acidified conditions.

Relative changes in Na+/K+-ATPase (NKA) (A) and V-type H+-ATPase (VHA) (B) transcript levels under control and acidified conditions. Transcript levels were

normalized to arginine kinase (AK) as an internal control. NKA (C) and VHA (D) enzyme activities in control and low pH treated animals along the experimental period

of 48 h. Combined presentation of relative changes in NKA (E) and VHA (F) mRNA levels and enzyme activities normalized to control animals. The exposure period is

separated into a short-term (gray) and medium-term (white) acclimation period. Asterisks indicate significant differences between pH treatments (*p < 0.05 and

**p < 0.001). Bars represent mean ± SE (n = 3–4).

crustaceans (Cameron, 1978; Heisler, 1986; Pörtner et al., 1991;
Melzner et al., 2009; Gutowska et al., 2010; Henry et al., 2012).
In these taxa, buffering of extracellular pH (pHe) is associated
with an increase in blood HCO−

3 levels, which is a conserved
and efficient mechanism to counter respiratory acidosis (Heisler,
1986; Pörtner et al., 1991; Gutowska et al., 2010; Henry et al.,
2012). The present work demonstrates powerful extracellular
acid-base regulatory abilities of X. testudinatus that are beneficial
for this species to inhabit highly acidic hydrothermal vent
habitats over long time scales. The hyperbolic increase in blood
HCO−

3 levels ofX. testudinatus in response to acidified conditions
is in general accordance with findings for other strong acid-
base regulators (Heisler, 1986). For example, most teleosts can
rapidly and fully compensate pHe during moderate to strong
hypercapnia, accompanied by an increase in blood [HCO3

−]
in excess of 20 to 30mM (Larsen et al., 1997; Perry et al.,
2010). While cephalopods were characterized to have moderate
acid-base regulatory abilities (Gutowska et al., 2010; Hu et al.,
2014), most brachyuran crabs were described to be moderate to
strong acid-base regulators (Cameron, 1978; Truchot, 1984; Pane
and Barry, 2007; Spicer et al., 2007). Detailed investigations of
extracellular acid-base parameters during hypercapnic exposure
in crustaceans are restricted to a few species, including the
European shore crab, C. maenas (Truchot, 1984), the blue
crab, Callinectes sapidus (Cameron, 1978), Cancer magister,
Chionoecetes tanneri (Pane and Barry, 2007), and the velvet
swimming crab, Necora puber (Spicer et al., 2007). All species
showed an initial depression of extracellular pH over the course
of 4 h, which was partially restored over the next 24–48 h through
an active accumulation of hemolymph HCO−

3 . Such a marked

acidosis in the acute acclimation phase (0–12 h) was not observed
in X. testudinatus exposed to pH 6.5 (1.78 kPa pCO2), a level
greatly in excess of those experimental conditions under which
C. maenas (0.57 kPa CO2; ≈pH 7.2), C. sapidus (1.0 kPa CO2;
pH 7.08), C. magister and C. tanneri (1.0 kPa CO2; pH 7.08)
were examined. As gills were demonstrated to be the major site
for ion and acid-base regulation in decapod crustaceans, (Henry
et al., 2012) the following paragraph focuses on the branchial
mechanisms that mediate extracellular acid-base balance in the
hydrothermal vent crab X. testudinatus.

Branchial Acid-Base Regulatory
Mechanisms
Immunohistochemical analyses demonstrate the presence of
Na+/K+-ATPase andV-typeH+-ATPase in branchial epithelia of
the hydrothermal vent crab X. testudinatus. These primary active
ion-transporters are key players for intra- and extra-cellular
regulation of ion and pH homeostasis in all animals (Emery et al.,
1998; Tresguerres et al., 2005; Colina et al., 2007; Horng et al.,
2009). The ubiquitous NKA located in basolateral membranes
creates an electrochemical gradient that fuels secondary active
transporters. For example, blocking of NKA in perfused gills
of the crab Neohelice granulata inhibited HCO−

3 secretion and
H+ reabsorption indicating a central role in fueling secondary
active transport mechanisms relevant for acid-base regulation
(Tresguerres et al., 2008).

The sub cellular localization of VHA in branchial epithelia of
marine organisms seems to be less conserved compared to the
NKA. For example, in most teleosts, the VHA is located in apical
membranes where it is believed to mediate the direct secretion
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FIGURE 4 | Immuno-histochemical localization of Na+/K+-ATPase and V-type H+-ATPase in branchial epithelia. Positive Na+/K+-ATPase (NKA) (red)

immunoreactivity in basolateral membranes of the 5th gill pair of a control (pH 8) animal (A). Positive immunoreactivity of the V-type H+-ATPase (VHA) (green) antibody

is mainly located in the cytoplasm of single epithelial as well as pillar cells. Background fluorescence (blue), showing the lining of the cuticule along the gill lamellae.

Larger magnification of one branchial lamella demonstrating the sub cellular localization of the NKA and VHA including a bright field overlay to visualize the histology of

this tissue (A). Western blot analyses using gill homogenates, indicating specific immunoreactivity of the different antibodies with proteins in the predicted size range

(B). Determination of NKA and VHA protein concentrations normalized to tubulin in posterior gills after 12 h exposure to pH 8.0 and 6.5 conditions (*p < 0.05;

**p < 0.01) (C). Hypothetical model of acid-base regulation in epithelial cells of posterior gills in X. testudinatus (D). NKA located in basolateral membranes energizes

the import of bicarbonate via a putative basolateral HCO−
3 transporter. CO2 diffuses across membranes along concentration gradients. Intracellular carbonic

anhydrase (CAc) facilitates the formation of HCO−
3 and protons. Based on the findings of the present work it is speculated that cytoplasmic VHA is involved in the

acidification of vesicles and protons are exocytosed across the apical membrane. Cu, cuticula; hem, hemolymph; sw, sea water; n, nucleus; ap, apical.

of protons (Horng et al., 2007; Tsai and Lin, 2007; Hwang
et al., 2011). However, in marine species like the teleost, Oryzias
latipes (Lin et al., 2012) and the squid Sepioteuthis lessoniana
the VHA is located in basolateral membranes of ion-regulatory
epithelia where it is involved in acid-base regulatory processes
as well (Hu et al., 2013). In most crustaceans, the VHA has
been demonstrated to be localized in apical membranes and/or
in the cytoplasm of branchial epithelial cells (Weihrauch et al.,
2001; Tsai and Lin, 2007). The strong cytosolic but weak apical
abundance of the VHA in branchial cells of X. testudinatus is
in accordance with observations made on other marine and
intertidal brachyuran crabs includingOcypodid crabs,Uca laceta,
and Macrophthalmus spp. as well as the brachyuran crabs,
Hemigrapsus sanguineus, H. penicillatus, Perisesarma bidens, and
Chiromantes dehaani (Tsai and Lin, 2007). The cytoplasmic
localization of the VHA has been hypothesized to be involved
in the trapping of NH+

4 within acidified vesicles and subsequent
exocytosis across the apical membrane (Weihrauch et al., 2002).
As secretion of NH+

4 also results in a net export of protons, it is
likely that excretion of nitrogenous waste products and acid-base
regulation are linked processes.

Gene expression analyses and enzyme activity measurements
in the present study indicate that branchial NKA and VHA
are important players of acid-base regulation that mediate

bicarbonate accumulation as well as H+ secretion in this
hydrothermal vent species. In fish, cephalopods and crustaceans,
the compensation of an extracellular acidosis by an accumulation
of HCO−

3 is always associated with a significant net export
of protons (Heisler, 1984, 1986; Cameron, 1986). As HCO−

3
formation through the hydration of CO2 is always associated
with the generation of H+, H+ export pathways represent an
essential feature in animals that compensate an extracellular
acidosis. These observations are in line with the results of the
present study, demonstrating that environmental acidification
stimulates expression levels of branchial VHA that is involved
in the secretion of proton equivalents. Moreover, basolateral
NKA has been hypothesized to energize HCO−

3 transport in
crustacean branchial epithelia (Tresguerres et al., 2008). In
this context a Na+/HCO−

3 co-transporter (NBC) located in
basolateral membranes has been proposed for the branchial
epithelium of Neohelice granulate based on pharmacological
observations (Tresguerres et al., 2008). Other studies suggested
that basolateral anion exchangers are involved in the HCO−

3
re-absorption in crustacean gills (Freire et al., 2008; Harms
et al., 2014). Although the existence, function and cellular
localization of HCO−

3 transporters from the SLC 4 family are
not confirmed for X. testudinatus, this work strongly suggests
that active HCO−

3 re-absorption significantly contributes to
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FIGURE 5 | The phylogeny of crustacean Na+/K+-ATPases. Routed phylogenetic tree of deduced Na+/K+-ATPase amino acid sequences from different

decapods crustaceans. Numbers indicate bootstrap values and accession numbers for the sequences are provided along with species names. Information regarding

the habitat and osmoregulatory abilities of the different species is included in the phylogenetic tree.

extracellular pH homeostasis during environmental acidification.
Active HCO−

3 transport mechanism can be considered essential
for the HCO−

3 buffering since dissolution of the carapace has
been demonstrated to represent only a minor contribution to
extracellular HCO−

3 accumulation in crustaceans (Cameron,

1985). According to this information, we propose a first model
for acid-base regulatory mechanisms in gill epithelia of the
hydrothermal vent crab, X. testudinatus (Figure 4D). The NKA
energizes HCO−

3 uptake via a currently not identified basolateral
HCO−

3 transporter and cytosolic carbonic anhydrase (CA). Based
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on a study by Weihrauch et al. (2002) we hypothesize that also
in X. testudinatus cytoplasmic VHA is involved in countering an
acidosis by pumping H+ ions into vesicles that exocytose protons
or proton equivalents (e.g., NH+

4 ) across the apical membrane.
Accordingly, during vesicle fusion at the apical membrane
a certain fraction of the cellular VHA must be temporarily
transferred to the apical plasma membrane as well. In order
to support this hypothesis of vesicular proton excretion in this
species future studies will compare the subcellular distribution
of VHA-rich vesicles between control and low pH acclimated
animals.

Based on the findings of the present work this model
suggests that NKA seems to be involved in acid-base
compensatory mechanisms by fueling additional secondary
active ion-transporters. The electroneutral transport of acid-
base equivalents (e.g., HCO−

3 and H+) via anion and cation
exchangers is directly connected to the transport of counter ions
(e.g., Na+ and Cl−) that supports the link between acid-base and
osmoregulation found in marine euryhaline decapod crustaceans
(Truchot, 1981; Whiteley et al., 2001). Accordingly it is very
likely that X. testudinatus utilizes Na+- and Cl−-dependent
acid-base regulatory pathways via Na+/H+-exchangers (NHEs),
and maybe also NBCs or anion exchangers that are fueled by the
NKA. Using X. testudinatus as a model for a strong acid-base
regulating crustacean further studies regarding the functional
expression, enzyme abundance and subcellular localization
of these secondary active transporters will provide important
insights to the mechanistic connection between acid-base and
osmotic regulation in decapod crustaceans.

Interestingly, the increase of the NKA and VHA on themRNA
level is only visible in the acute low pH acclimation phase,
whereas enzyme activities increase with a short delay and stay
elevated until the time point of 24 h. This observation reflects
the time gap between mRNA expression and translation into the
functional protein, which is in general accordance with findings
in other eukaryotes as well as prokaryotes (Marsh et al., 2000;
Glanemann et al., 2003). Although NKA and VHA enzyme
activities return back to control levels after 24 h, blood HCO−

3
levels remain increased after 48 h in the low pH treatment.
This suggests, that initial accumulation of HCO−

3 and the
associated secretion of H+ are reflected in the up regulation
of NKA and VHA mRNA and activity levels. However, after
24 h the pHe compensation process is completed and routine
NKA and VHA activity levels are probably sufficient to maintain
increased hemolymph HCO−

3 levels to protect pHe homeostasis.
This energy saving strategy of stabilizing hemolymph pH over
long exposure times can be regarded as a key adaptation of
X. testudinatus to occupy an ecological niche in a highly acidified
hydrothermal vent habitat.

CONCLUSION

Strong acid-base regulatory abilities of X. testudinatus can be
regarded an essential feature of this species to successfully inhabit
a highly acidic hydrothermal vent environment. Functional
and histological results of the present study demonstrated that

extracellular acid-base regulatory mechanisms in X. testudinatus
rely on a conserved set of ion pumps that are also found in other
brachyuran crabs. In accordance to phylogenetic analyses based
on mitochondrial genomes (Ki et al., 2009) and morphological
systematics (Ng et al., 2000), amino acid sequence comparisons
of the NKA demonstrate that X. testudinatus is closely related
to other varunid and grapsid species including E. sinensis and
Pachygrapsus marmoratus which are characterized as powerful
osmo-regulators (Gross, 1961; Onken, 1999; Figure 5). NKA
homologies also confirm molecular systematics demonstrating
that deep-sea hydrothermal vent crabs of the genus Bythograea
spp. (Mateos et al., 2012) constitute an own phylogenetic group
within the crustacea (Figure 5). Despite having weak osmo-
regulating abilities, Bythograea thermydron (Martinez et al.,
2001) may be able to increase ATPase activities to increase H+

efflux rates to protect from strong pH fluctuations that are a
characteristic of deep-sea vent habitats (Von Damm, 1995; Tivey,
2004). However, additional studies addressing the mechanistic
basis of extracellular pH regulation in crustaceans from deep-
sea vent systems will be needed to support this hypothesis.
Such comparative studies between deep-sea and shallow-water
hydrothermal vent crabs will provide a basis for new and exciting
research regarding the evolution of pH regulatory systems in
crustaceans that have the ability to occupy ecological niches in
highly acidic hydrothermal vent habitats.
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Background and Aims: Hypoxia and oxidative stress contribute toward liver fibrosis.

In this experiment, we used small hairpin RNA (shRNA) to interfere with the intracellular

oxygen sensor—prolyl hydroxylase 1 (PHD1) and the intracellular oxidative stress

sensor—kelch-like ECH associated protein 1 (Keap1) in the hypoxic hepatocytes in order

to investigate the function of PHD1and Keap1.

Methods: We first established the CCl4-induced liver fibrosis model, subsequently,

the levels of the PHD1, hypoxia-inducible factor-1α (HIF-1α), hypoxia-inducible factor-2α

(HIF-2α), Keap1, and nuclear factor-erythroid 2 p45-related factor 2 (Nrf2) were

detected in liver tissues. Simultaneously, AML12 cells co-transfected with PHD1

and Keap1shRNAs were constructed in vitro, then the intracellular oxidative stress,

the proportion of cells undergoing apoptosis, and cell viability were measured.

The expression of pro-fibrogenic molecules were analyzed via quantitative real-time

polymerase chain reaction (qRT-PCR) and western blot. The level of alpha-1 type

I collagen (COL1A1) was determined using an enzyme-linked immunosorbent assay

(ELISA). Finally, serum-free “conditioned medium” (CM) from the supernatant of hypoxic

AML12 hepatocytes was used to culture rat hepatic stellate cells (HSC-T6), and the levels

of fibrosis-related molecules, apoptosis, and cell proliferation were determined.

Results: The marker of hypoxia—HIF-1α and HIF-2α in the livers with fibrosis were

upregulated, however, the increase in PHD1 expression was not statistically significant

in comparison to the control group. Sign of oxidative stress—Keap1 was increased,

while the expression of Nrf2, one of the Keap1 main downstream molecules, was

reduced in the hepatocytes. And in vitro, the double-knockdown of PHD1 and Keap1

in AML12 hepatocytes presented with decreased hypoxia-induced oxidative stress and

apoptosis, furthermore, these hypoxic AML12 cells showed the increased cell viability

and the doweregulated expression of pro-fibrogenic molecules. In addition, HSC-T6

cells cultured in the hypoxic double-knockdown CM demonstrated the downregulation

of fibrosis-related molecules, diminished cell proliferation, and enhanced apoptosis.

Conclusions: Our study demonstrated that double-knockdown of PHD1 and Keap1

attenuated hypoxia and oxidative stress induced injury in the hepatocytes, and

subsequently inhibited HSC activation, which offers a novel therapeutic strategy in the

prophylaxis and treatment of liver fibrosis.

Keywords: liver fibrosis, hepatocytes, PHD1, Keap1, hypoxia, oxidative stress
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INTRODUCTION

Liver fibrosis is a pathological process caused by numerous
chronic liver damages—such as viral hepatitis, alchoholic
hepatitis, and drug induced hepatotoxicity (Begriche et al., 2011).
As a highly active metabolic organ, the liver is particularly
prone to hypoxic environments and the damages caused by it
(Nakanishi et al., 1995). A convincing body of evidence suggest
that hypoxia plays an important role in the pathogenesis of liver
fibrosis (Cannito et al., 2014).

Cellular hypoxia leads to activation of hypoxia-inducible
factors (HIF), which is crucial for the survival of an
asphyxiated/ischemic hepatocyte. In normoxia, HIF-1α and
HIF-2α are first hydroxylated by prolyl hydroxylase (PHD) and
then degraded by proteasomes (Kamura et al., 2000). Whereas
during hypoxic condition, HIF-1α and HIF-2α accumulate
and get translocated to the nuclei, thereby activating the genes
responsible for limiting hypoxia-induced injury and cell death.
Recently, Nimker et al. reported that the pharmaceutical
inhibition of PHDs with ethyl 3, 4-dihydroxy benzoate (EDHB)
protects myoblasts against hypoxia-induced oxidative damage by
upregulating HIFs (Nimker et al., 2015). However, non-specific
inhibition of PHDs also induces the activation of HIFs but at
the cost of adverse effects such as steatosis (Minamishima et al.,
2009; Rankin et al., 2009). PHD has three isoforms—PHD1,
PHD2, and PHD3, each of these has numerous functions.
Selective loss of PHD1, but not those of PHD2 or PHD3 could
induce hypoxia tolerance in the skeletal muscle and liver cells via
reprogramming of basal oxygen metabolism without inducing

angiogenesis and erythrocytosis (Aragones et al., 2008; Schneider
et al., 2010). Therefore, the specific inhibition of PHD1 could
serve as a potential therapeutic strategy against hypoxia during
liver fibrosis.

In recent years, many studies have demonstrated that
oxidative stress also contributes to the pathogenesis of liver
fibrosis (Ghatak et al., 2011; Mormone et al., 2012; Yang et al.,
2013).The nuclear factor-erythroid 2-related factor 2 (Nrf2) has
been suggested to be involved in this process. Under normal
condition, Nrf2 exists in the cytoplasm where it binds to kelch-
like ECH associated protein 1 (Keap1), thereby hastening the
Nrf2 ubiquitination and degradation (Kang et al., 2004). During
oxidative stress, Nrf2 evades Keap1 and translocates to the
nucleus, where it activates antioxidant genes. Chen et al. has
also demonstrated that glycyrrhetinic acid could ameliorate
chronic liver fibrosis via upregulation of Nrf2 (Chen et al., 2013).
Additonally, Tanaka et al. also reported that Nrf2-null mice
had an increased susceptibility to liver injury (Tanaka et al.,
2012). Keap1 serves to negatively regulate Nrf2 (Miyata et al.,
2011), for example, Keap1-knockdown mice are less vulnerable
to oxidative liver injuries during obstructive cholestasis mediated
by enhanced expression of Nrf2 (Okada et al., 2009). Thus, Keap1
may be an efficient therapeutic target for relieving oxidative stress
injury during liver fibrosis.

It has been reported that many cell types are involved
in the pathogenesis of liver fibrosis, activated hepatic stellate
cells (HSCs) play a central role in liver fibrogenesis. It is
worth noting that injuried hepatocytes are considered to be the

primary activator of HSCs (Nieto et al., 2002), and hepatocytes
are the major parenchymal cells that account for more than
70% of all liver cells (Bogdanos et al., 2013). Furthermore,
hepatocytes are highly susceptible to hypoxic injury and the
drugs induced toxicity, therefore we chose hepatocytes as a
therapeutic target in an attempt to ameliorate liver fibrosis.
Hypoxic hepatocytes are known to generate excessive amount of
reactive oxygen species (ROS) which exert oxidative stress on the
liver. Moreover, such oxidative stress can further exacerbate the
hypoxia in the hepatocytes, and the subsequent re-oxygenation
following hypoxia leads to additional oxidative stress (Miyata
et al., 2011). Therefore, the ideal therapy for liver fibrosis
could be the alleviation of hypoxia along with the oxidative
stress, however, no such related studies have been done so
far.

RNA interference (RNAi) is a method that uses a small
complementary double-stranded RNA (dsRNA) molecule to
silence a target gene (Inoue et al., 2006). Considering the short
half-life and high cost of current small interfering RNA (siRNA)
vectors, they are not suitable for many in vivo studies. In
contrast, short hairpin RNA (shRNA) is widely used due to its
enhanced stability and transfer efficiency. Accordingly, for the
present study we used shRNAs to simultaneously knockdown the
expressions of PHD1 and Keap1 in the hepatocytes with the aim
of exploring therapeutic target for liver fibrosis.

MATERIALS AND METHODS

Animals and Treatment
Six-week-old male Sprague-Dawley rats (250 ± 30 g) were
purchased from the Animal Center of Yangzhou University
(Yangzhou, China). All animals were housed in the animal
experimental center of Southeast University under constant
temperature (22◦C) and humidity (55 ± 5%) in a controlled
room with a 12–12 h light-dark cycle, where the diet and
water were available ad libitum. The rats were acclimatized
under these conditions for at least 1 week prior to experiments.
All animals were randomly divided into two groups: a
treatment group (n = 10) which received 1.5 ml/kg body
weight carbon tetrachloride (CCl4; 40% CCl4 in olive oil) via
intraperitoneal injection twice a week for eight weeks and
a normal control group (n = 10) which received a saline
injection in parallel. This study was carried out in accordance
with the recommendations of the European Council Directive
of the 24th November 1986 (86/609/EEC). All procedures
were approved by the Animal Research Ethics Committee
at the Medical School of the Southeast University (Nanjing,
China).

Histology and Immunohistochemistry
Excised livers were fixed in 10% neutral-buffered formalin,
embedded in paraffin, and cut into sections of 5 µm
thickness. Slides were then deparaffinized with dimethylbenzene,
dehydrated with graded ethanol, and stained with hematoxylin
and eosin (H&E) and Masson dyes to evaluate the degree of liver
fibrosis.
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For immunohistochemical probing, liver slides were initially
boiled in a pressure cooker containing a citric acid buffer (pH
6.0) to retrieve antigens. Then the slides were blocked with 5%
BSA and incubated with primary antibodies (Table 1) overnight
at 4◦C, and with a goat anti-rabbit biotinylated secondary
antibody for 20 min at 37◦C. Immunolabels were detected
with 3, 3-Diaminobenzidine (DAB), after which the nuclei
were counterstained with hematoxylin. Slides were inspected
under a fluorescence microscope at 200× magnification.
For quantification analysis, the percentage of positive area
for immunohistochemistry was determined using ImageJ
software.

Cell Cultures and Hypoxia Treatment
AML12 (alpha mouse liver 12 cells) and HSC-T6 (rat hepatic
stellate cells) were purchased from the Shanghai Institute
of Biochemistry and Cell Biology. Cells were cultured in

TABLE 1 | The antibody for immunohistochemistry and western blot.

Antibody Manufacturer Cat. No.

HIF-1α Abcam ab179483

HIF-2α Abcam ab179825

PHD1 Abcam ab108980

Nrf2 Abcam ab137550

Keap1 Proteintech 10503-2-AP

α-SMA Proteintech 14395-1-AP

COL1A1 Bioworld BS60771-25

TGF-β1 Bioworld BS1361

VEGF-A Proteintech 19003-1-AP

IGF-1 Bioworld BS2909

GAPDH Bioworld AP0063

DMEM-F12 (Hyclone, USA) supplemented with 10% heat-
inactivated fetal bovine serum (Bioind, Israel), and were
maintained in a humidified atmosphere with 5% CO2 at 37◦C.
For hypoxic exposure, AML12 cells were incubated in a tri-
gas incubator (Thermo, America) of 1% O2, 5% CO2, and 94%
N2. Serum-free “conditioned medium” (CM) was obtained from
the supernatant of AML12 cells to eliminate the influence of
serum cytokines. HSC-T6 cells were cultured in CM and the cells
cultured in DMEM were used as control.

RNA Isolation and Quantitative Real-Time
Polymerase Chain Reaction
Total RNA was extracted from cells with Trizol reagent (TaKaRa,
Japan). Then, 1 µg RNA was added to a 20 µl reaction volume
for cDNA reverse transcription using the Prime ScriptTM RT
reagent Kit with gDNA Eraser (TaKaRa, Japan), and quantitative
real-time polymerase chain reaction (qRT-PCR) was performed
using the BR R© Premix Ex TaqTM (TaKaRa, Japan) in a Step One
Plus real-time PCR system (Applied Biosystems, USA). Gene
expression was quantified according to the 2−11Ct method. All
PCR primers are listed in Table 2.

Protein Extraction and Western Blot
Cells were lysed with RIPA buffer (Beyotime, China) containing
a Protease Inhibitor Cocktail (Roche, Germany) and then
centrifuged at 12,000 × g for 15 min at 4◦C. Equal amounts of
protein were separated via gel electrophoresis and transferred
to a PVDF membrane (Millipore Corp, USA). Membranes were
blocked with 5% skimmed milk for 1 h at 37◦C and incubated
with primary antibodies (Table 1) overnight at 4◦C and then with
corresponding secondary antibodies for 1 h at 37◦C. The blotting
signal was visualized using enhanced chemiluminescence reagent
(HaiGene, China). Final protein levels were normalized to that of
GAPDH.

TABLE 2 | Primer sequences for quantitative PCR.

Specie Genes Forward sequence (5′–3′) Reverse sequence (5′–3′)

Mouse Keap1 TGCCCCTGTGGTCAAAGTG AGTCCTTGGAGTCTAGCCGAG

Nrf2 TCTTGGAGTAAGTCGAGAAGTGT GTTGAAACTGAGCGAAAAAGGC

PHD1 AGTCCTTGGAGTCTAGCCGAG GGTTCGGTTACCGTCCTGC

HIF-1α GATGACGGCGACATGGTTTAC CTCACTGGGCCATTTCTGTGT

HIF-2α TCCTTCGGACACATAAGCTCC GACAGAAAGATCATGTCACCGT

COL1A1 GCTCCTCTTAGGGGCCACT CCACGTCTCACCATTGGGG

VEGF-A GCACATAGAGAGAATGAGCTTCC CTCCGCTCTGAACAAGGCT

TGF-β1 CTCCCGTGGCTTCTAGTGC GCCTTAGTTTGGACAGGATCTG

IGF-1 CACCCTGTGACCTCAGTCAA CAAGGGTTCTGATGTTGCAC

GAPDH TGGCCTTCCGTGTTCCTAC GAGTTGCTGTTGAAGTCGCA

Rat COL1A1 GTACATCAGCCCAAACCCCA CAGGATCGGAACCTTCGCTT

α-SMA GGAGATGGCGTGACTCACAA CGCTCAGCAGTAGTCACGAA

TGF-β1 AGGGCTACCATGCCAACTTC CCACGTAGTAGACGATGGGC

VEGF-A CGGGCCTCTGAAACCATGAA GCTTTCTGCTCCCCTTCTGT

IGF-1 CAGTTCGTGTGTGGACCAAG TCAGCGGAGCACAGTACATC

GAPDH GAAGGGCTCATGACCACAGT GGATGCAGGGATGATGTTCT
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FIGURE 1 | CCl4 upregulated the expression of Keap1, HIF-1α, and HIF-2α but decreased Nrf2 in the liver tissues. Hepatic morphology as evaluated by

H&E and Masson staining (A). The expression of α-SMA (A), PHD1, HIF-1α, HIF-2α, Keap1, and Nrf2 (B) were measured by immunohistochemical staining. The

percentage of positive area were quantified (C). The scale bar represents 200µm. *p < 0.05, **p < 0.01 vs. control.
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FIGURE 2 | PHD1shRNA upregulated the expression of HIFs in hypoxic AML12 cells at various time interval between 0–48h. (A) mRNAs and (B) proteins

levels of PHD1, HIF-1α and HIF-2α were measured by qRT-PCR and western blot, and GAPDH was used as the internal standard, n = 3. *p < 0.05, **p < 0.01 vs.

shNC at equivalent time interval, #p< 0.05, ##p < 0.01, ###p < 0.001 vs. shNC under normoxia. N, normoxia; H, hypoxia.

Malondialdehyde (MDA), Reduced
Glutathione (GSH) Levels, and Lactate
Dehydrogenase (LDH) Activity Assay
MDA and GSH levels were detected in total cell lysates via
commercial assay kits (Jian Cheng Bioengineering Institute,
China). All levels are expressed as µmol/g protein. For detection
of LDH activity, supernatants were collected and analyzed with
the LDH assay kit (Jian Cheng Bioengineering Institute, China).
LDH activity is expressed as U/L.

Enzyme-Linked Immunosorbent Assay for
Collagen Secretion
The level of alpha-1 type I collagen (COL1A1) in the supernatants
of AML12 cells was determined using a commercial enzyme-
linked immunosorbent assay (ELISA) kit (Hengyuan Biology,
China) according to the manufacturer’s protocol. The optical
density was measured at a wavelength of 450 nm.

Cell Viability Assay
Cellular viability was measured using the cell counting kit-8
(CCK-8) assay (Dojindo, Japan) following the manufacturer’s
protocol. Absorbance (OD value) was measured at 450 nm using

an enzyme-linked immunosorbent assay reader (Thermo Fisher
Scientific).

Apoptosis Assay
Cells undergoing apoptosis were stained with the Annexin-V/PI
stain (Ebscience, America). For cells that were transfected with
plasmids with green and red fluorescence, PI was replaced by
DAPI to label apoptosis. A Flow cytometer (Becton Dickinson,
USA) was used to quantify apoptotic cells.

Statistical Analysis
Results are expressed as mean± SEM. One-way ANOVA and the
Student’s t-test were used to evaluate any variations in outcomes
between different groups. A p-value < 0.05 was considered as
statistically significant.

RESULTS

Hypoxia and Oxidative Stress in the Rats
with Liver Fibrosis
To understand the microenvironment in the fibrotic liver tissues,
we established CCl4-induced liver fibrosis rat model. H&E
staining showed that CCl4 exposure resulted in severe damage
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of the liver cells, including hepatocytes necrosis, inflammatory
cells infiltration, steatosis, and fibrosis connective tissues
proliferation. However, the control group presented normal
histological morphology (Figure 1A). Masson’s trichrome
staining imparts a blue color to collagen against the red
background of other structures. According to the microscopic
examination, CCl4 treatment resulted in an increased collagen
deposition around the portal area and formation of septal
fibrosis (Figure 1A). Furthermore, immunohistochemical
staining demonstrated an increased expression of α-smooth
muscle actin (α-SMA, a marker of HSC activation, which
plays a critical role in liver fibrogenesis) in fibrous septae
(Figure 1A). These results indicated that the CCl4-induced
liver fibrosis was conducted successfully. Sitmultaneously, we
found the upregulation of HIF-1α and HIF-2α (markers of
hypoxia), and Keap1 (an intracellular oxidative stress sensor)
in hepatocytes in response to CCl4 treatment (Figures 1B,C).
However, Nrf2, one of the main downstreammolecules of Keap1,
was downregulated, while PHD1 showed no obvious change
(Figures 1B,C).

Effects of PHD1shRNA on HIF Levels in the
Hypoxic AML12 Cells
To clarify the function of PHD1 during hypoxia-induced liver
injuries, PHD1shRNA was applied to transfect the AML12 cells,
then the cells were exposed to hypoxia for 0, 6, 12, 24, and
48 h, the expression of PHD1, HIF-1α and HIF-2α mRNAs and
proteins were measured. As shown in Figure 2A, PHD1mRNA
expression was reduced in hypoxic shNC (negative control)
cells compared to that in normoxic shNC cells. Introduction
of PHD1shRNA inhibited 60–80% of PHD1 mRNA expression,
achieving optimum gene silencing at 12 h of hypoxia. However,
PHD1 protein level was invariably reduced by∼50% regardless of
the duration of hypoxia (Figure 2B). Under normoxic condition,
the expression of HIF-1α and HIF-2α mRNAs (Figure 2A) and
proteins (Figure 2B) were in low expression, and upon exposed
to hypoxia, these expression were upregulated. Furthermore,
PHD1 silencing further increased the expression of HIF-2α but
not that of HIF-1α at both the mRNA and protein levels.

Effects of Keap1shRNA on Nrf2 Level in
the Hypoxic AML12 Cells
To clarify the effect of Keap1shRNA, the AML12 cells were
transfected with Keap1shRNA and were administrated with
hypoxia for 0, 6, 12, 24, and 48 h, then the expression of Keap1
and Nrf2 at the mRNA and protein levels was determined. An
84% reduction in Keap1 mRNA (Figure 3A) and 50% reduction
in Keap1 protein (Figure 3B) levels were observed at 12 h of
hypoxia in the cells silenced with Keap1shRNA. As expected,
Nrf2 mRNA and protein levels were increased in the hypoxic
shNC cells compared to that in the normoxic shNC cells, and the
expression of Nrf2 mRNA and protein were further increased in
hypoxic cells treated with Keap1shRNA, which peaked at 12 h of
hypoxia (Figures 3A,B).

FIGURE 3 | Keap1shRNA upregulated the expression of Nrf2 in hypoxic

AML12 cells at various time interval between 0–48 h. (A) mRNAs and (B)

proteins levels of Keap1 and Nrf2 were assayed by qRT-PCR and western

blot, and GAPDH was used as the internal standard, n = 3. *p < 0.05,

**p < 0.01 vs. shNC at equivalent time interval, #p < 0.05, ##p < 0.01 vs.

shNC under normoxia. N, normoxia; H, hypoxia.

Effects of PHD1 and Keap1shRNAs on
Oxidative Stress in the Hypoxic AML12
Cells
Since hypoxia led to an increase in oxidative stress, we next
studied how molecular markers of oxidative stress—MDA and
GSH (important lipid peroxidation and endogenous antioxidant
marker, respectively) were regulated. The AML12 hepatocytes
were co-transfected with PHD1 and Keap1shRNAs, and then
were cultured for 12 h under hypoxia. When cells exposed
to hypoxia, a dramatic enhancement of MDA was observed,
but the treatment of single knockdown of PHD1 or Keap1
suppressed the increase, furthermore, the double knockdown
group was more effective in reducing the hypoxia-induced MDA
elevation (Figure 4A). However, no significant differences in
the levels of MDA and GSH between gene knockdown cells
and control cells during normoxia (Figure 4A), The intracellular
GSH concentration presented the inverse correlation with the
MDA level (Figure 4A).

Effects of PHD1 and Keap1shRNAs on
AML12 Cells Viability during Hypoxia
To understand the effects of PHD1 and Keap1 molecules
on cell biological behavior, the Annexin V-APC/DAPI double
staining was used to analyze cell apoptosis. The results were
presented as the sum of the percentage of early apoptotic
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FIGURE 4 | Co-transfection of PHD1 and Keap1shRNAs inhibited oxidative stress and increased cell viability during hypoxia. Co-transfected AML12 cells

were exposed to hypoxia for 12 h, and (A) intracellular MDA and GSH levels, (B,C) Annexin V-APC/DAPI double-stained cells undergoing apoptosis, (D) cell viability

and (E) LDH levels were assessed. Data are expressed as mean ± SEM, n = 3. *p < 0.05, **p < 0.01 vs. respective normoxic and hypoxic control, #p < 0.05 vs.

respective single-knockdown normoxic and hypoxic control, HHp < 0.01, HHHp < 0.001 vs. normoxic control.

cells and late apoptotic cells. In Figures 4B,C, during hypoxia,
the percentage of apoptotic cells in the single PHD1shRNA
(6.49 ± 0.50%) or Keap1shRNA (5.86 ± 0.45%) treatment
group were notably lower than in the hypoxic control group
(10.14 ± 0.79%). Moreover, the apoptotic rate was further
reduced in the double-knockdown group (4.63 ± 0.36%). A
similar trend among treatment and control groups were also
observed during normoxia.

Next, the cell viability was examined using the CCK-8 assay.
The data in Figure 4D indicated that hypoxia evidently reduced
cell viability, however, co-treatment with PHD1 and Keap1
shRNAs led to an increase in cell viability compared to single
shRNA transfection. Cellular membrane integrity was analyzed
by detecting LDH release. As shown in Figure 4E, LDH release

in different hypoxia groups fluctuated with a similar tendency as
MDA levels. During normoxia, we found no significant difference
in LDH levels between the gene silencing and normoxic control
groups. In hypoxia, PHD1shRNA or Keap1shRNA treatment
group led to a decrease in LDH release, furthermore, the LDH
level of the co-transfected group was lower than that of the single
groups.

Effects of PHD1 and Keap1shRNAs on the
Expression of Pro-fibrogenic Molecules in
the Hypoxic AML12 Cells
To clarify the function of PHD1 and Keap1 during fibrogenesis,
the expression of some pro-fibrogenic molecules including
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COL1A1, transforming growth factor-β1 (TGF-β1), vascular
endothelial growth factor-A (VEGF-A), and insulin-like growth
factor 1 (IGF-1) was evaluated by qRT-PCR and western blot in
the hypoxic AML12 cells. Upon exposure to hypoxia, mRNAs
(Figure 5A) as well as proteins (Figures 5B,C) levels of COL1A1,
TGF-β1, VEGF, and IGF-1 were upregulated, but the changes in
TGF-β1 and IGF-1 proteins were not statistically significant.

During hypoxia, single knockdown of PHD1 or Keap1
induced the downregulation of mRNAs (Figure 5A) and proteins
(Figures 5B,C) levels of COL1A1, TGF- β1, VEGF-A, and IGF-
1 compared to the control. More interestingly, the decrease
was further enhanced when PHD1 and Keap1shRNAs were
simultaneously introduced. To know whether the release of
COL1A1 levels were affected by PHD1 and Keap1shRNAs, an
ELISA assay was performed using the AML12 cells culture
supernatants. The results showed that the levels of COL1A1 in
the supernatants had the same trend of reduction as those in the
cell lysates (Figure 5D).

Effects of PHD1 and
Keap1shRNAs-Treated Hypoxic AML12
Cells on the Expression of Fibrosis-Related
Molecules in HSCs
Considering the complex intrahepatic microenvironment,
especially the complicated relationship between hepatocytes

and HSCs, HSC-T6 cells were cultured in double-knockdown
CM to better simulate the in vivo local environment, and
then the corresponding fibrosis-related molecules were
examined at the mRNAs and proteins levels. During
hypoxia CM, COL1A1, α-SMA, TGF-β1, VEGF-A, and
IGF-1 mRNAs (Figure 6A) and proteins (Figure 6B) in
hypoxic single-knockdown CM were lower than those in
the hypoxic control CM, and were further decreased in
double-knockdown CM. However, no significant difference
in these mRNAs and proteins expression was observed
between the PHD1 or Keap1shNC CM and the control CM
group.

Effects of PHD1 and
Keap1shRNAs-Treated Hypoxic AML12
Cells on Apoptosis and Proliferation of in
HSCs
Since double-knockdown CM deregulated the expression
of fibrosis-related molecules in HSCs, we next detected
how the apoptosis of HSCs was regulated using Annexin
V-APC/PI double staining. Apoptosis was increased in
hypoxic single-knockdown CM, moreover, the apoptotic
rate was further enhanced in both normoxic and hypoxic
double-knockdown CM (Figures 7A–C). However, there
was no significant difference between the knockdown

FIGURE 5 | Co-transfection of PHD1 and Keap1shRNAs inhibited expressions of pro-fibrogenic molecules during hypoxia. AML12 cells were

co-transfected with PHD1 and Keap1 shRNAs, and then exposed to hypoxia for 12 h. (A) mRNAs and (B,C) proteins levels of COL1A1, TGF-β1, VEGF-A, and IGF-1

were detected by qRT-PCR and western blot. (D) COL1A1 level was measured by ELISA. GAPDH was used as the internal standard, n = 3. *p < 0.05, **p < 0.01,

***p < 0.001 vs. respective normoxic and hypoxic control, #p< 0.05, ##p < 0.01 vs. respective single-knockdown normoxic and hypoxic control, Hp < 0.05,
HHp < 0.01 vs. normoxic control.
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FIGURE 6 | Effects of PHD1 and Keap1shRNAs-treated hypoxic AML12 cells on the expression of fibrosis-related molecules. HSC-T6 cells were cultured

in CM obtained from the supernatant of hypoxic PHD1 and/or Keap1 knockdown AML12 cells. (A) mRNAs and (B) proteins levels of COL1A1, α-SMA, TGF-β1,

VEGF-A, and IGF-1 were measured via qRT-PCR and western blot. GAPDH was used as the internal standard, n = 3. *p < 0.05, **p < 0.01, ***p < 0.001 vs.

respective normoxic and hypoxic control CM, #p < 0.05, ##p < 0.01 vs. respective normoxic and hypoxic single-knockdown CM, Hp < 0.05, HHp < 0.01,
HHHp < 0.001 vs. normoxic control CM.

CM groups and control CM group in normoxic CM. In
addition, Figure 7D showed that cells cultured in CM
enhanced cell viability compared with cells in DMEM, and
the effect was enhanced in hypoxic CM. However, the cell
proliferation of the HSC-T6 cells was reduced when cultured
in single-transfected CM and was further weakened in the
co-transfected CM.

DISCUSSION

In this study, we first successfully established a model of liver
fibrosis induced by CCl4, which is a suitable model for exploring
the underlying mechanisms involved in liver fibrosis (Brattin
et al., 1985; Lee and Friedman, 2011). By analyzing the liver
tissues from model animals with fibrosis, we observed that the
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FIGURE 7 | Effects of PHD1 and Keap1shRNAs-treated hypoxic AML12 cells on the apoptosis and proliferation of HSCs. HSC-T6 cells were cultured in

the CM obtained from the supernatant of hypoxic PHD1 and/or Keap1 AML12 cells. (A–C) AnnexinV-APC/PI double-stained cells undergoing apoptosis. (D) Cell

viability was assessed by CCK-8 assay. Data are expressed as mean ± SEM, n = 3. *p < 0.05, **p < 0.01 vs. respective normoxic and hypoxic control CM,
#p < 0.05 vs. respective normoxic and hypoxic single-knockdown CM, Hp < 0.05 vs. normoxic control CM.

molecules related to hypoxia (HIF-1α, HIF-2α) and oxidative
stress (Keap1) were increased in hepatocytes, which provided a
valid theoretical basis for the in vitro research.

Next, to elucidate the underlying mechanisms we chose
hepatocytes as the primary target. To simulate the hypoxia
in vitro, we used 1% oxygen (normoxia with ∼20% oxygen)
in the incubators similar to Fingas’ study (Fingas et al.,
2011). In the hepatocytes, we observed that hypoxia only
leads to a decrease in PHD1mRNA but not that of its
protein expression, which implied that hypoxia controls the
expression of PHD1 only at the transcript level. PHD1 is not
only sensitive to oxygen concentration but also vulnerable to
ROS generation (Kaelin and Ratcliffe, 2008). Our results also
showed that knockdown of PHD1 increased the expression
of both HIF-2α mRNA and protein in the hepatocytes,
but had no effect on HIF-1α level. These findings were
consistent with the previous studies reporting HIF-2α as a
major downstream mediator of PHD1 during hypoxia tolerance
(Aragones et al., 2008; Schneider et al., 2010) and HIF-1α
may be regulated by the PHD2 pathway (Takeda et al., 2007).
Furthermore, we found that Keap1shRNA could efficiently
suppress Keap1 expression and enhance Nrf2 expression,

which suggest that Keap1 negatively regulates Nrf2. Therefore,
knockdown of Keap1 is vital for promoting Nrf2-mediated
cytoprotection.

Until now, most anti-fibrotic approach researches are focused
on either alleviating hypoxia or oxidative stress alone, however,
a single treatment have showed an unsatisfactory result with
a more side-effects (Halliwell, 2013; Kim and Yang, 2015;
Biswas, 2016). Considering the interrelation between hypoxia
and oxidative stress, in this experiment we used shRNAs to
simultaneously knockdown the expressions of both PHD1 and
Keap1 so that one sided dominance of either factor was
eliminated. Our data suggest that optimal interference of PHD1
or Keap1 was achieved at 12 h in hypoxic condition, therefore
the co-transfected cells were cultured in 1% hypoxia up to this
time point. We found that loss of PHD1 or Keap1 reduced
oxidative stress by activating GSH and by subsequent inhibition
of MDA. Schneider et al. reported that knockdown of PHD1 in
the hepatocytes led to reduced oxidative stress (Schneider et al.,
2010), and inhibition of Keap1 in the hepatocytes improved the
resistance against oxidative stress by upregulating Nrf2 (Miyata
et al., 2011), which are also inline with our findings and further
supported our data. Importantly, our results indicated that
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FIGURE 8 | Regulation model of hepatocytes and HSCs in response to hypoxia. When hepatocytes are exposed to hypoxia, mitochondrial ATP production

decreases while ROS generation increases, which result in HSCs activation. PHD1shRNA and Keap1shRNA mainly facilitate the translocation of HIF-2α and Nrf2 into

the nuclei respectively, where the activation of cytoprotective genes reduce hepatocytes injury and weaken the generation of pro-fibrogenic molecules, which finally

inhibit the activation of HSCs.

combined interference of PHD1 and Keap1 had a synergistic
effect on the inhibition of oxidative stress.

Previous studies have shown that apoptosis was involved in
the pathogenesis of hepatic fibrosis (Hamdy and El-Demerdash,
2012; Klein et al., 2012). In the study, we observed that apoptosis
was decreased in the PHD1-knockdown hypoxic hepatocytes,
and the anti-apoptotic effect observed was independent of the
HIF signal pathway, which may be associated with the activation
of NF-κB (Fitzpatrick et al., 2016). Meanwhile, Hamdy et al.
reported that Nrf2 inhibited apoptosis via activation of the anti-
apoptotic Bcl-2 protein (Hamdy and El-Demerdash, 2012), and
we also demonstrated that knockdown of Keap1 could inhibit the
apoptosis of hepatocytes. Furthermore, combined knockdown
of PHD1 and Keap1 led to stronger anti-apoptotic effects
and improved viability of hepatocytes during hypoxia. Indeed,
the hypoxia tolerance in the PHD1-knockdown hepatocytes
is mainly as the result of the subsequent decrease in glucose
oxidation and oxygen consumption.(Aragones et al., 2008;
Schneider et al., 2010).

It is well known that cytokines play central roles in liver
fibrosis by regulating inflammatary mediators toward various
injuries (Marra, 2002). VEGF contributes to the process of
liver fibrosis by promoting angiogenesis and activating HSCs
(Yoshiji et al., 2003), TGF-β1 plays a critical role in inducing the
epithelial-mesenchymal transition of hepatocytes and thereby

promoting collagen synthesis (Gressner and Weiskirchen,
2006; Kaimori et al., 2007), and IGF-1 also stimulates collagen
synthesis and HSCs proliferation (Scharf et al., 1998). Ma
et al. proposed that both HIF-1α and HIF-2α acted as positive
regulators of VEGF (Ma et al., 2014), moreover the changes
in TGF-β1 expression was in HIF dependent manner (Qu
et al., 2015). However, our data indicated that the levels of
the pro-fibrogenic molecules—COL1A1, TGF-β1, VEGF-
A, and IGF-1 were downregulated in PHD1 knockdown
cells during hypoxia, and this may be because TGF-β1 and
VEGF-A may also be under regulation of ROS besides HIF
(Kuroki et al., 1996; Jobling et al., 2006). In addition, we found
that the knockdown of Keap1 could inhibit the expression
of pro-fibrogenic molecules. Furthermore, concomitant
knockdown of both PHD1 and Keap1 synergistically reduced the
expression of pro-fibrogenic molecules, thereby inhibiting the
progression of fibrosis, however, the specific mechanism is still
unclear.

Hypoxic hepatocytes are capable of promoting the expression
of TGF-β1 and VEGF-A, which further activates HSCs (Qu
et al., 2015). In addition, hepatocytes undergoing apoptosis
and oxidative stress which in turn activates HSCs (Zhan et al.,
2006; Subhadip et al., 2011), Therefore, considering the complex
intrahepatic microenvironment and the interaction between
hepatocytes and HSCs (Ayako et al., 2004), we used CM from the
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supernatant of hypoxic hepatocytes to culture HSCs. Our data
showed that double-knockdown CM from hepatocytes could
suppress the HSCs activation and prevent the progression of
fibrosis. Alternatively, prompting apoptosis of activated HSCs
may also be an alternative approach to resolve fibrosis (Iredale,
2001). It is worthly noted that double-knockdown CM could
induce an increased apoptosis of HSCs, thereby inhibiting their
proliferation.

The possible mechanism of hypoxia-induced hepatocytes
injury are illustrated in Figure 8. Hypoxia is the initiator of
this process, and can induce oxidative stress, which decreases
the cellular acitivity, enhances apoptosis, promotes expression
of pro-fibrogenic molecules, and hence activates HSC. In our
study, we have demonstrated that single-knockdown of PHD1
or Keap1 could alleviate hepatocellular hypoxic injury by
upregulating the expression of HIF-2α and Nrf2 respectively,
which then inhibits the HSC activation (Figure 8), moreover,
double-knockdown of PHD1 and Keap1 could synergistically
enhance this effect. Collectively, these findings will provide new

targets for developing new effective clinical drugs to treat liver
fibrosis. However, further studies are needed to confirm our
hypothesis in vivo.
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Introduction: Given the wide proliferation of ultra-long endurance races, it is important

to understand the physiological response of the athletes to improve their safety. We

evaluated the cognitive and neurosensory effects on ultra-endurance athletes during the

Transpyrénéa (866Km, 65,000m positive slope), held on the French Pyrenees.

Materials and Methods: 40 athletes were enrolled (age 43.8 ± 8.8 years; 36 males).

Olfactory and cognitive tests were performed before the race (T0, n = 40), at 166 kms

(T1, n = 28), at 418 kms (T2, n = 20), and after the race (T3, 866 kms, n = 13). The

effect of dehydration and sleep deprivation on cognitive features were also studied.

Results: Olfactory function decreased during the race (T0: 24.9 ± 4.3 vs. T3:

22.8 ± 3.5, z = -2.678, p = 0.007), language fluency increased (T0: 10.8 ± 2.9; T1:

11.4 ± 2.7; T2: 12.9 ± 2.8; T3: 12.9 ± 3.0; χ2 = 11.132, p = 0.011 for combined

samples), whereas the Trail Making Test did not show any changes between pre- and

post-race (T0 vs. T3 p = 0.697 for TMT-A, p = 0.977 for TMT-B). The mean aggregate

sleeping time was 9.3 ± 5.4 h at T1, 22.4 ± 10.0 h at T2, 29.5 ± 20.5 h at T3, with a

correlation with olfactory function (r = 0.644, p = 0.018), while Total Body Water (TBW)

was not correlated with olfactory or cognitive scores.

Conclusion: Physical activity and sleep restriction in ultra-endurance could transiently

affect olfactory function, while verbal fluency improved, demonstrating a dissimilar

mechanism of activation/deactivation in different cortical areas. Body water loss was

uncorrelated to cognition. Further studies should clarify whether cognitive and sensory

deficits occur even in absence of sleep restriction.

Keywords: cognition, extreme physiology, neurosensory assessment, olfaction, smell

INTRODUCTION

RandoRaids are competitions that can be considered a mix between the so-called “Chemin
Solidaires,” the “Grandes Randonnées” and the Non-Stop Raid Nature, often conducted in semi-
self-sufficiency and run for extremely long distances. Differently from ultra-trail marathons,
RandoRaids are largely conducted in independence by the raiders, and cover longer distances.
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Often completed in times that are somewhat similar to the
ultra-trail marathon [the minimum average speed to complete
the Tor des Géants ultra-trail (330Km) is 2.2 km/h, while this
value is set to 2.165 km/h for the Transpyrénéa RandoRaid
(866Km)], it is reasonable to think that effects on the health
status of competitors would be similar to those experienced
by the ultra-trailers. To date, various evidence for significant
effects on physical (Vitiello et al., 2013) and cognitive functions
(Tomporowski, 2002; Cona et al., 2015; Hurdiel et al., 2015;
Tonacci et al., 2016) of ultra-trailers has already been observed,
mainly caused by a mix of high altitude exposure (Yan, 2014),
environmental conditions (Lefferts et al., 2016; Taylor et al.,
2016)—including cold, heat and hypoxia—muscular fatigue,
dehydration (Cian et al., 2000), and sleep deprivation (Davis et al.,
2014; Fullagar et al., 2015).

According to Hurdiel et al. (2015), ultra-trailers experience
a wide range of symptoms, ranging from response lags to
cognitive tasks to serious symptoms such as visual hallucinations,
regardless of rest duration, and time in race. In addition,
neurosensory features appear to be affected by a mix of strenuous
physical effort and sleep restriction/deprivation, as demonstrated
in a recent study held during the Tor des Géants ultra-trail
(Tonacci et al., 2016).

Cognitive reserve also turns out to be linked to physical
performances, as demonstrated by Cona et al. (2015),
which found the correlation between ultra-trailers’ physical
performances and their neurocognitive functioning, including
superior inhibitory control formotor response and for processing
of irrelevant information (i.e., emotional stimuli). Such findings
are somehow in line with results achieved by Del Percio et al.
(2009), which hypothesized a mechanism of neural efficiency
ruling the performances of elite athletes also in different sport
activities.

However, the cognitive abilities of athletes performing ultra-
long distances—and RandoRaids in particular—are not well-
explored in scientific literature, and thus present an interesting
challenge to be investigated by studies conducted in naturalistic
settings.

In particular, focusing on cognitive and neurosensory
features, such domains are normally studied via exhaustive
tests that take time to administer, so are unsuitable for
longitudinal administration during the execution of a
competition. However, thanks to surrogate biomarkers and
quick-to-administer testing methods, it is possible to retrieve
interesting information regarding the cognitive and sensory
status of an athlete, even during a strenuous competition
such as an ultra-long RandoRaid. The aim of our study
was to evaluate the cognitive and neurosensory effects on
ultra-endurance RandoRaid athletes during the Transpyrénéa
race.

Abbreviations: BMI, Body Mass Index; COWAT, Controlled Oral Word

Association Test; CPs, Checkpoints; LBs, Life bases; NTST, Normalized total

sleep time; PET, Positron Emission Tomography; SD, Standard Deviation; SPECT,

Single-Photon Emission Computed Tomography; SPSS, Statistical Package for

Social Science; TBW, Total Body Water; TMT, Trail Making Test; TST, Total sleep

time.

MATERIALS AND METHODS

The Transpyrénéa first took place in the summer of 2016 on the
French side of the Pyrenees, covering an overall distance of 866
km with 65,000 meters of positive slope throughout the race.
The race started near the Mediterranean Sea, in Le Perthus, and
ended in Hendaye, on the Atlantic Ocean, following the Grande
Randonnée path called GR10. The maximum time to complete
the race was set to 400 h, with 22 checkpoints (CPs) and three life
bases (LBs, 166, 418, 678 km) along the path.

Subjects
A total of 40 athletes (36 males, mean age: 43.8 ± 8.8 years)
participated as volunteers in this study (Table 1). Exclusion
criteria were the presence of conditions possibly affecting
smell (neurodegeneration, history of head trauma, endocrine
disorders, flu, and/or nasal problems), use of medications or
unwillingness to give informed consent.

This information was retrieved through a structured
questionnaire administered to all participants prior to the race.
The questionnaire also included questions on hypertension,
hypercholesterolemia, diabetes, and smoking, as well as on
physical activity.

The study was approved by the institutional Ethics Committee
of the Aosta Valley Hospital (n. 895; 31/8/2015) and followed
the guidelines of the Helsinki Declaration. All volunteers were
informed regarding the design and purposes of the study and
gave written informed consent.

Experimental Overview
Four testing sessions were planned for the study. The first session,
“Baseline” (T0), took place in Le Perthus (km 0, altitude 420m
above sea level) 1 or 2 days before the race depending on the
availability of the athletes. After the first quarter of the race, a
second session was held at the LB inMérens-les-Vals (T1, km 166,
altitude 1,060m above sea level), while at halfway a third session
was managed at the LB in Bagnères-de-Luchon (T2, km 418,
altitude 640m above sea level). At the end of the race, in Hendaye
(T3, km 866, altitude 0m above sea level), athletes were evaluated
for the fourth time, within an hour of their arrival and concluding
any physical effort. All the subjects enrolled were assessed within
an hour of concluding the race.

Neurosensory Evaluation: Olfactory Assessment
Olfactory assessment was performed by a simple, reliable odor
identification task, Sniffin’ Sticks (Burghart Medizintechnik
GmbH, Wedel, Germany), already shown to be employable in a
naturalistic setting including the ultra-trail marathons (Tonacci
et al., 2016).

The test administration was simple: each odor, contained
within a felt-tip pen, was placed nearby the nostrils of the
volunteer for 3s. The athlete was asked to identify each of the
odors presented within a set of four answers each (the correct one
and three confounders). In this study, both the “Blue,” traditional
version of the test (Haehner et al., 2009), and the “Purple
Identification Plus” extension (Sorokowska et al., 2015) were
employed, so that the number of odors presented to the athletes
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TABLE 1 | Study population.

Number of subjects 40

Age (years, mean ± SD) 43.8 ± 8.8

Male gender, n (%) 36 (90)

Height (cm, mean ± SD) 176.1 ± 7.4

Smoking habit, n current/n former smokers (%) 2/4 (5/10)

Diabetes, n (%) 1 (2.5)

Hypertension, n (%) 3 (7.5)

Training, years (mean ± SD) 19.6 ± 15.5

Weekly training (h/week, mean ± SD) 11.5 ± 6.7

was 32, with the test score, ranging from 0 to 32, indicating the
overall number of correct answers given.

Cognitive Assessment: Language Control and

Executive Function Evaluation
Language assessment was performed in all testing sessions via
a shortened version of the Controlled Oral Word Association
Test (COWAT; Benton and Hamsher, 1989), chosen for its
simple and quick administration, extremely compliant with the
time requirements of the athletes undergoing this strenuous
competition. Specifically, the COWAT is a verbal fluency test
considered to be a measure of executive function. It requires
participants to say as many words they can think of which begin
with a particular letter of the alphabet, administered within a time
limit of 30 s.

A computerized version of the Trail Making Test (TMT) was
administered at T0 and at race completion (T3). Intermediate
sessions were not included for TMT, as they were time-
consuming for the race management of athletes. This cognitive
test was performed in its entirety, consisting of two parts,
namely TMT-A and TMT-B. Specifically, the first part (TMT-
A) assesses cognitive processing speed, attention and sequencing
abilities, whereas the second part (TMT-B) is mainly related
to executive functions (Bowie and Harvey, 2006). TMT-A
requested participants to connect circles labeled with numbers
1–25 in ascending order. In TMT-B, participants should alternate
between numbers (from 1 to 13) and letters (from A to L) in an
ascending order (i.e., 1-A-2-B and so on).

To ensure full comprehension of the test instructions,
participants were provided with computer-based instructions
and short test trials.

In this study, the total time needed to complete each of the
two tests, their sum and the ratio between TMT-B and TMT-A,
known to be an accurate measure of executive functions (Hester
et al., 2005), were calculated.

Body Composition Analysis
Several indices related to body composition, including body
weight, body mass index (BMI) and total body water (TBW),
were measured using the bioelectrical impedance analysis
(Tanita SC-331S Body Composition Analyzer; Tanita Inc.,
ArlingtonHeights, IL, USA). The subjects evaluated had no drink
or food restrictions during the race.

Sleep Management Assessment
The number of hours of waking/sleep were asked of each
participant with a structured questionnaire. A total sleep time
(TST) was then calculated, together with a normalized total
sleep time (NTST), as the ratio between TST and race duration,
this latter parameter extracted from the official timing of the
competition.

Statistical Analysis
Statistical analysis was performed using SPSS17 software (SPSS
Inc., Chicago, IL, USA). As a first step, we applied the Shapiro-
Wilk test to check for the normality of the variables considered.
Since the variables had a non-normal distribution, we employed
a non-parametrical multivariate repeated measures analysis of
variance (Friedman’s test). For post-hoc analysis, the Wilcoxon
signed-rank test for paired samples was carried out to compare
olfaction in the different phases of the competition. Spearman’s
rank test was used for correlations, in particular concerning
olfaction, cognitive parameters, sleep, body composition and race
variables (race duration, kms walked, and so forth).

RESULTS

Of the 40 athletes initially enrolled, 28 subjects (25males; age 43.5
± 8.5 years) reached Mérens-les-Vals (after an average of 60.0 ±
21.3 h) and were re-evaluated. Twenty of them (17males, age 44.8
± 8.7 years) successfully reached Bagnères-de-Luchon after 185.9
± 23.7 h and were re-assessed, while 13 (11 males; age 43.8 ± 7.6
years) completed the competition in 363.3± 33.1 h (Table 2).

All the athletes entering the life bases for testing decided
to undergo both the olfactory and cognitive assessments. The
mean time for the complete test battery administration was 9.5
± 3.5min at T0, 7.5± 2.3min at T1 and T2, 9.5± 2.4min at T3.

Olfactory Evaluation
The olfactory performances throughout the race are displayed
in Figure 1. A slight, non-significant trend toward a decrease in
odor identification ability was seen during the race (p = 0.108,
χ2 = 6.082 for combined samples). Conversely, the differences
between T0 and T1 (z = -2.539, p = 0.011), as well as between T0
and T3 (z = −2.678, p = 0.007) were largely significant, whereas
between T1 and T2 (z = −0.096, p = 0.924) and between T2 and
T3 (z = −0.851, p = 0.395) no particular trend was noticed.

Olfactory function was somehow age-dependent (r = −0.300,
p = 0.063 at T0), but independent from gender (possibly due to
the low number of female subjects composing the experimental
sample) or training habits. Furthermore, olfactory identification
ability at T0 was not an early marker of good success in the
race, with no significant differences between finishers and non-
finishers (z = −0.784, p = 0.449) in this task.

Cognitive Assessment
The shortened COWAT test for verbal fluency displayed an
increase in the overall score throughout the race (p = 0.011,
χ2 = 11.132 for combined samples, Figure 2), with trends near
significance between T0 and T1 (z = -1.627, p = 0.104) and
between T1 and T2 (z = −1.663, p = 0.096) and significance
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TABLE 2 | Characteristics of the study population throughout the race (*: significant between T0 vs. T1, ◦: significant between T0 vs. T3; §: significant for

combined samples, at p < 0.05).

Variable T0 T1 T2 T3

Number of subjects 40 28 20 13

Age (years, mean ± SD) 43.8 ± 8.8 43.5 ± 8.5 44.8 ± 8.7 43.8 ± 7.6

Male gender, n (%) 36 (90) 25 (89.2) 17 (85) 11 (84.6)

COMPETITION STATISTICS

Hours walked (mean ± SD) 0.0 ± 0.0 60.0 ± 21.3 185.9 ± 23.7 363.3 ± 33.1

BODY COMPOSITION ANALYSIS

Weight (kg, mean ± SD) 72.6 ± 10.9 70.6 ± 9.5 70.3 ± 8.9 68.1 ± 9.8

BMI (kg/m2, mean ± SD) 23.3 ± 2.6 22.6 ± 2.4 22.9 ± 1.8 21.3 ± 1.6

Fat mass (kg, mean ± SD) 5.4 ± 3.5 3.7 ± 2.2 2.9 ± 2.6 2.3 ± 0.9

Total body water (kg, mean ± SD) 49.2 ± 7.2 49.0 ± 6.4 49.6 ± 5.7 46.2 ± 7.0

SLEEP ANALYSIS

Total sleep time (hours, mean , SD) 0.0 ± 0.0 9.3 ± 5.4 22.4 ± 10.0 29.5 ± 20.5

Normalized total sleep time (% of the total race time, mean) 0.0 14.9 13.6 9.6

Olfactory identification score (mean ± SD) 24.9 ± 4.3*◦ 23.3 ± 3.9* 22.6 ± 3.7 22.8 ± 3.5◦

Shortened COWAT score (mean ± SD) 10.8 ± 2.9◦§ 11.4 ± 2.7§ 12.9 ± 2.8§ 12.9 ± 3.0◦§

TMT-A (ms, mean ± SD) 57120.5 ± 36539.0 54540.1 ± 12294.6

TMT-B (ms, mean ± SD) 62676.2 ± 25749.9 62488.6 ± 19303.6

TMT-B/A (ratio, mean ± SD) 1.199 ± 0.450 1.138 ± 0.183

FIGURE 1 | Olfactory performances throughout the race.

reached when comparing scores at T0 and T3 (z = −2.742,
p = 0.006). On the other hand, no particular difference was seen
between T2 and T3 (z = −0.212, p = 0.832).

Concerning the TMT test, no differences were seen between
the two testing sessions (at T0 and T3), with scores at TMT-A (z
= −0.114, p = 0.910), TMT-B (z = −0.341, p = 0.733) and
TMT-B/A ratio (z = 0.000, p = 1.000) that were superimposable
between the two evaluation points.

Correlation between Olfaction and
Cognition
A slight correlation was seen between olfactory identification
score at T0 and TMT-A score at the same evaluation point (r

FIGURE 2 | Shortened COWAT test scores throughout the race.

= −0.388, p = 0.015), suggesting a possible link between
the two domains studied (Figure 3). No significant correlation
was otherwise found between olfactory function and language
fluency.

Not very surprisingly, at T3 language fluency and TMT-B/A
ratio were largely correlated (r= −0.799, p = 0.002), unlike what
occurred at T0, where only a small, non-significant trend relating
the two variables was observed (r = −0.241, p = 0.164).

Correlation between Olfaction, Cognition,
and Sleep Management
A clear, significant Correlation was found between olfactory
decrease throughout the race (between T3 and T0) and both TST
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FIGURE 3 | Correlation between olfactory identification and TMT-A

at T0.

(r = 0.644, p = 0.018, Figure 4) and NTST (r = 0.639, p =

0.025), proving that longer sleep times are more likely to produce
smaller decrements in olfactory function during an extreme
effort like the Transpyrénéa RandoRaid. No correlations were
otherwise seen between TST or NTST and cognitive variables.

Correlation between Olfaction, Cognition,
and Body Composition
No significant correlations were found between olfactory or other
cognitive scores nor their deltas with body composition variables
(body weight, BMI, TBW, and their deltas) at any time.

DISCUSSION

This study investigated olfactory and cognitive modifications
occurring during the first-ever edition of the toughest RandoRaid
competition in Europe, Transpyrénéa, organized in the French
Pyrenees in summer 2016. The study is a completion of
a research previously published about the Tor des Géants R©

mountain ultra-trail marathon (Borghini et al., 2015; Mrakic-
Sposta et al., 2015; Tonacci et al., 2016), adding to the
referenced studies a deeper insight into cognition and the use
of minimally obtrusive methods, shown to be employable in a
naturalistic setting, in a completely different competition. In fact,
Transpyrénéa is a much longer competition (866 vs. 330 kms)
than the previous one, and therefore requires a dissimilar race
management concerning sleep/wake cycles, feeding and so forth.
Furthermore, environmental conditions and altimetry profiles

FIGURE 4 | Correlation between olfactory identification delta

(calculated between T3 and T0) and TST.

are not comparable between the two races, thus representing
completely different models to be studied.

Focusing in particular on the cognitive and sensory effects
that a similar effort could have on athletes’ health, several
variables should be taken into account. At first, the effort itself
should be considered, since prolonged strenuous physical activity
could possibly bring on consequences for health, and specifically
cognition and sensoriality, in athletes (Tonacci et al., 2016).
Second, mechanisms of sleep deprivation or even sleep restriction
are likely to deeply impact, possibly in a transient way, the
cognitive and sensory features of a person (Fullagar et al., 2015).
Such effects seem to be more dramatic when sleep deprivation is
combined with a massive physical effort, as occurs in these events
(Davis et al., 2014; Hurdiel et al., 2015), also carrying on serious
symptoms, including visual hallucination, possibly impacting the
safety of athletes.

Third, feeding and all mechanisms of dehydration and
missed/unbalanced supply of nutrients (Murray et al., 2009) that
could occur in a similar event could possibly be related to a short-
term cognitive deficiency. Fourth, altitude (Yan, 2014), hypoxia,
heat and cold stress, known to be both task- and severity-
dependent, are probably linked to the cognitive and sensory
status of an athlete (Ruffini et al., 2015; Taylor et al., 2016) and
are experienced by RandoRaid and ultra-trail athletes competing
in a race like the Transpyrénéa.

Therefore, this study employed olfactory testing, a minimally
obtrusive, quick, user-friendly surrogate of overall cognitive
function and a reliable method for assessing a specific sensory
domain, along with specific cognitive testing methods to assess
the cognition states of 40 athletes competing in the Transpyrénéa.
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Four testing sessions were set up, at the departure (T0), after
166 (T1) and 418 kms (T2) and at the finish line (T3). To avoid
particular annoyance for the athletes, a complete testing battery
was administered at T0 and T3, whereas at T1 and T2 only
olfactory testing and COWAT testing for verbal fluency were
performed, with the computer version of TMT performed by
athletes only at T0 and T3.

Olfaction—at pre-race assessment slightly related to the age
of athletes, as already demonstrated (Kobal et al., 2000)—was
seen as slightly decreased throughout the race, similarly to that
which occurred in athletes at the Tor des Géants R© (Tonacci
et al., 2016), where a mix of strenuous physical effort and sleep
restriction/deprivation negatively affected the olfactory function.
Among the possible causes of the abovementioned sensory-
cognitive detriment, sleep deprivation (or sleep restriction) was
seen to be correlated with the “delta” of olfactory decrease
between pre-race and post-race assessment. On the other hand,
no particular effects for body composition variables were seen
on cognitive domains, probably masked by other, predominant
contributions, similarly to what reported during the Tor des
Géants (Tonacci et al., 2016). This particular comparison
was rarely performed among athletes, even though it was
demonstrated that exercise-induced dehydration severely affects
cognitive function (Cian et al., 2000). The findings reported
by Cian et al. (2000) were referring, however, to dehydrated
athletes, while none of our athletes had experienced dehydration
as showed by the TBW composition.

Another cognitive domain, language fluency, was otherwise
clearly improved during the race, with a similar—and opposite—
dynamic when compared to olfaction. Interestingly, the cognitive
domains studied with TMT—in particular those more related to
the TMT-B score—and not different from each other between
pre- and post-race assessment, were correlated with the COWAT
score at the post-race assessment.

This different response detected with olfactory and cognitive
testing is probably related to a differential activation of several
cortical areas in response to stimuli. In fact, it could be stated
that during the physical effort of the Transpyrénéa race, some
cortical areas are more largely activated by the tasks required of
the athlete in order to succeed in the competition, due to the so-
called “neural efficiency” hypothesis (Vernon, 1993; Del Percio
et al., 2009; Nakata et al., 2010).

This theory is based on psychometric considerations, and
was strengthened by several neuroimaging studies using both
ionizing radiation- (PET, SPECT) and non-ionizing radiation
(fMRI)-based methods. Such research found that the subjects
scoring highest on tests such as intelligence quotient, word
fluency, spatial skills, and working memory show weaker fronto-
parietal activation during cognitive tasks (Haier et al., 1988,
1992, 2004; Parks et al., 1988; Charlot et al., 1992; Rypma and
D’Esposito, 1999; Rypma et al., 2002, 2005; Ruff et al., 2003).

Indeed, it is well-known that the cortical structures involved
in olfactory identification processing (piriform and entorhinal
cortex, amygdala, orbitofrontal cortex, anterior olfactory
nucleus) are quite different when compared to the cortical
structures called upon by COWAT for language fluency
and execution (prefrontal cortex, caudate and subthalamic

nuclei) and from the structures involved in tasks such as
processing speed and attention (TMT-A) or visuomotor
tracking, sequencing and cognitive flexibility (TMT-B).

During ultra-trail marathons or similar competitions, the
athlete is called upon to process a number of stimuli that arise
from the peculiarities of the race. It can be stated that ability
in executing tasks, attention and visuomotor tracking is crucial
for the good outcome of several sports activities (Abernethy,
1990; Ferrari and Rizzolatti, 2015), including walking, running
or similar activities (Drew et al., 2008), in both good and bad
visibility conditions (Durgin and Pelah, 1999). This could be
the main reason why TMT and COWAT scores do not decrease
throughout the race, and indeed are in some cases enhanced as
seen with language fluency, whereas a cognitive pathway related
to sensory stimuli, such as the olfactory path, could be somehow
sacrificed for the advantage ofmore important cortical circuitries.

It can be hypothesized that this “double nature” of increasing
the activity of some cortical parts while decreasing others that
are less useful for the primary task to be accomplished (the
competition in this case), could be related to some compensatory
mechanisms of the brain, which occur in a wide number of
disorders or sports injuries but to date have been reported in only
a few studies on healthy athletes (Laurienti et al., 2002; Kudo
et al., 2004). This could also be the reason why a correlation
between cognitive parameters and sleep restriction was not
found, contradicting some literature findings (Fullagar et al.,
2015).

Limitations
The main limitation of this study is the absence of information
about weather conditions for each athlete. In fact, during a similar
competition, held on a route of more than 800 kms, completely
different weather conditions were encountered. At the beginning
of the race at Le Perthus, the temperature was quite high (around
32 ◦C), whereas at T1 assessment most of the athletes arrived
during a thunderstorm, at night and at around 9◦C temperature.
However, some of our athletes encountered rainy weather at high
altitude (between T1 and T2), whereas other ones were resting
during the storms. Therefore, it is nearly impossible to account
for the weather conditions for all the athletes, and this could be
considered a limitation of this study.

Furthermore, the subjects enrolled (n = 40) were a subgroup
of participants (n = 242 starters) and not necessarily a
“representative sample” of the overall athlete population, despite
being age- and gender-matched with the overall population
participating.

Finally, the bioelectrical impedance analysis for evaluating
TBW could be considered in some instances to be a further
methodological limitation of the current investigation.

Conclusions
Summarizing, to the best of our knowledge, this is the first study
investigating cognitive and neurosensory features in ultra-trailers
performing a competition of more than 800 kms. Here, the
bout of “psychocognitive stress” experienced by athletes during
a strenuous competition such as the Transpyrénéa, where a
massive physical effort is combined with sleep restriction (or
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for some periods, sleep deprivation), could transiently affect the
overall cognitive balance of athletes. Since athletes are mainly
required to enhance their attention, visuospatial processing and
executive processing overall in order to safely conclude the
competition, some other portions of the human cortex could be
less stimulated, thus decreasing their activity. This process could
occur in areas supervising olfactory processing, decreasing the
ability of the subjects to correctly identify odors. According to
previous evidence (see Tonacci et al., 2016 for an example), this
deficit is probably temporary, with a normal olfactory function
that would probably be restored in a few days or weeks, possibly
depending on the athlete him/herself.

Future work is required to study similar domains on
shorter trails, not massively impacted by sleep deprivation
issues, and on competitions with a different altimetry profile,
to evaluate the effect of high altitude, cold stress and in
some instances hypoxia, on such variables. Furthermore,
the cortical activity of the different brain areas mentioned
in this work could be an interesting object of study
for research involving ultra-trail marathons and similar
competitions.
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Enhanced Right-Chamber
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Speckle-Tracking Echocardiography
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1 Insitute of Clinical Physiology, National Research Council, Pisa, Italy, 2Mountain Medicine Center, Ospedale Regionale
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Background: Strenuous and endurance exercise training have been associated

with morphological and functional heart remodeling. Two-dimensional speckle-tracking

echocardiography (STE) is a novel technique that allows an accurate quantification of

global myocardium deformation. Our aim was to evaluate together left and right cardiac

remodeling in different long-distance running athletes: marathon runners (42 km) (M) and

endurance mountain runners (>300 Km) (UT).

Methods: A total of 92 athletes (70 males, 76%) including 47 M [age 45 ±

7 years; training: 18 (9–53) years∗days/week], 45 UT [age 42 ± 9, training: 30

(15–66) years∗days/week] underwent conventional echocardiography and STE (Beyond

Diogenes 2.0, AMID) during the agonistic season.

Results: Right ventricle (RV) end-diastolic area (p = 0.026), fractional area changing

(FAC) (p= 0.008) and RV global longitudinal strain (GLS) were significantly increasedin UT

athletes. Furthermore, UT showed larger right atrium (RA) volume (p= 0.03), reduced RA

GLS and significantly increased RA global circumferential strain (GCS) compared to M.

After adjustment for age, sex, and HR as covariates, UT showed a reduced RA GLS (OR

0.907; CI 0.856–0.961) and increased RV FAC (OR 1.172; CI: 1.044–1.317) compared

to M.

Conclusion: Athletes enrolled in UT endurance activities showed RV and RA

morphological and functional remodeling to increased preload in comparison with M

runners characterized by increased RV FAC and reduced RA GLS. Follow-up studies

are needed to better assess the long-term clinical impact of these modifications. 2D STE

is a useful tool for investigating the deformation dynamic in different sports specialties.

Keywords: extreme physiology, endurance sports, cardiac remodeling, speckle tracking echocardiography,

cardiovascular diseases
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INTRODUCTION

“Athlete’s heart” is now a widely acknowledged term indicating
a specific phenotype of cardiac morphologic remodeling to long-
term physical activity (Fagard, 2003). However, the remodeling
may be different among different sports according to the
type of hemodynamic (volume and/or pressure) overload
(Mitchell et al., 2005). Many studies using two-dimensional
(2D) echocardiography have improved our understanding of
“athlete’s heart.” Endurance exercise is a dynamic (aerobic)
exercise mainly characterized by volume overload, which induces
specific remodeling characterized by left ventricle (LV) and left
atrium (LA) dilation and an increased relative wall thickness
(RWT) and LVmass without any systolic or diastolic dysfunction
(Pelliccia et al., 1991, 2005; Pluim et al., 2000). On the other
hand, right ventricle (RV) remodeling has been poorly studied
in athletes, mainly due to the complex anatomy and location
of the RV, which makes it difficult to study by conventional
echocardiography, and to the wide heterogeneity of its function
(Jurcut et al., 2010). Some studies have found RV and right atrium
(RA) enlargement in elite athletes (Henriksen et al., 1996; Erol
and Karakelleoglu, 2002). While in recent years participation
in endurance sports has increased, several concerns have been
raised about the harmful effects these sports may have on cardiac
morphology and function and the risk of cardiac arrhythmias
(Calvo et al., 2012; La Gerche et al., 2015).

2-D speckle-tracking echocardiography (STE) is a novel,
non-invasive echocardiographic technique that allows an
accurate quantification of global myocardium deformation
along the three-dimensional (3D) geometrical axis (Teske
et al., 2007; Mondillo et al., 2011). STE is a valuable tool
for pathophysiological assessment, but still has very limited
clinical applications even in patients with cardiovascular disease.
Recent studies using STE have improved our understanding
of the functional adaption of “athlete’s heart.” Although there
is disagreement as to whether athletes have higher LV strain
compared to controls, many studies agree that decreased LV
strain in athletes is an early sign of LV dysfunction typically found
in patients with hypertensive or hypertrophic cardiomyopathy
(Richand et al., 2007; Cappelli et al., 2010; D’Ascenzi et al.,

2016). Few authors have studied RV and RA strain in athletes
but results are controversial. While some authors showed that
RV longitudinal strain was greater in athletes compared to
controls (Pagourelias et al., 2013; Esposito et al., 2014), others
found reduced RV longitudinal strain in athletes (Teske et al.,

Abbreviations: 2D, Two-Dimension; LV, Left Ventricle; LA, Left Atrium;

RWT, Relative Wall Thickness; RV, Right Ventricle; RA, Right Atrium; STE,

Speckle-Tracking Echocardiography; 3D, Three-Dimensional; UT, Ultra-Trail; M,

Marathon; BP, Blood Pressure; HR, Heart Rate; SpO2, Oxygen Saturation; BMI,

Body Mass Index; ASE, American Society of Echocardiography; EAE, European

Association of Echocardiography; LVMI, LV Mass Index; EF, Ejection Fraction;

CO, Cardiac Output; TAPSE, Tricuspid Annular Plane Systolic Excursion; E,

Early mitral/tricuspid velocity; A, Atrial mitral/tricuspid velocity; e’, Early diastolic

velocity; a’, Atrial diastolic velocity; sPAP, Systolic Pulmonary Artery Pressure;

GLS, Global Longitudinal Strain; GCS, Global Circumferential Strain; GRS, Global

Radial Strain; EDA, End Diastolic Area; ESA, End Systolic Area; FAC, Fraction

Area Changing; OR, Odds Ratio; ICC, Intraclass Correlation Coefficient.

2009b). Regarding RA, 2D STE studies showed RA remodeling
in elite athletes characterized by increased RA volume, reduced
RA strain, and better diastolic function compared to controls
(D’Ascenzi et al., 2013; Pagourelias et al., 2013). Controversial
results may be due to the lack of standardization among the
different STE software algorithms and to the fact that athlete’s
heart remodeling depends on the type and intensity of training
(D’Ascenzi et al., 2016).

The aim of this study was to assess the morphological and
functional remodeling of athlete’s heart in different long-term
intensive endurance athletes (ultra-trail endurance runners and
marathon runners), using standard 2D echocardiography and
STE.

METHODS

Study Population
Our study population was made of 45 ultra-endurance athletes
specialized in ultra-trail running (UT) (>300 km) and 47
marathon runners (42 km) (M) recruited using local advertising.
Inclusion criteria were: age 18–65, previous participation in
competitive sports of their category, apparent good health status
and written informed consent. Exclusion criteria were: known

cardiovascular or pulmonary disease or symptoms and absence
of informed consent.

The study protocol was approved by the institutional Ethics
Committee of the Aosta Valley Hospital (n.895; 31/8/2015)
and followed the guidelines of the Helsinki Declaration. All
volunteers were informed regarding the design and purposes of
the study and gave written informed consent.

Subjects were studied at rest in a quiet, temperature-controlled
room. Medical history was collected with particular attention
to the assessment of traditional cardiovascular risk factors.
Brachial blood pressure (BP) and heart rate (HR) were measured
at rest with subject in supine position using an automatic
BP monitoring system, while oxygen saturation (SpO2) was
measured using a portable pulsoximeter (Pulse-oximeter Model
Tuff-Sat, Datex-Ohmeda, General Electric Healthcare Clinical
System, Helsinki, Finland). Three measurements were taken
within a 3-min interval and averaged. Body weight, body
mass index (BMI), and total body water were measured
using the bioelectrical impedance analysis (TanitaSC-331S Body
Composition Analyzer; Tanita Inc., Arlington Heights, IL, USA).
Training time, expressed as years of training∗days of training
per week was also assessed and expressed as double product
(Training Time = years of training∗days/week) while training
intensity was estimated as km run per week (km/week).

Standard 2D Echocardiography
Standard 2D echocardiography was performed using a portable
echo machine with a 2.5–3.5 MHz cardiac probe (Vivid
I, General Electric Healthcare Clinical System). Right and
left ventricle function was assessed according to American
Society of Echocardiography (ASE) and European Association
of Cardiovascular Imaging (EACVI) guidelines for chamber
quantification (Lang et al., 2015). Interventricular septum and
posterior wall thickness and LV end-diastolic diameter were
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measured in parasternal long-axis view and RWT and LV
mass index (LVMI) were calculated according to guidelines
(Lang et al., 2015). LV end-systolic and end-diastolic volumes
were measured in the apical four-chamber view and ejection
fraction (EF) was calculated by the modified biplane Simpson’s
method (Lang et al., 2015). Cardiac Output (CO) was measured
multiplying LV outflow tract time-velocity integral, measured
using pulse wave Doppler, by its cross-sectional area and
heart rate. Right ventricle basal and middle diameters were
measured in apical four-chamber view to assess any right
ventricle dilation typically found in athletes. RV systolic function
was assessed using tricuspid annular plane systolic excursion
(TAPSE) measured with caliper in M-mode echocardiography
according to ASE+EACVI guidelines for RV function (Rudski
et al., 2010).

LV and RV diastolic function were assessed in four-chamber
view using pulsed Doppler. Mitral and tricuspid early (E) and
atrial (A) velocities were measured using pulsed Doppler and
mitral and tricuspid E/A ratio was calculated. Tissue Doppler
imaging wasmeasured from the four-chamber view using pulsed-
wave Doppler for both mitral and tricuspid annulus. Early (e’)
and atrial (a’) diastolic velocities were measured at the lateral
and septal borders of the mitral annulus and at the tricuspid
lateral annulus. The ratio between mitral and tricuspid E velocity
and e’ (E/e’) and e’/a’ ratio was then calculated (Nagueh et al.,
2009; Rudski et al., 2010). Systolic pulmonary artery pressure
(sPAP) was estimated from the peak velocity of the tricuspid
regurgitation jet by continuous flow Doppler and the systolic RA
pressure estimated from the inferior vena cava diameter and its
respiratory excursion (0–15 mmHg) using the formula: sPAP =

4V2 + RA pressure (Yock and Popp, 1984).
All 2D echocardiography parameters obtained from the UT

and M were compared to normal values according the current
recommendations of ASE+EACVI (Lang et al., 2015).

2-D Speckle-Tracking Echocardiography
STE was performed from an apical four-chamber view using
a narrow-sector gray scale images for all four chambers, with
temporal resolution of 60–90 frames/s. Gain, compression, and
dynamic range were optimized to enhance myocardial definition
with standardized depth, frequency, and insonation angle for all
athletes. 2D strain analysis was performed offline by the same
expert sonographer (G.D.), not blinded to the group allocation,
using semi-automatic strain software (Beyond Diogenes 2.0,
AMID). After a region of interest was manually traced along
the endocardial border in end-systole and end-diastole, the
software automatically calculated the chamber’s volume and
global strain along the three axes (longitudinal, radial, and
circumferential). LV strain was measured in the apical in the
four-chamber view. LV end-systolic and end-diastolic volume
and global longitudinal (GLS), radial (GRS), and circumferential
(GCS) strain were automatically calculated from the software
(Supplementary Figure 1). LA and RA endocardial border was
manually traced in four-chamber view and the end-systolic
volume and strain along the three axes were calculated. End-
systolic (ESA), end-diastolic area (EDA), fractional area changing

(FAC), and global RV strain were also measured from an apical
four-chamber image focused on the right ventricle.

Statistical Analysis
Statistical analysis was performed using SPSS software version
21.0 for Windows (IBM Corp., Armonk, NY, USA). Continuous
variables were expressed as mean ± standard deviation for
normally distributed variables and in median and percentiles for
non-normally distributed variables, while categorical data were
expressed in percentages. T-test for independent samples was
used to assess differences betweenmeans for normally distributed
variables while Mann-Whitney Test was used for non-normally
distributed variables. Normal distribution was tested using
Kolmogorov-Smirnov test. Categorical variables were analyzed
using χ2 test and Fisher’s exact test when appropriate. Multiple
regression models were made to adjust strain parameters
with standard echocardiographic parameters. With the aim of
evaluating strain outcomes between the different groups studied
(M and UT), a binary logistic regression model with backward
step-wise elimination was performed. We defined as dependent
variable the group UT (1 = UT; 0 = M). Results are reported as
odds ratio (OR) with a 95% confidence interval (adjusted for sex,
age, and heart rate). Intra-observer reproducibility was assessed
using the intraclass correlation coefficient (ICC). The Posteriori
Power Analysis was based on the difference of means of several
cardiac indexes (between groups). The Power Analysis for RV
GCS with 45 subjects for UT Group and 47 subjects for M Group
was 0.82. For RV GLS with 45 subjects for UT Group and 47
subjects for M Group, respectively, the estimated power for a
two-sample means test was above 0.60 (0.61).

RESULTS

Demographic and clinical characteristics of the study population
are shown in Table 1. The groups were comparable for age, sex,
and BMI and body surface area. No significant difference in
HR or BP was found between the UT and M. The prevalence
of diabetes, dyslipidemia and obesity was low and with no
difference between groups. Training intensity (Km/week) was not
significantly different, while training time (day/week∗year) was
significantly higher in UT.

2-D Doppler Echocardiography
Standard echocardiography was successfully performed in all
subjects (100% feasibility). The main 2D and Doppler parameters
are shown in Table 2. In Supplementary Table 1 the 2D
Doppler echocardiogram parameters were compared to normal
values according to American Society of Echocardiography and
European association of Cardiovascular Imaging (Lang et al.,
2015). The study of LV diastolic function showed a higher mitral
E/A ratio and mean e’ velocity and a lower of E/e’ ratio in UT
runners compared to M that can be linked to a reduced LV
filling pressure. However, both groups presented normal mitral
inflow pattern and normal diastolic function (Supplementary
Table 1). RV diameters, RV FAC and TAPSE were significantly
increased in UT (Figure 1). RV diastolic function was normal
in both groups (Supplementary Table 1). However, tricuspid E/A
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TABLE 1 | Demographic and clinical characteristics of the study population.

UT (n = 45) M (n = 47) P-value*

Age (years) 42 ± 9 45 ± 8 0.15*

Men (%) 84.4 65.3 0.57§

SBP (mmHg) 133 ± 13 130 ± 19 0.32*

DBP (mmHg) 77 ± 10 77 ± 10 0.83*

Heart Rate (bpm) 55.6 ± 6.9 54.1 ± 7.6 0.86*

BSA (m2) 1.84 ± 0.16 1.84 ± 0.21 0.88*

BMI (kg/m2) 22.7 ± 2.4 22.8 ± 2.3 0.79*

TI (km/week) 66.5 ± 39.1 51.8 ± 31.2 0.078#

TT (days/week*year) 30 (15–66) 18 (9–53) 0.03#

Hypertension (%) 4.4 6.1 1.00§

Diabetes (%) 0 2 1.00§

Smoke (%) 0 10.2 0.06§

Dyslipidemia (%) 0 6.1 0.24§

Obesity (%) 0 0 α

SBP, Systolic Blood Pressure; DBP, Diastolic Blood Pressure; BSA, Body surface area;

BMI, Body Mass Index; TI, Training Intensity; TT, Training Time. α: χ
2 test was not

performed because the variable was constant. *Parametric test (Student’s t-test); #Non-

parametric test (Mann-Whitney test); §, χ2 test. Significant p-values (p< 0.05) are marked

in bold.

and E/e’ ratio were significantly increased in UT. Moreover, UT
athletes showed an increased systolic and diastolic PAP and an
increased inferior vena cava diameter compared to M runners.
No significant difference in LV systolic function or LV dimension
was found between groups.

2-D Speckle-Tracking Echocardiography
STE of the four-chamber view was feasible in 88 out of 92 subjects
(95%). Four subjects (two UT and two M) were excluded due to
low acoustic window or to inappropriate image acquisition. The
main STE parameters are shown in Table 3. RV EDA(ste) and RV
FAC(ste) (Figure 2) were significantly increased in UT compared
toM, similarly to the 2D echocardiography results. Moreover, RV
GLS was significantly increased in UT (Figure 2). UT athletes
were also characterized by increased RA volume, reduced RA
GLS and an increased RA GCS compared to M runners. Inferior
vena cava diameter was found to be an independent predictor of
RA GLS (β = 0.204, p = 0.04). Binary logistic regression models
were made using a backward step-wise method as shown in
Figure 3. After being adjusted for age, sex, and HR as covariates,
UT showed a reduced RA GLS (OR 0.907; CI 0.856–0.961) and
increased RV FAC (OR 1.172; CI: 1.044–1.317) compared to M.

Intra-operator reproducibility for STE was tested for ten
subjects, reading the same images as shown in Supplementary
Table 2 (Supplementary Material). ICC ranged from 0.714 to
0.990, p < 0.05.

DISCUSSION

In this study we evaluated the morphological and functional
characteristics of cardiac remodeling in different long-term
intensive endurance athletes, UT and M using standard
echocardiography and STE. UT showed no significant differences
regarding LV and LA volumes or STE measurements. Regarding

TABLE 2 | Two-dimensional echocardiography and Doppler parameters.

UT (n = 45) M (n = 47) P-value*

RWT 0.37 ± 0.0 0.37 ± 0.04 0.71

LVMI 88.6 ± 17.7 87.5 ± 11.6 0.94

LVEDV (ml) 108 ± 28 114 ± 24 0.25

EF (%) 61.6 ± 6.5 62.6 ± 2.2 0.33

CO (l/min) 4.4 ± 1.3 4.2 ± 1.3 0.52

RV bas (mm) 36.7 ± 3.6 32.1 ± 2.7 <0.001

RV mid (mm) 31.9 ± 5.1 27.1 ± 2.0 <0.001

RV FAC (%) 43.3 ± 12.5 36.4 ± 6.5 0.002

TAPSE 28.0 ± 0.8 24.0 ± 0.4 <0.001

E 78 ± 15 78 ± 13 0.82

DT 224 ± 47 238 ± 32 0.10

E/A mitral 1.6 ± 0.5 1.4 ± 0.3 0.04

e’ mean mitral 12.7 ± 3.2 11.1 ± 1.9 0.003

E/e’ mitral 5.6 ± 2.9 7.2 ± 1.3 0.001

E/A tric 1.8 ± 0.1 1.3 ± 0.3 <0.001

E/e’ tric 5.5 ± 0.4 4.5 ± 0.2 0.008

sPAP (mmHg) 28.6 ± 5.5 24.3 ± 3.7 <0.001

mPAP (mmHg) 19.2 ± 3.3 16.6 ± 2.2 <0.001

PVR 2.8 ± 1.4 2.4 ± 1.2 0.14

TPR 23.8 ± 7.7 24.6 ± 7.5 0.62

IVC (mm) 19.3 ± 5.4 14.2 ± 2.4 <0.001

LVEDD, Left Ventricle End Diastolic Volume; EF, Ejection Fraction; CO, Cardiac Output;

RV bas, right ventricle basal diameter; RV mid, Right Ventricle middle diameter; TAPSE,

Tricuspid Annulus Plane Systolic Excursion; sPAP, Systolic Pulmonary Artery Pressure;

mPAP, Mean Pulmonary Artery Pressure; PVR, Pulmonary Vascular Resistances; TPR,

Total Peripheral Resistances; IVC, Inferior Vena Cava; *Parametric test (Student’s t-test).

Significant p-values (p < 0.05) are marked in bold.

the right chambers, UT runners showed RV and RA remodeling
compared to M runners characterized by increased RV diameters
and RA volume in presence of an “enhanced” RV function as
indicated by increased RV FAC, TAPSE, RV GLS, RA GCS,
and reduced RA GLS. The RV dilation could represent a RV
adaption to bradycardia and to the increased venous return,
which is associated with increased systolic function, as reported
in previous studies (Erol andKarakelleoglu, 2002; D’Andrea et al.,
2013; Major et al., 2015).

Moreover, the RV diastolic function, assessed as tricuspid E/A
ratio and E/e’ ratio, was normal. We also found increased sPAP
and mPAP in UT compared to M. The increased PAP is very
frequent in athletes and has also been considered a consequence
of a physiological adaption to increased venous return and not
to LV dysfunction (D’Andrea et al., 2011). In fact, LV E/e’,
an estimation of LV filling pressure, was not increased in UT
while the inferior vena cava was significantly dilated suggesting
remodeling due to chronic endurance exercise.

With STE we observed an increased RV FAC(ste) and RV GLS
in UT athletes compared to M, confirming the “enhanced” RV
systolic function evaluated by 2D echocardiography in UT elite
athletes. Moreover, being an UT athlete was found to be an
independent significant predictor of having increased RV FAC
even after adjusting for age, sex, HR, and other strain covariates
compared to M. On the other hand, RV GLS was not significantly
different between UT and M when adjustment was made
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FIGURE 1 | Dot plots showing the difference between groups for RV baseline diameter and TAPSE. RV bas, Right ventricle baseline diameter; TAPSE, Tricuspid

annular plane systolic excursion.

TABLE 3 | Two-dimensional speckle tracking derived parameters of the study

population.

UT (n = 43) M (n = 45) P-value*

LV EDV(ste) 126.3 ± 20.7 117.6 ± 25.8 0.08

LV EF(ste) 62.4 ± 3.5 63.3 ± 3.2 0.21

LV GLS(ste) −27.6 ± 4.2 −28.6 ± 3.4 0.25

LV GCS −28.7 ± 4.8 −29.3 ± 4.6 0.49

LV GRS 66.6 ± 11.2 69.8 ± 8.9 0.13

RV EDA(ste) 21.2 ± 4.6 18.8 ± 4.9 0.026

RV FAC(ste) 49.2 ± 5.9 45.9 ± 5.0 0.008

RV GLS −30.4 ± 4.4 −27.3 ± 4.5 0.002

LA ESV(ste) 59.7 ± 15.7 59.6 ± 18 1.00

LA GLS 35.0 ± 12.2 36.5 ± 11.1 0.55

LA GCS 26.4 ± 12.5 28.7 ± 11.3 0.39

LA GRS −32.5 ± 8.5 −34.4 ± 6.9 0.27

RA ESV(ste) 63.9 ± 23.2 53.8 ± 17.2 0.03

RA GLS 31.6 ± 9.6 37.1 ± 13.5 0.03

RA GCS 22.2 ± 8.9 17.5 ± 6.4 0.004

RA GRS −30.3 ± 2.3 −31.2 ± 7.4 0.52

LV, Left ventricle; RV, Right Ventricle; LA, Left atrium; RA, Right Atrium; EDV, End Diastolic

Volume; ESV, End Systolic Volume; EF, Ejection Fraction; GLS, Global Longitudinal

Strain; GC, Global Circumferential Strain; GRS, Global Radial Strain; FAC, Fraction Area

Changing; *Parametric test (Student’s t-test). Significant p-values (p < 0.05) are marked

in bold.

for other covariates. These findings suggest an increased RV
function in UT athletes, which may represent training-induced
remodeling to long-lasting volume overload. In fact, although
training intensity was not significantly different between groups,
UT showed increased training time.

From strain analysis of RA we found an increased RA volume,
a reduced RA GLS and an increased RA GCS among UT athletes.
However, when adjustment was made for age, sex, HR, and
strain covariates, RA volume and RA GCS were not significantly
different, while RA GLS remained independently reduced in UT,
suggesting decreased RA systolic contraction in this group of
athletes.

In accordance with current literature (D’Andrea et al., 2015),
we did not find any significant difference in LV mass, volume

or function between athletes. STE-derived parameters were
comparable and Tissue Doppler-derived markers of diastolic
function were normal in all groups. However, UT athletes
showed increased E/A ratio and reduced E/e’, indicating a better
diastolic function. Furthermore, no significant difference in LA
dimensions of function was found between groups.

Physiological Hypothesis of “Enhanced”
RV Function in UT
During acute exercise the muscles start to contract, creating
compression on the veins and thus increasing the venous flow.
The increased venous return to the right heart dilates the RV
and RA, and according to the Starling mechanism increases
the stroke volume which together with the exercise-induced
tachycardia increases the cardiac output able to maintain an
adequate perfusion to the muscle (Opie, 1998). Trained athletes,
chronically enrolled in dynamic physical activity, undergo
many hemodynamic modifications of the heart characterized
by increased volume load with a constant or minimal increase
of pressure load which induces a LV remodeling characterized
by an increased LV mass without any significant increase
in wall thickness, known as physiological hypertrophy. The
LV hypertrophy is associated with a reduced HR due to
parasympathetic tone predominance and an improved diastolic
function. However, the remodeling due to the volume load
may be even greater on the RV and RA, which has a thinner
wall thickness compared to the LV (Opie, 1998; Fagard, 2003).
The increased preload together with the longer diastolic filling
time due to the bradycardia induce RV and RA dilation.
However, despite the resting bradycardia, the athlete’s heart is
able to maintain cardiac output by increasing the stroke volume,
which can explain the present results of RVs enlarged and
with increased systolic function in UT athletes compared to
M. On the other hand, the resting bradycardia increases the
diastole’s total duration and in association with higher preload,
modifies the diastolic pattern: increasing E mitral wave (early
phase of LV diastolic filling), reducing A mitral wave (atrial
contribution), and thus increasing the E/A ratio, as we found
in UT athletes. Furthermore, the reduced contribution of the
atrial systole at rest (A mitral wave) may represent a pattern of
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FIGURE 2 | Dot plots showing the difference between groups for RV GLS and RV FAC. RV GLS, Right ventricle global longitudinal strain; RV FAC (ste), Right ventricle

fractional area changing.

FIGURE 3 | Bimodal logistic regression models. RA, Right Atrium; RV, Right

Ventricle; GLS, Global Longitudinal Strain; GCS, Global Circumferential Strain;

FAC, Fraction Area Changing; HR, Heart Rate. The non-significant covariates

from backward elimination were progressively removed and only the variables

shown in the figure remained significant.

atrial remodeling rather than an atrial dysfunction (Opie, 1998;
D’Ascenzi et al., 2013). In fact, endurance athletes showed a lower
atrial contribution at rest compared to the exercise where the
atrial systole contribution to ventricular filling may increase, as
a reserve mechanism to afford the increased pre-load.

Comparison with Previous Studies
To understand the real significance of heart remodeling in
athletes it is fundamental to differentiate physiological adaptation
from inherited cardiomyopathy such as arrhythmogenic right
ventricle cardiomyopathy or hypertrophic cardiomyopathy.
Recently, many STE studies have focused their attention on
assessing RV remodeling in endurance athletes compared to
active subjects, showing contradictory results.

Teske and coauthors showed a reduced RV global and regional
strain in elite athletes (training intensity 24.2 ± 5.7 h/week) and
athletes (training intensity 12.5 ± 2.3 h/week) in comparison
with controls, this reduction being more pronounced in athletes
with marked RV dilation (Teske et al., 2009b). La Gerche et al.
showed that rest RV function was reduced in 40 endurance

athletes compared to non-athletes as assessed by 2D and STE,
while during exercise the RV strain and strain rate increased
progressively with HR without any significant difference between
groups, showing no difference in RV contractile reserve (La
Gerche et al., 2012). Probably, in presence of RV dysfunction
in resting condition in healthy athletes, a further evaluation
of RV function during exercise should be employed. Very
recently, Bohm et al. studied 33 endurance athletes (including 16
elite athletes) compared with 33 healthy controls. The subjects
were studied by cardiopulmonary exercise test, 2D, TDI and
Strain echocardiography to assess LV and RV morphology and
function, and by contrast enhanced cardiac magnetic resonance.
In the final results, although the athletes showed LV and RV
enlargement in presence of normal biventricular function, a
pathological late enhancement was detected in only one athlete,
confirming how LV and RV dilation represents physiological
remodeling and is not associated with ventricular dysfunction or
risk of arrhythmias (Bohm et al., 2016). The contradictory results
of published studies are principally due to the fact that neither
the type of athletes (kind of sports, training history, period of
evaluation) studied nor the methods used were homogenous, in
particular for the differences in strain software analysis. STE can
be an useful tool for distinguishing between the RV physiological
remodeling found in athletes and arrhythmogenic RV dysplasia
(D’Ascenzi et al., 2016), but reference values for LV and RV
measured should be published for healthy subjects and for
athletes, a wider clinical use (D’Ascenzi et al., 2016). As matter of
fact, while both of these conditions may be characterized by the
RV dilation (Bauce et al., 2010), patients with arrhythmogenic RV
dysplasia have been shown to have reduced RV strain compared
to controls (Teske et al., 2009a).

Regarding RA, studies on atrial function in athletes are still
very limited. In a recent study, D’Ascenzi et al. studied 100
athletes and 78 controls using STE found an increased RA
volume and a reduced RA peak longitudinal strain in athletes
compared to controls (D’Ascenzi et al., 2013). More recently,
Pagourelias et al. also found increased RA volume and reduced
RA early diastolic strain rate without any significant differences
in RA function showing RA remodeling to volume afterload
(Pagourelias et al., 2013). Our finding are in concordance with
these studies regarding RA volume. In this study we found a
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reduced RA GLS in UT athletes compared to M in absence of any
RV diastolic dysfunction, which seem to represent physiological
atrial remodeling to the increased volume load.

The literature on LV strain in athletes is also controversial.
Simsek et al. found increased values of GLS in marathon
athletes compared to controls (Simsek et al., 2013), while Capelli
et al. found no difference in GLS between endurance athletes
and controls (Cappelli et al., 2010; Caselli et al., 2015). More
recently, Caselli et al. studied 200 Olympic athletes enrolled in
different disciplines (including both isometric and endurance
sport activities); although being normal, LV GLS was lower
compared to controls, with no difference related to the sport
discipline (Caselli et al., 2015). Similar results were also found
from Richard et al. in professional soccer players (Richand et al.,
2007). However, when compared to patients with hypertrophic
cardiomyopathy, athletes had increased GLS LV strain (Richand
et al., 2007; Cappelli et al., 2010; Butz et al., 2011). Thus, although
there is no agreement on whether athletes have increased LV
strain compared to controls, authors agree that a reduction
in GLS should be considered an early marker of LV systolic
dysfunction (D’Ascenzi et al., 2016).

The modifications of LA volume in athletes have been
previously reported as a component of “athlete’s heart” (Pelliccia
et al., 2005), while its function has been neglected. In a recent
study, D’Ascenzi et al. showed that LA modification in athletes
goes beyond LA enlargement. In soccer players, the author found
an increased mitral E/A ratio and reduced LA peak contraction
strain which correlated with early diastolic annular velocity
(D’Ascenzi et al., 2011). In this study, although we did not
find any significant difference in LA strain between UT and M
athletes, UT showed increased E/A ratio, increased early diastolic
annular velocity and reduced E/e’ ratio, indicating a small yet
better diastolic function compared to M, confirming what was
found by D’Ascenzi.

Limitations
Some limitations for this study must be stated. First, for technical
reasons, strain analysis of the LV, and LA was performed only
in the apical four-chamber view. Another limitation may be that
the sonographer was not blinded to the group allocation which
may represent an investigator bias. Finally it must be stated that
our study was conducted during the agonistic season when the
athletes were undergoing intense training. It would be important
to assess whether the modification we found is a transitory
response to the training program or a permanent remodeling

phenotype of the athletes. Follow-up studies may be needed for
a better understanding of the clinical impact of these results.

CONCLUSIONS

Athletes enrolled in UT endurance activities showed RV and RA
morphological remodeling associated with an enhanced function
in comparison with M runners, which may represent a training-
induced remodeling to long-lasting volume overload. Follow-up
studies are needed to better assess the long-term clinical impact

of these modifications. 2D STE is a useful tool for investigating
the deformation dynamic in different sport specialties.
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The height of a maximum Vertical Squat Jump (VSJ) reflects the useful power produced

by a jumper during the push-off phase. In turn this partly depends on the coordination

of the jumper’s segmental rotations at each instant. The physical system constituted

by the jumper has been shown to be very sensitive to perturbations and furthermore

the movement is realized in a very short time (ca. 300ms), compared to the timing of

known feedback loops. However, the dynamics of the segmental coordination and its

efficiency in relation to energetics at each instant of the push-off phase still remained

to be clarified. Their study was the main purpose of the present research. Eight young

adult volunteers (males) performed maximal VSJ. They were skilled in jumping according

to their sport activities (track and field or volleyball). A video analysis on the kinematics

of the jump determined the influence of the jumpers’ segments rotation on the vertical

velocity and acceleration of the body mass center (MC). The efficiency in the production

of useful power at the jumpers’ MC level, by the rotation of the segments, was measured

in consequence. The results showed a great variability in the segmental movements of

the eight jumpers, but homogeneity in the overall evolution of these movements with

three consecutive types of coordination in the second part of the push-off (lasting roughly

0.16 s). Further analyses gave insights on the regulation of the push-off, suggesting that

very fast regulation(s) of the VSJ may be supported by: (a) the adaptation of the motor

cerebral programming to the jumper’s physical characteristics; (b) the control of the initial

posture; and (c) the jumper’s perception of the position of his MC relative to the ground

reaction force, during push-off, to reduce energetic losses.

Keywords: vertical squat jump, intersegment coordination, power, motor control, explosive movement

INTRODUCTION

Physical activities under extreme conditions or extreme sport disciplines have increasingly
interested the world of sport in recent decades. It is easily understandable that climbing Mount
Everest without additional oxygen supply (e.g., West, 1983), deep diving in apnea conditions (e.g.,
Muth et al., 2005) or performing in ironmen’s triathlon competitions (e.g., Knechtle et al., 2010)
bring athletes to their physiological and psychological limits and often beyond. In several cases and
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not only in sport but also in everyday life movements must be
chosen and executed within a very short time under pressure
and sometimes in a dangerous environment (as it may happen
during automobile driving in intense traffic). The performance of
physical activities possibly dangerous for body integrity strongly
depends on a very accurate motor coordination, as for example
in cliff diving, (e.g., Butterfield and Boyd, 2012). Sport in
extreme conditions may thus lead to the study of individual
psychological, physiological and biomechanical adaptations to
specific constraints.

Under extreme conditions it is particularly necessary to
develop the best possible coordination of bodily segments often
to safely realize a good performance; possibly the best one. From
this standpoint jumps have been frequently used to evaluate
human physical capacities (notably from Sargent, 1921). In
particular the performance of a Vertical Squat Jump (VSJ) is
strictly bound to some qualities of the musculo-skeletal system
that the jumper must optimally exploit to reach a maximum
height of flight (Bobbert and van Soest, 2001). The height (h)
of a jump is thus not only influenced by the power-generating
capability of the muscles involved in the movement but also, and
first of all, by the coordination of the jumper’s segments during
the push-off phase (e.g., Bobbert and van Soest, 2001) and by
the segmental pattern of movement that is established in each
individual.

In this context the pattern of movement of a given jump may
be defined as the interaction of the muscular forces developed
in response to the neural stimulation of the muscles with
the mechanical constraints of the task (e.g., Bobbert and van
Ingen Schenau, 1988). Jumpers who are experienced in VSJ
develop a single pattern of movement, i.e., the way by which
the rotation movements of the jumper’s segments establish the
vertical acceleration of the body mass center (MC). During
the execution of a VSJ it has been observed that, in spite of
time differences from an individual to another, the rotation
of the segments implies the opening of the segmental and
articular angles in a proximo-distal sequence (i.e., following the
sequence trunk, thigh, leg, foot; e.g., Bobbert and van Soest,
2001). Such pattern has been considered to be the optimal
sequence required to achieve a maximal jump height (Bobbert
and van Soest, 2001) and it has also been found in other
explosive movements, for example in the case of overarm throws
(Atwater, 1979) or of counter-movement jumps (Bobbert and
van Ingen Schenau, 1988). However, other patterns of movement
may also be observed in VSJs, for example in elderly men
where a simultaneous pattern of movement, and not a sequential
proximo-distal pattern, has been reported (Haguenauer et al.,
2005).

These observations regarding the establishment of a pattern of
movement raise the problem of the coordination of the segmental
movements and thus of the control of these movements during
a push-off. An important issue, which has not yet been solved
(Pinter et al., 2012). Time is a major point in the study of the
motor control of a VSJ, as this is realized within ca. 300ms. Such
a time constraint places the jumper in a borderline condition
to control his movements because (1) the physical system that
constitutes the jumper is very sensitive to perturbation, and (2)

the time of movement limits the possibilities to benefit from the
known neural feedback loops (e.g., van Soest and Bobbert, 1993).

Even in the case of skilled jumpers it is probable that the
pattern of the segmental and articular angles opening is not
absolutely predetermined because of the intervention of different
factors possibly fluctuating with time, such as muscular qualities
or an exact initial posture, or the equilibrium, etc., Even the
number of degrees of freedom of the brain sensorimotor system
is likely to add some intra and inter-individual variability (Newell
and Corcos, 1993). However, such potential variability does not
interfere with the emergence of a consistent motor pattern, hence
suggesting the existence of a robust process of regulation of the
segment movements.

This process should be suitable for any jumper and should
be revealed by the examination of the evolution of the
segment coordination during the 300ms push-off phase. This
dynamics of coordination per se, leading to a proximo-distal
pattern, remained however to be clarified and the aim of
the present study was to determine such dynamics in the
case of skilled jumpers. The examination of the segmental
movements and of their interrelation was made in terms
of kinematics but also in relation with the corresponding
energetic outputs (i.e., jump efficiency) as a VSJ requires the
best utilization of the produced muscular energy to reach
the maximum height. This leads to the assumption that a
possible regulation of the coordination should be function of this
requirement.

MATERIALS AND METHODS

The study was approved by the Institutional Review Board of
Claude Bernard University Lyon 1 and the participants to the
experimental protocol gave their informed consent. Eight male
subjects (22.75 ± 3.3 years of age, 180 ± 0.06 cm height, and
71.87 ± 6.44 kg weight) participated to the study. The subjects
were students of the Faculty of Sport Sciences (STAPS) skilled
in either track and field jumps or in volleyball (French regional
level) and had thus a consequent experience in jumps even if
not familiar with VSJ. During the experiments the subject were
asked to produce maximal VSJs (Figure 1), while respecting
the following constraints: (1) a stationary semi-squatted initial
position, (2) hands kept on the hips during the jump, (3)
starting the push-off phase without any initial displacement
of the jumper’s MC toward the ground, consequently without
any countermovement. Each VSJ was video-recorded and
analyzed.

Model of the Jump
The VSJ was modeled (Figure 2) as a planar, rigid body system
represented by four segments (feet, lower legs, upper legs, and
head-arms-trunk or HAT) linked by frictionless, hinge joints
(e.g., Bobbert and van Soest, 2001; Babič and Lenarčič, 2007).
The mass center of each segment (MCi) was found on the same
vertical plane defined by a system of orthogonal axes (OX, OZ)
related to the ground; the jumper’s MC laid also on the same
plane (Figure 2).
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FIGURE 1 | Key times (KTa-d), phases (PhA-B), and performance (h) of

a VSJ. KTa: initial position (the jumper stands still, heels on the ground, knee

joint angle of ∼90◦, hands on hips); KTb: take-off (end of contact between the

support and the jumper); KTc: peak of the flight phase (the mass center of the

jumper, MC, reaches its maximal height of flight); KTd: landing (moment at

which the feet touch again the ground); PhA: push-off phase (realized without

initial countermovement, it starts at t0 when the segments of the jumper begin

to rotate and ends at take-off); PhB: flight phase (it starts at take-off and ends

at the instant of landing). The height of the jump (h) is given by the difference

between the vertical coordinate of MC (�) at take-off (z1) and at the peak of

the flight phase (z2): h = z2 − z1. During the push-off the coordinate of MC

evolve from z0 (initial position) to z1 (instant of take-off) and then to z2 (apex of

the jump).

Data Acquisition
Before each experiment subjects were asked to execute few
warm-up exercises and some VSJs to obtain a correct execution
of the movement. They were subsequently asked to perform a
maximum VSJs in 3 trials.

Five optical markers were placed, on the gleno-humeral joint
(shoulder), the great trochanter (hip), the lateral condyle of
the femur (knee), the lateral malleolus (ankle), and the fifth
metatarsal (toe) (e.g., Aragón-Vargas and Gross, 1997). Subjects
were filmed on the right sagittal plane with a camcorder (JVC©,
GR-DVL 9200) at a distance of 7m. The angle between the optical
axis of the camcorder and the plane of movement was 90◦. The
video sequences have been deframed with the software Adobe
Première© to obtain an image frequency of 50Hz.

Video images were digitized using self-developed software.
The coordinates for the markers were obtained from digitization
of the central point of the landmarks and the coordinates, as
function of time, were smoothed by using a moving average of
order 1. The anthropometric values of the segments required
for the analysis of the data were obtained from Winter (1990;
see Supplementary Material 1 and Supplementary Figure 1).
To ensure the pertinence of Winter’s proportional model in
the present study the measure of h (for each subject) was
also obtained with a force platform (AMTI© OR6-7-2000;
frequency of acquisition: 500Hz/software BioAnalysis© see also
Supplementary Material 2). This measurement was compared to

FIGURE 2 | Modeling the jump. The model consists of four segments:©1 ,

©2 ,©3 , and©4 (respectively feet, legs, thighs, and head-arms-trunk). Other

constituent elements are: the rotation axes orthogonal to (OX, OZ) (⊗), the

segmental angles θi and the segmental mass centers MCi (�).

that obtained from the video analysis using the anthropometric
tables of Winter (1990) (see Supplementary Material 2).

Basic Characteristics of the VSJs
The most correct execution among 3VSJs, for each subject, was
chosen for analysis. The decision was made on the respect of
the instructions given to execute the jump (initial stabilization
of a semi-squatted position, arms akimbo during the jump, and
initialization of the push-off without countermovement). This
was systematically determined from the recorded videos of the
jumps. As a further control, the measured h-values of the VSJ
were compared to those obtained in other studies with skilled
jumpers realizing maximal VSJs (e.g., Bobbert et al., 2008).

The heights of the jumps were measured as defined in
Figure 1 and Supplementary Material 2 and the time length
of the push-off phases as in Supplementary Material 3.
To confirm the measurements the VSJ height from each
subject was obtained with a force platform (see Section Data
Acquisition).

The pattern of movement was also determined by measuring
the opening of the articular angles (β) of the hip, the knee, and
the ankle (Figure 3). To this end the variation (varia) of a given
articular angle at each instant (t) of the push-off was taken in
consideration [variat = (βt+1 − βt−1)/2dt].

Dynamics of Coordination among
Segments
In a maximum VSJ, the rotation of the segments during push-
off must lead to the translation of the jumper’s MC to a maximal,
vertical and linear velocity at take-off (starting from a static initial
position; e.g., Van Ingen Schenau, 1989; see also Figure 2).

The movements of the segments were characterized at each
instant of the push-off by: (a) the effect of the angular velocity of
a segment i on the vertical velocity of the jumper’s MC, this effect
being quantified by: Cv = θ̇i · cos θi; (b) the effect of the angular
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FIGURE 3 | Articular angles of the jumper. The model of the jump (see

Figure 2) includes three rotation axis (⊗) corresponding to three articulations

(hip, knee, and ankle joints) thus to three articular angles βi.

acceleration of the segments on the vertical acceleration of MC,
being quantified by: Ca = d

(

θ̇i · cos θi
)

/dt; and (c) the efficiency
in the production of useful power (Pu) at the jumper’s MC by the
rotation of the segments (Supplementary Material 1).

Concerning point (c) it should be kept in mind that the
rotation of the segments may produce some “lost” power (Pl),
which does not contribute to the goal of the jump (see for
example: Bobbert and van Soest, 2001). On this basis the
produced muscular power (Pmusc) is the sum of Pu and Pl. This
leads to the expression of the energetic efficiency of the segments
rotation as the ratio (R) between useful and muscular power, i.e.,
R = Pu/Pmusc (see Supplementary Material 1).

Determination of Possible Segmental Coordination

Types
To determine the presence of possible different coordination
types the influence of the segmental movements on the vertical
velocity and acceleration of MC was performed. It was found
that an initial phase (T1) in the curve of the MC vertical velocity
remained close to 0 m/s and was followed by a second phase
(T2) in which the velocity of MC became definitely positive and
increased through time. This confirmed previous observations
(e.g., Bobbert and van Soest, 2001).

In the T2 phase possible early negative and later positive
values of Cv (see Section Dynamics of Coordination among
Segments) were searched in the curves of each segment, leading
to the determination of consecutive different phases of Cv in
all segments. Breaking points in the variations of the segmental
Ca were searched in the curves determined by the following

equation:
[

d
(

θ̇i · cos θi
)

/dt
(t+1)

− d
(

θ̇i · cos θi
)

/dt
(t−1)

]

/2dt.

The T1 and T2 phases in Cv and the breaking points in Ca

for each segment led to a possible comparison among jumpers
in order to suggest the hypothetical existence of a common
dynamics of coordination and, consequently, to identify three

sequential segment coordination types (to be called Tyi, Tyinter,
and Tyfin) in each jump.

Coordination and Energetic Efficiency
The effects of the segmental rotation on the vertical velocity
and acceleration of the jumper’s MC led to the determination
of consecutive types of coordination during push-off. The
instantaneous energetic efficiency R (see Section Dynamics of
Coordination among Segments and Supplementary Material 1)
was calculated to search for a possible relation between R and the
evolution of the coordination.

Statistical Analysis
Several statistical tools have been used according to the different
aims of the study.

Basic Characteristics of the Jumps (Pattern of

Movement)
The determination of the jumpers’ pattern of movement (i.e.,
the opening of the articulations; see Section Basic Characteristics
of the VSJs) was made following two steps. At first it was
observed, for each articulation of a jumper, the instant at which
a continuous increase above the average value of the angular
variation was apparent. Then, for each segment, the test of
homogeneity of Buishand (1982, 1984) was applied using the
software Khronostat 1.01© to indicate a statistically significant
breaking point in the curves of segmental angular velocity.

Dynamics of Coordination among Segments
The analysis of the two time periods that characterized the rise
of MC during push-off (T1 and T2, see Section Determination
of Possible Segmental Coordination Types) was determined by
observing the instant at which the vertical velocity of the jumper’s
MC remained positive and increased. This was confirmed by the
test of Buishand.

The presence of negative or positive Cv (in T2) was
determined and the breaking points in Ca were analyzed by
the test of Buishand (see Section Determination of Possible
Segmental Coordination Types and Supplementary Material 1).

Coordination and Energetic Efficiency (R and aMCz)
The possible relation between the variation of the energetic
efficiency of the segmental movements and the dynamics of the
coordination of the segments during push-off was verified by the
coefficient of correlation of Spearman between R and the vertical
acceleration of the jumper’s MC (aMCz; output of the segments
rotation).

RESULTS

The average jump height was 0.34 ± 0.06m (n = 8) for an
average push-off lasting 0.29 ± 0.02 s. Breaking points in the
curves of the segmental articular angles were observed at a time
instant that showed thereafter a continuous increase above the
average value of the angular variation. The time instants at which
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FIGURE 4 | Opening of the articular angles during push-off. For a given

articular angle βi (hip, knee, and ankle): the vertical dotted gray line indicates

the average breaking point obtained from the test of Buishand and the vertical

full gray line indicates the average instant from which the opening of a given

articular angle increases beyond the mean value of variation of the

corresponding articular angle.

these breaking points appeared (Figure 4)1 were found at: 66.3
± 3% (hip), 75 ± 6% (knee), and 83.3 ± 5.1% (ankle) of the
total time duration. A similar pattern of movement (Figure 4)
was confirmed with the test of Buishand that showed quite
comparable breaking points in the opening of the articulations
(each breaking point of the curves was found to have a value of
p < 0.001). The values were: 63.4 ± 3.3% for the hip, 71.7 ± 6%
for the knee, and 79.2 ± 4.8% for the ankle. The two procedures
(observation and test of Buishand) led to congruent results (the
difference between the two procedures was of 3.4± 1.4%).

1Presented as percent of the time period of the push-off phase to normalize

differences among subjects.

Consecutive Intersegment Coordination
During push-off the rotation of the segments did not immediately
provide a clear and continuous rise of the jumper’s MC (the
movements of the segments were not sufficient for such a rise
and/or tending to neutralize each other at the beginning of the
push-off). As it may be seen in Figure 4, two periods of push-
off were observed that agreed with the data of Bobbert and van
Soest (2001) (each breaking point of the curves was found to
have a value of p < 0.001): (a) an initial period (T1 = 0.13 ±

0.02 s; i.e., 43% of the total push-off time) in which the vertical
velocity of the jumper’s MC remained close to 0 m/s and was not
durably positive; and (b) a second period (T2 = 0.16 ± 0.03 s;
i.e., 57% of the total push-off time) starting at the moment at
which the velocity of MC became definitely positive. The effect
of the segmental rotation on the vertical displacement of MC
(both velocity and acceleration) led to the determination of three
consecutive coordinations during T2.

Taking as an example jumper S6 (Figure 5) the influence of
the segment rotation on the vertical velocity of the jumper’s
MC presented three distinct phases (Figure 5A). In the initial
phase of Cv (from 0 to 21% of time) 2 segments (feet and HAT)
did not influence positively the vertical velocity of MC. In the
following phase of Cv (from 21 to 57.9% of time, i.e., 36.9% of
time) 1 segment (feet) did not positively influence the vertical
velocity of MC. In the final phase of Cv (from 57.9 to 100%
of time; i.e., 42.1% of time) each segment of the jumper (feet,
lower legs, upper legs, and HAT) showed a positive influence.
The test of Buishand showed that the effects of the segmental
rotation on the vertical acceleration of MC produced statistically
significant breaking points at, respectively, 52.6% of time for the
lower legs (Q = 8.73; p < 0.0001), at 57.9% for the HAT
segment (Q = 8.95; p < 0.0001), and at 73.6% for the feet
(Q = 6.63; p = 0.002) (Figure 5B). None of the breaking
points observed in Ca appeared during the first phase of Cv, 2
of them did so during the second phase of Cv, and 1 during the
last phase of Cv (Figure 5C). This led to the determination of 3
coordination types (Ty): (a) Tyi with 2 negative segmental Cv and
no breaking point in Ca; (b) Tyinter with the passage of 1 negative
segmental Cv to 0 and 3 breaking points in Ca; and (c) Tyfin with
each segmental Cv being positive and no breaking point in Ca

(Figure 5C).
The dynamics of the movements found in S6 was similar

in the other 7 subjects even if there was a definite variability
in the realization of the three coordination types (Tyi, Tyinter,
and Tyfin, see: Supplementary Figure 2). Thus: (a) Tyi showed
1 or 2 negative Cv and no breaking point in Ca; (b) Tyinter was
characterized by a decrease in the number of negative Cv and/or
several breaking points in Ca; (c) in Tyfin each Cv was positive
without any breaking point in Ca (see Supplementary Figure 2).

Coordination and Energetic Efficiency
When the three types of coordination (Tyi, Tyinter, and Tyfin)
were compared to the corresponding energy ratio R the changes
of coordination type (indicated in dark gray, white, and light gray
backgrounds; Figure 6) evolved in parallel with the improvement
of R.
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FIGURE 5 | Coordination types (Tyi, Tyinter, and Tyfin) during push-off in

S6. The curves Cv as function of time (A) show the influence of each segment

of the jumper on the vertical velocity of his MC. The 2 squares on the axis of

the abscissa indicate the passage from a negative Cv to a positive Cv of a

given segment on the vertical velocity of MC. The curves Ca as function of

time (B) show the influence of each segment of the jumper on the vertical

acceleration of his MC; the breaking points are given when the p-value gives a

significant probability (p < 0.05; see Supplementary Material 4). The bar chart

(C) supplies the evolution of Cv as function of time for each segment. The

mean values of Cv (± standard deviation) are also given. The doted vertical

black lines (crossing the whole bars) indicate the phases of Cv for which these

values are given. The vertical lines crossing a single bar indicate any breaking

point (BP) identified by the Buishand test (full black line = BP feet; full gray line

= BP lower legs; and dotted gray line = BP HAT). On this base, three

consecutive types of coordination were determined, with: (A) Tyi with 2

negative segmental Cv and no BP point in Ca; (B) Tyinter with an evolution in

the segmental Cv from 1 negative influence to none and 3 BP in Ca; and (C)

Tyfin during which each Cv was positive, and without any BP in Ca.

FIGURE 6 | Energetic efficiency R in 3 types of coordination. For each

jumper the curves of R as function of time are presented on a background

indicating the mean identified segmental coordination types (percent of the

push-off time). The first type (Tyi) is indicated by a dark gray background, the

second (Tyinter), by a white background, and the third one (Tyfin), by a light

gray background.

The coefficient of correlation of Spearman between R and the
vertical acceleration of the jumper’s MC (aMCz) was positive for
each subject with a p ≤ 0.007 (Table 1).

Figure 7 illustrates this correlation in the case of S6, showing
both aMCz and R as function of time (regression line: y =

0.0356x+ 2.1518).
The mean values of both instantaneous R and vertical

acceleration of the jumper’s MC (aMCz), for each type of
coordination, are given in Table 2.

In spite of the presence of some variability in R and aMCz

values, from one subject to another, the data systematically
showed that the mean value of R increased from one type of
coordination to the subsequent one (Table 2). The same trend
was observed in the case of the instantaneous R and aMCz (Table 1
and Figure 7). For example, in S6 the mean value of R (from 0 to
1) was of 0.26 ± 0.1, then of 0.79 ± 0.07, and finally 0.91 ± 0.01;
the mean value of aMCz (in m/s2) was initially 3.66 ± 1.79, then
14.38± 2.20, and finally 20.81± 1.12.

DISCUSSION

The present study concerns the dynamics of the coordination
among four body segments during the push-off of a VSJ. The
main hypothesis suggested the presence of a common dynamics
among jumpers, even if differences in the segmental movements
were probable.

Basic Characteristics of the VSJ (Push-Off
Time, Height, and Pattern of Movement)
The mean value of the push-off time, lasting for 0.29 ±

0.02 s, and the mean height performance (0.34 ± 0.06m)
were in accordance with the average values already reported
in the literature (e.g., Bobbert et al., 2008)2. The jumping

2The mean height performance was comparable to the literature even if such

comparisons are quite difficult to make because of the different techniques used to

measure jump height (Aragón-Vargas, 2000). Thus, Bobbert et al. (2008) reported
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TABLE 1 | Coefficient of correlation of Spearman between R and of aMCz (m/s2).

S1 S2 S3 S4 S5 S6 S7 S8

Rho (R; aMCz) 0.65 0.92 0.88 0.6 0.77 0.93 0.73 0.46

p-value 0.006 <0.0001 <0.0001 0.005 0.0004 <0.0001 0.0009 0.007

The coefficient of correlation of Spearman (Rho) was calculated between R (the instantaneous energetic efficiency between useful and muscular power) and the vertical acceleration of

the jumper’s MC (aMCz ). For each subject the coefficient was positive with a p-value of at least p ≤ 0.007.

FIGURE 7 | Variation of aCMz and R as function of time: example of the

jumper S6. The first coordination type (Tyi) is indicated by a dark gray

background, the second (Tyinter), by a white background, and the third one

(Tyfin), by a light gray background.

skill of the subjects volunteering in the present study was
confirmed by the opening of the articular angle of the
hip earlier than that of the knee or the calf (see Section
Results).

Dynamics of Inter-Segmental Coordination
and Motor Control
The results showed the presence of common characteristics in the
subjects’ segmental movements during the push-off (see Section

that gymnasts could jump up to 0.41± 0.05m, while Bobbert et al. (2006) reported

a height of 0.284m (no SD was given) in adults having performed in volleyball or

gymnastics. It should be noted that in the latter studies the height of jump was

defined as the difference between the height of the jumper’s MC at the peak of

the jump and that of the subject standing up before push-off; understandably the

measure of the jump height gave higher values than that measured in the present

study (Figure 1). These observations finally support the idea that the subjects of

the present study did their best, thus producing a maximal effort.

Consecutive intersegment coordination and Supplementary
Figure 2, Supplementary Material 4). Thus, after the initial
period of the push-off (T1), during which the segmental
rotations provided a low vertical velocity of MC and not
always with a positive value, it followed a second period (T2)
during which the vertical velocity of the MC was increased
and remained positive. During T2, and considering the four
segments as a whole, three consecutive coordination types were
observed (see Section Consecutive Intersegment Coordination
and Supplementary Figure 2, Supplementary Material 4). This
dynamics of coordination led to an increase in the number of
segments influencing positively the vertical velocity of MC (from
2 to 3 in Tyi and systematically 4 in Tyfin). The intermediate
coordination type, Tyinter, participated to this evolution and
showed breaking points in the segmental contributions to the
vertical acceleration of MC (Supplementary Figure 2).

This common dynamics of coordination may imply the
intervention of a programmed control of the movement
(optimized through experience) by the impulses transmitted to
muscles from the central nervous system. This may happen even
if the observation of a given pattern of movement does not
give sufficient information to deduce a corresponding pattern of
stimulation by the central nervous system (e.g., Hudson, 1986;
Robertson and Fleming, 1987; Bobbert and van Soest, 2001). It
has been shown, in simulation studies (e.g., Prokopow et al.,
2005), that the timing of muscles stimulation in VSJ has a
determining influence on the quality of the push-off. In addition
the very fast sequence of the three coordination types, shown in
the present work (below 0.2 s), and above all the rapid changes in
the segmental influences on the vertical displacement (velocity
and acceleration) of MC during the second coordination type,
Tyinter, may evoke the intervention of a mechanism of regulation
during push-off. This support the idea of a distal modulation as it
has been proposed by van Soest and Bobbert (1993) and Bobbert
et al. (2013). This implies feedbacks from muscle to muscle,
on the basis of an established cerebral and/or cerebellar motor
program and of a relation strength-length-velocity. This might
instantaneously regulate the jump by the viscoelastic properties
of the muscle-tendon couple. Such modality of regulation
presents the advantage to involve mechanisms of control much
faster than that imputable to cerebellar circuitries in forward and
inverse internal models (both kinematic and dynamic models)
(e.g., Wolpert et al., 1998; Katsnelson, 2003). However, the slower
motor velocity observed at the beginning of the push-off might
also suggest a potential role of the neural feedback loops that
would thus fade through the time of push-off.

The data shown in Supplementary Figure 2 and concerning
the segmental participation to the vertical acceleration of the
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TABLE 2 | Means values of R of aMCz (m/s2) as function of the coordination type.

Jumps Coordination type 1 (Tyi) Coordination type 2 (Tyinter) Coordination type 3 (Tyfin)

Mean R Mean aMCz Mean R Mean aMCz Mean R Mean aMCz

S1 0.70± 0.04 15.6± 2 0.78±0.02 16.7±0.9 0.83±0.01 30.9±8.1

S2 0.67± 0.22 14.50± 3.82 0.79±0.03 21.70±0.55 0.90±0.07 25.14±2.19

S3 0.49± 0.15 6.10± 2.97 0.78±0.03 13.39±0.51 0.79±0.02 16.54±1.53

S4 0.54± 0.21 7.89± 3.26 0.74±0.07 13.55±2.04 0.88±0.005 20.73±0.98

S5 0.52± 0.04 18.95± 2.5 0.77±0.09 28.70±1.05 0.86±0.005 34.20±2.72

S6 0.26± 0.1 3.66± 1.79 0.79±0.07 14.38±2.20 0.91±0.01 20.81±1.12

S7 0.59± 0.05 9.43± 2.92 0.72±0.02 18.32±2.10 0.85±0.04 18.86±1.24

S8 0.45± 0.23 12.83± 2.63 0.73±0.09 15.12±1.25 0.91±0.02 17.07±1.69

For each type of coordination (Tyi , Tyinter , and Tyfin) the table presents the mean values of both energetic efficiency between useful and muscular power (R), and vertical acceleration of

the jumper’s MC (aMCz ).

FIGURE 8 | Vertical acceleration of a jumper’s segments as function of

time during push-off : example of the jumper S6. The full and dotted

black lines, and the full and dotted gray lines represent the curves as function

of time (percent of the push-off phase time length) of the vertical acceleration

of the jumper’s feet, upper legs, lower legs, and HAT, respectively.

MC are compatible with such hypothesis. For example in S6
(see also Figure 5B) the breaking points show that the influences
of the feet and of the lower legs evolve inversely to that of
HAT. This is emphasized in Figure 8 showing the curves of
the vertical component of the acceleration of the jumper’s
segments during push-off. Thus, the vertical component of the
acceleration of the lower legs segment increased ca. 50% of push-
off time, while it started to decrease in HAT. Similarly the vertical
component of the acceleration of the feet increased to 70% of
push-off time, while it started to decrease in the upper legs
segment.

Common Motor Control and
Inter-Individual Variability
The possible distal regulation of the push-off, following a
given pattern of neural stimulation, is compatible with the
observed inter-individual variability in segmental movements
(see Supplementary Figure 2) provided that a common referential
element for the regulation is present (see in the following).

Such variability may be due to a different cerebral
programming of the VSJ or may be a function of the segment
geometry and/or of the muscular capacities of the jumper. It
may also be suggested that the initial posture may also play
a role. Initial posture is established by the instructions given
to the jumper by the experimenter (Figure 1). However, even
if it would be possible to repeatedly set up a knee angle at
exactly 90◦, it should not be pertinent to do so, essentially
because imposing a strict initial posture might influence the
performance of the individual and his/her effort intensity (e.g.,
Sanders and Wilson, 1992). On the other hand keeping a given
posture requires a dynamic process in which the subject’s MC
may oscillate randomly (e.g., Gurfinkel and Shik, 1973). As a
consequence the jumpers begin their push-off starting from
similar but not identical postures. In the case of a VSJ achieved
from an initial free position, as in the present experiments,
the posture variations observed in the videos were not very
important. This suggests that the push-off might be regulated at
the peripheral level only (from different initial positions of the
segments and different muscular stretching), and consequently
that a source of intra-individual variability might contribute to
inter-individual variations in the segmental movements during
push-off.

The regulation of the movement during push-off must
be performed as function of a reference. Such a reference
may be a “referential” movement determined from the initial
stimulation of the muscles (van Soest and Bobbert, 1993). It
should however be considered that from an initial posture a
jumper must give to his/her MC the fastest vertical velocity
at the instant of take-off. This must be done by producing
the greatest useful power, at each instant of the push-off,
thus by maintaining the MC vertical (theoretically without
fluctuations) to the point of application of the ground reaction
force. Such position of the MC may thus represent a value of
reference to regulate the movement (Gurfinkel, 1973; Massion,
1992).

To examine the possible fluctuations in the position
of the MC, relative to such vertical, the results of the
present experiments allow to determine at each instant of
the push-off the angle α made by the velocity vector of
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FIGURE 9 | Tangent α as function of time during push-off. The figure presents the eight jumps as function of the percent of the push-off time. The ordinate is the

tangent to the α angle made by the velocity vector of the MC (VMC) with the vertical passing by the point of application of the ground reaction force (tangent α =

VMCx/VMCz).
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the MC (
−−→
VMC) with the vertical passing by the point

of application of the ground reaction force, knowing that:
tang(α) = VMCx/VMCz. It is interesting to note that any
divergence of the velocity vector to the vertical reference
produces an adjustment that reduces the divergence, thus
suggesting a persistent regulation of equilibrium during the jump
(Figure 9).

Moreover, the evolution of the segment coordination
during T2 suggests a continuous increase of energetic efficiency
(Tables 1, 2), i.e., an increasing utilization of produced muscular
power as useful power. This finding and the evolution of tang(α)
indicate that jumpers generate an increased vertical velocity
of MC while reducing the power losses by maintaining their
MC vertical to the point of application of the ground reaction
force. The conclusion is that the evolution of the segments
rotation, from an initial posture, is function of a less energetic
cost.

The ensemble of the present and published data suggests
the following conclusions: (a) the push-off control is dependent
upon a motor cerebral stimulation adapted to the jump and
to the jumper’s segments characteristics; (b) the continuous
regulations of the jump may be probably related to the
jumper’s perception of the position of MC relative to the
ground reaction force; (c) such regulations are made to reduce
energetic losses; (d) the control of the initial posture is
determinant in the dynamics of the segment coordination. It
should be emphasized that the ensemble of the results make
possible the regulation of the VSJ in a very short time, even

below 10ms3, thus in physiologically extreme conditions of
control.
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3This can be deduced for example from subject S6 (Supplementary Figure 2) where

the BP of the lower legs segment is at 52.6% of time duration and the BP of HAT is
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(total time duration of 0.19 s). In real time the regulation between two segments

happened in∼0.009 s.
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