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Abstract
Breath-hold diving is an activity that humans have engaged in since antiquity to forage for resources, provide sustenance and 
to support military campaigns. In modern times, breath-hold diving continues to gain popularity and recognition as both a 
competitive and recreational sport. The continued progression of world records is somewhat remarkable, particularly given 
the extreme hypoxaemic and hypercapnic conditions, and hydrostatic pressures these athletes endure. However, there is abun-
dant literature to suggest a large inter-individual variation in the apnoeic capabilities that is thus far not fully understood. In 
this review, we explore developments in apnoea physiology and delineate the traits and mechanisms that potentially underpin 
this variation. In addition, we sought to highlight the physiological (mal)adaptations associated with consistent breath-hold 
training. Breath-hold divers (BHDs) are evidenced to exhibit a more pronounced diving-response than non-divers, while elite 
BHDs (EBHDs) also display beneficial adaptations in both blood and skeletal muscle. Importantly, these physiological char-
acteristics are documented to be primarily influenced by training-induced stimuli. BHDs are exposed to unique physiological 
and environmental stressors, and as such possess an ability to withstand acute cerebrovascular and neuronal strains. Whether 
these characteristics are also a result of training-induced adaptations or genetic predisposition is less certain. Although 
the long-term effects of regular breath-hold diving activity are yet to be holistically established, preliminary evidence has 
posed considerations for cognitive, neurological, renal and bone health in BHDs. These areas should be explored further 
in longitudinal studies to more confidently ascertain the long-term health implications of extreme breath-holding activity.
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It seems, then, that there are divers also among the 
Trojans.

Homer, Iliad (ca 800 BC)

Introduction

Breath-hold diving has been practiced for centuries, with 
reports dating back as far as ~ 800 BC (Davis 1934). Remark-
ably, in some parts of the world (i.e., North and South East 
Asia) breath-hold diving is still practiced as a means of har-
vesting food. These habitual breath-hold diving populations 
spend up to ~ 60% of their workday submerged underwater 
whilst performing repeated (up to ~ 140) short dives (less 
than ~ 60 s), at depths spanning 5–25 m (Hong et al. 1991, 
1963; Hurford et al. 1990; Schagatay et al. 2011). While the 
number of dives per workday of these habitual breath-hold 
diving populations are impressive, the maximum depth and 
duration are less so when compared with modern competi-
tive BHDs that repeatedly flirt with their absolute physi-
ological limits (Table 1).

During maximal apnoeic attempts, competitive BHDs 
endure extreme hypoxaemic hypercapnia (i.e., arterial oxy-
gen partial pressure [PaO2], 2.7 kPa [20 mmHg], arterial car-
bon dioxide partial pressure [PaCO2], 7.3 kPa [55 mmHg]) 
(Bain et al. 2016; Willie et al. 2015), whereas during depth 
diving they also encounter severe hydrostatic pressures and 
even greater PaCO2. However, a remarkably large varia-
tion in individual performance and physiological threshold 
exists. Recent advances in apnoea physiology may now pro-
vide a clearer understanding of these large inter-individual 
variations in apnoeic capabilities. Accordingly, the first aim 
of this review was to explore the physiological characteris-
tics and underlying mechanisms that govern an individual’s 
apnoeic capabilities, and secondly, to delineate whether 
these inter-individual variations stem from training-induced 
stimuli and/or genetic predisposition.

Continued advances in world records bear testament to 
the exceptional capabilities of the human body (Table 1), 
yet the continued quest for greater performance raises 
safety concerns. Despite a plethora of research outlining the 
physiological responses that occur during and/or following 
maximal apnoeic attempts, there is a dearth of information 
regarding the possible health implications associated with 
exposure to apnoea-related activities. Considering the grow-
ing popularity of the sport and the increasing number of 
people pursuing breath-hold diving as a competitive and/
or recreational activity, increased awareness regarding the 
possible maladaptation(s) of chronic apnoeic training is nec-
essary from both safety and medical standpoints.

Therefore, the purpose of this review was to: (i) delineate 
the physiological characteristics and underlying mechanisms 
that govern an individual’s apnoeic capabilities, (ii) examine 
whether inter-individual variations in apnoeic capabilities 
stem from training-induced stimuli and/or genetic predispo-
sition, and finally, (iii) assess the physiological and patho-
physiological (mal)adaptations to chronic apnoeic training.

Physiological attributes of breath‑hold 
divers

The ability to suppress respiratory urges and attain long 
breath-hold durations is dependent on the collective con-
tribution of (i) the capacity for oxygen storage, (ii) the effi-
cacy of oxygen conservation and utilisation, and (iii) training 
experience, including an individual’s psychological toler-
ance toward the increasing breathing urge and continuously 
intensifying involuntary diaphragmatic movements. Accord-
ingly, the following section will seek to explore the physi-
ological traits/characteristics that govern an individual’s 
apnoeic capabilities and the underlying mechanisms that 
protect BHDs against hypoxaemic hypercapnia.

Lung volume

In humans, the theoretical maximum breath-hold time, for 
apnoeas initiated after air breathing (21% oxygen), is deter-
mined by the body’s oxygen stores and the rate that these are 
consumed (Ferretti et al. 1991; Mithoefer 1959, 1965). Con-
sidering that during an apnoeic bout, aerobic metabolism is 
limited to the body’s finite oxygen stores (i.e., comprising 
of blood [~ 98% of oxygen bound to haemoglobin], skeletal 
muscle [myoglobin] and the lungs), a higher oxygen reser-
voir at the start of a maximal attempt will extend the aerobic 
dive limit, thus permitting longer apnoeas (Mithoefer 1959, 
1965; Whitelaw et al. 1987). It is noteworthy that diving 
mammals possess extremely high oxygen stores in skeletal 
muscle and blood, both of which serve as strong predic-
tors of their diving capabilities (Ponganis 2011), whereas in 

Table 1   Current world records as recognised by the AIDA (2021)

Discipline World records

Men Women

Static apnoea (minutes:seconds) 11:35 9:02
Dynamic apnoea with fins (meters) 300 257
Dynamic apnoea without fins (meters) 244 191
Constant weight with fins (meters) 130 107
Constant weight without fins (meters) 102 73
Free immersion (meters) 125 98
Variable weight (meters) 146 130
No limit (meters) 214 160
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humans apnoeic time is greatly dependent on lung oxygen 
stores (Ferretti et al. 1991). Hence, factors that might con-
tribute towards enhancing these qualities are certainly con-
sidered advantageous with respect to apnoeic performance.

Lung oxygen stores are governed by the combined con-
tribution of inspired alveolar oxygen fraction and lung 
volume (Mithoefer 1965). For any given oxygen fraction 
in the alveoli, an individual’s lung volume is directly pro-
portional to their oxygen stores and, concomitantly, to the 
aerobic energy resources that can be made available dur-
ing an apnoeic attempt (Ferretti et al. 1991). It is, there-
fore, not surprising that competitive BHDs strive to com-
mence their maximal apnoeic attempts at lung volumes 
in proximity to their total lung capacity (TLC). Thus far, 
several studies have documented the importance of lung 
volume on apnoeic duration (Andersson and Schagatay 
1998; Mithoefer 1965; Muxworthy 1951; Overgaard et al. 
2006; Whitelaw et al. 1987). To illustrate, apnoeas per-
formed at TLC led to significantly longer apnoeic dura-
tions (309 ± 38 s) compared with apnoeas performed at 
85% of vital capacity (297 ± 48 s) (Overgaard et al. 2006) 
(Fig. 1). These performance increments are ascribed to a 
higher oxygen reservoir being readily available to support 
aerobic metabolism, an attenuated oxygen desaturation 
rate, an increased carbon dioxide buffering capacity, as 
well as a delayed Hering–Breuer deflation reflex (Godfrey 
et al. 1969; Mithoefer 1959, 1965; Overgaard et al. 2006; 
Rose et al. 1979).

Presently, there is conflicting evidence regarding the 
lung volumes of competitive BHDs, with some studies 
reporting significantly greater volume in BHDs compared 
with non-divers (NDs) (Ferretti et al. 2012; Schaefer et al. 
1968; Schagatay 2011; Stewart et al. 2005) and other work 
failing to report any differences (Andersson et al. 2009; 
Roecker et al. 2014; Tetzlaff et al. 2008). However, in 
most reports (including those quoted here), the TLC of 
elite BHDs (EBHD) exceeds the maximum range expected 
in healthy age-matched adults (i.e., male: 7.07 ± 1.60 L; 
female: 5.25 ± 0.76 L; Neder et al. 1999) (Table 2). These 
distinct respiratory characteristics may be ascribed to indi-
vidual disposition, for example increased respiratory mus-
cle strength and/or chest flexibility (Eichinger et al. 2008; 
Johansson and Schagatay 2012; Whittaker and Irvin 2007). 
Indeed, there is evidence suggesting that long-term (i.e., 
6–11 weeks, 3–5 times per week) inspiratory muscle train-
ing, comprising glossopharyngeal insufflation and lung-
stretching regimes, significantly enhances vital capacity by 
0.13–0.45 L (Johansson and Schagatay 2012; Nygren-Bon-
nier et al. 2007). However, to what extent these increases 
stem from a reduction in pulmonary elastic recoil (i.e., 
due to reduced tension of elastic elements [e.g., elastin or 
collagen fibres] or from a change in surface forces from 
surfactant release form alveolar type-II cells) or chest wall 

recoil at high inspiratory volumes remains to be elucidated 
(Eichinger et al. 2008; Ferretti et al. 2012; Nygren-Bonnier 
et al. 2007; Rodarte et al. 1999; Seccombe et al. 2013, 
2006; Tetzlaff et  al. 2008; Whittaker and Irvin 2007). 
Notwithstanding, these training-induced adaptations may 
provide a partial explanation of the greater apnoeic capa-
bilities witnessed in EBHDs compared with less trained 
BHDs and NDs, since a greater amount of oxygen will be 
readily available to support an apnoeic attempt.

Glossopharyngeal insufflation and apnoeic performance

The importance of lung oxygen stores in apnoeic perfor-
mance is also instantiated by the use of glossopharyn-
geal insufflation.1 This manoeuvre acutely increases TLC 
by up to ~ 47% (Loring et al. 2007) prior to an apnoeic 
attempt, and markedly improves diving depth, dive dura-
tion, static and dynamic apnoeic performance (Lemaître 
et al. 2010; Lindholm and Nyrén 2005; Overgaard et al. 
2006; Whitelaw et al. 1987). Glossopharyngeal insufflation 
at TLC induces increases in intrathoracic gas volume and 
transpulmonary pressure (i.e., up to 8 kPa [≈ 80 cmH2O]), 
with a maximum increase in intrapulmonary pressure of 
108 cmH2O (Loring et al. 2007). The increased transpul-
monary and intrapulmonary pressure lowers the amount of 
blood in the chest and provides more space for air (Whit-
taker and Irvin 2007; Eichinger et al. 2008). Approxi-
mately one-third of the additional air is accommodated 
by air compression and the remainder is facilitated by vol-
ume distension of the lungs (Seccombe et al. 2006). These 
observations on glossopharyngeal insufflation substantiate 
the impact that lung oxygen stores have on apnoeic per-
formance. An individual’s ability to exceed their ‘normal’ 
TLC may also represent another factor that could poten-
tially contribute towards the large inter-individual apnoeic 
performance variation reported across the literature.

Splenic volume

The spleen is the largest lymphoid organ and is located 
beneath the 8th–11th thoracic rib on the left-hand side of 
the human body (Horan 2009). It is implicated in the pro-
cess of erythrophagocytosis but also serves as an antibody 
production site and erythrocyte reservoir, with humans stor-
ing ~ 10% of their total erythrocyte volume in their spleens 
(Mebius and Kraal 2005; Stewart and McKenzie 2002). Evi-
dence suggest that exercise interventions, hypercapnic and 

1  After a full inhalation to TLC, a mouthful of air with the glottis 
closed is compressed by the oropharyngeal muscles and then forced 
into the lungs, opening the glottis just for the gulping manoeuvre. 
This glossopharyngeal insufflation manoeuvre is repeated on several 
occasions until a sensation of fullness occurs.
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hypoxic/hypoxaemic conditions stimulate splenic contrac-
tions, with the latter serving as the most effective stimulus 
(Elia et al. 2021b; Laub et al. 1993; Otto et al. 2013; Rich-
ardson et al. 2012). Thus, following 3–5 repeated maximal 
apnoeic attempts the spleen contracts, releasing its stored 
erythrocytes into the systemic circulation (Elia et al. 2021b) 
(Fig. 1). These increases potentiate the oxygen binding and 
carrying capacity of blood; hence, the oxygen reserve is 
increased by the systemic mobilisation of erythrocytes. 
Thereby successive apnoeic bouts will commence with a 
greater amount of readily available oxygen, attenuating the 
oxygen desaturation rate and subsequently delaying the 
physiological breaking point, thus contributing towards an 
extended apnoeic duration (Bakovic et al. 2013; Schagatay 
et al. 2005) (Fig. 1). Hence, a larger splenic volume with the 
capacity to store a greater number of erythrocytes is con-
sidered advantageous for apnoeic performance (Elia et al. 
2021b; Schagatay et al. 2012) (Fig. 1). To date, no cross-
sectional study has found any splenic volume differences 
between diving and non-diving populations (Baković et al. 
2003; Elia et al. 2019b, 2021b; Hurford et al. 1990; Prommer 
et al. 2007) (Table 3). Interestingly, both Schagatay et al. 

(2012) and Elia et al. (2019b) observed that in the most 
successful BHDs, splenic volume appears to exceed the 
normal range (i.e., 455–598 mL and 402–499 mL, respec-
tively) documented in healthy adult males (76–400 mL; 
mean = 238 ± 70 mL) (Geraghty et al. 2004). Whether this 
characteristic is coherently shared across the most successful 
BHDs remains to be determined.

Reports on associations between splenic volume and 
bodyweight, height, gender and/or age are mixed (Elia 
et al. 2019b; Prassopoulos et al. 1997; Schagatay et al. 
2012; Spielmann et al. 2005), suggesting that there may be 
greater individual variation than in other organs. A compara-
tive genomic study by Ilardo et al. (2018) demonstrated that 
splenic volume is not governed by a training-induced stimu-
lus. Rather, it is partly governed by a natural selection on 
genetic variants in the PDE10A gene. Contrastingly, recent 
work by Bouten et al. (2019) recorded significant increases 
in splenic volume (+ 24%) following 8-weeks of static 
apnoeic training (i.e., five apnoeic bouts per day). Although 
the underpinning mechanisms dictating splenic volume 
are presently unclear, collectively these studies indicate 
that splenic size may be governed by a complex interplay 
between hypoxic/hypoxaemic training and genetics. Fur-
ther research is necessary to fully elucidate the mechanisms 
underpinning splenic size and growth.

Haematological indices

The lack of respiratory exchange during voluntary apnoea 
necessitates a reliance upon the body’s finite oxygen 
resources. In marine mammals, a high haemoglobin concen-
tration is considered a beneficial adaptation to apnoeic div-
ing, with a number of studies denoting a direct relationship 
between haemoglobin concentrations and diving capabilities 
(Ponganis 2011). Contrarily, this relationship between hae-
moglobin and apnoeic capacities does not seem to be shared 
by humans. To date, numerous studies have examined the 
resting haematological characteristics of habitual and com-
petitive BHDs, with some reporting higher red blood cell 
(RBC) counts and/or haemoglobin concentrations in divers, 
while others have failed to record any differences compared 
with non-diving populations (Table 4). Although these dis-
crepancies may partly be related to the training status of 
the BHDs recruited, it is worth mentioning that both the 
RBC and haemoglobin concentrations observed in BHDs 
lie within the physiological range expected in healthy adults 
(Osei-Bimpong et al. 2012).

Recently, Elia et al. (2019b) observed lower mean cell 
volume (MCV) in EBHD compared with ND (86 ± 6 fL vs. 
92 ± 4 fL), findings that were situated at the lower range 
observed in healthy adult males of a similar age (83–101 
fL) (Osei-Bimpong et al. 2012) (Table 4). Interestingly, 
a lower MCV has also been reported in both Chilean and 

Fig. 1   Schematic representation depicting: (i) pre-apnoeic strate-
gies evidenced to contribute towards attaining longer apnoeic dura-
tions, (ii) the role of resting characteristics on apnoeic capabilities 
and (iii) the physiological modifications induced during static apnoeic 
attempts and their role in influencing apnoeic length. Arrows up (↑) 
and down (↓) within the framed box indicate an increase or decrease 
of the associated variable. Dotted arrow lines (▪▪▪▪▪▪) indicate 
the link between pre-apnoeic strategies/resting characteristics and 
apnoeic durations. Abbreviations:  BR beetroot juice, CBF cerebral 
blood flow, CD capillary density, CHO carbohydrates, CO2   carbon 
dioxide, GI glossopharyngeal insufflation, Hb haemoglobin, Hct 
haematocrit, HR heart rate, IDM involuntary diaphragmatic move-
ments, MAP mean arterial pressure, Mb myoglobin, MCV mean cell 
volume, MIT mitochondria, O2  oxygen, PNA parasympathetic nerv-
ous system, R95  diffusion distance, RV residual volume, SF sharing 
factor, SNA sympathetic nervous system, TLC total lung capacity, 
VC vital capacity. Supporting literature is denoted by the numbers, 
where; 1 = Asmussen and Kristiansson (1968), 2 = Ayers et al. (1972), 
3 = Bae et  al. (2003), 4 = Baković et  al. (2003), 5 = Bakovic et  al. 
(2013), 6 = Chicco et  al. (2014), 7 = Dujic et  al. (2008), 8 = Eich-
horn et al. (2017), 9 = Eichhorn et al. (2018), 10 = Elia et al. (2019b), 
11 = Elia et al. (2021b), 12 = Engan et al. (2012), 13 = Espersen et al. 
(2002), 14 = Ferretti (2001), 15 = Fredén et  al. (1978), 16 = Gard-
ner (1996), 17 = Ghiani et  al. (2016), 18 = Hayashi et  al. (1997), 
19 = Heistad et  al. (1968), 20 = Heusser et  al. (2009), 21 = Hoil-
and et  al. (2017), 22 = Ilardo et  al. (2018), 23 = Joulia et  al. (2009), 
24 = Kjeld et  al. (2018), 25 = Kutti et  al. (1977), 26 = Kyhl et  al. 
(2016), 27 = Landsberg (1975), 28 = Lemaitre et  al. (2015), 29 = Lin 
(1982), 30 = Lindholm et  al. (2007), 31 = Loring et  al. (2007), 
32 = Olsson et  al. (1976), 33 = Overgaard et  al. (2006), 34 = Palada 
et al. (2007), 35 = Patrician and Schagatay (2017), 36 = Paulev et al. 
(1990), 37 = Richardson et  al. (2005), 38 = Schagatay and Holm 
(1996), 39 = Schagatay and Lodin-Sundström (2014), 40 = Schagatay 
et al. (2012), 41 = Shamsuzzaman et al. (2014), 42 = Steinback et al. 
(2010), 43 = Sterba and Lundgren (1988), 44 = Vestergaard and Lars-
son (2019), 45 = Whittaker and Irvin (2007)

◂
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Nepalese high-altitude natives (3700 m) (85 fL and 82.9 
fL, respectively) (Winslow et al. 1989). This observation 
may suggest that the total surface area of RBCs is larger in 
EBHD (Holland and Forster 1966) (Fig. 1). A larger RBC 
volume increases the intracellular diffusion path, with 
a concomitant decrease in the permeability of the RBC 
membrane (Holland and Forster 1966). Additionally, Van-
degriff and Olson (1984) demonstrated that oxygen release 
was less dependent on RBC size and shape than oxygen 
uptake. Thus, the lower MCV reported in the EBHD group 
might be advantageous, as haemoglobin will have a greater 
surface area to bind oxygen. However, whether this is a 
result of training-induced adaptations and/or is consistent 
across EBHD remains to be determined.

Skeletal muscle

Capillarisation and fibre type characteristics

At present, only a small number of studies have explored 
the skeletal muscle characteristics of BHDs using estab-
lished wet-lab techniques. Work by Bae et al. (2003) in 
Korean female BHDs documented higher capillary density 
(~ 39%) and smaller fibre cross-sectional area (CSA) in type-
I (~ 22%), type-IIa (~ 33%) and type-IIx (~ 25%) muscle 
fibres compared to active controls, as well as a smaller CSA 
of type-II fibres compared with type-I fibres in BHDs. The 
percentage distribution of type-I fibres was similar between 
groups (BHDs vs. NDs), with type-II fibres the predominant 
fibre type. The proportion of type-IIx fibres was higher in 
BHDs (31%) compared with controls (22%). Subsequent 
work by Park et al. (2005) in Indonesian habitual BHDs 
documented similar muscle fibre type composition (i.e., in 
type-I and type-IIa, but not in type-IIx) and CSA to that of 
non-diving age-matched controls. A possible explanation to 

Table 2   Lung volume and apnoeic performance characteristics of breath-hold divers

BHD breath-hold divers, DYN dynamic apnoea with fins, EBHD elite breath-hold divers, ND non-divers, PB personal best, STA static apnoea, 
TLC total lung capacity

Reference Participants Apnoeic performance characteristics TLC (L)

Schaefer et al. (1968) 1 EBHD (age: 33 years) PB Constant Weight Depth:
66 m

9.1

Muth et al. (2003) 2 EBHD PB STA:
393 ± 41 s (364–422 s)
PB Constant Weight Depth:
55 ± 7 m (50–60 m)

9 ± 1.41 (8–10)

Simpson et al. (2003) 1 EBHD PB STA:
 ~ 480 s
PB DYN:
 ~ 190 m
PB Constant Weight Depth:
 ~ 90 m

9.28

Overgaard et al. (2006) 7 male BHD (age: 30 ± 2 years) Years practicing apnoea:
 > 2 years

9.73 ± 1.36

Loring et al. (2007) 3 male and 1 female EBHD PB STA:
Male: 511 ± 85 s (405–608 s)
Female: 376 s

Male: 9.04 ± 0.67 (8.88–9.78)
Female: 5.91

Prommer et al. (2007) 7 male (age: 35 ± 9 years) and 3 female 
trained BHD (age: 32 ± 6 years)

Years practicing apnoea:
 > 3 years

Male: 10.58 ± 3.48 (6.4–12.8)
Female: 8.8 ± 1.7 (7.6–10)

Walterspacher et al. (2011) 12 male EBHD PB STA:
383 ± 47 s (304–469 s)
PB Depth:
52 ± 29.4 m (32–125 m)
Years of competitive experience:
6.6 ± 3.4 years (1–10 years)

9 ± 1.1 (7.36–10.82)

Ferretti et al. (2012) 8 male extreme BHD (age: 35 ± 4 
years)

Assisted breath-hold diving of at least 
50 m

8.76 ± 0.63 (7.3–10)

Stembridge et al. (2017) 14 male and 1 female EBHD PB STA:
401 s (296–560 s)
Years of competitive experience:
5.2 years (1.5–14 years)

8.28 ± 1.06
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the morphological disparities (i.e., fibre type distribution 
and CSA) across these habitual diving populations may be 
the water temperatures (i.e., Korean BHDs, 10–27 °C; Indo-
nesian BHDs, 29–30 °C) they are continuously exposed to 
during their daily working routines (Bae et al. 2003; Park 
et al. 2005). In rats, cold water immersion to ~ 20 °C for 
1 h per day, 5 days per week, for 19-weeks significantly 
increased the number of type-II fibres (+ 158%) and reduced 
the number of type-I fibres (− 24%) (Walters and ConsTa-
ble 1993). Similarly, in cold-acclimatised rats that had been 
reared continuously for 68 generations in a 5 °C environ-
ment, a significantly smaller CSA of the soleus muscles 
was observed compared with unacclimated controls (Suzuki 
et al. 1997). Therefore, the greater proportion of type-II 
fibres alongside the smaller fibre CSA documented in the 
Korean BHD population may be a chronic adaptive response 
to cold-water immersion. However, the question then arises 
as to what is the benefit of such morphological adaptations? 
In carp, Rome et al. (1984) demonstrated that more muscle 
fibres, a greater proportion of which being type-II fibres, 
are recruited at lower temperatures (i.e., 10 °C compared 
with 20 °C) to compensate for the influence of temperature 
on muscle function and also to generate the power neces-
sary for swimming. Therefore, one might speculate that the 
skeletal muscle characteristics of the Korean habitual BHDs 
may be beneficial in sustaining the efficacy of heat produc-
tion in muscle tissues during exposure to cold environments; 
however, further research is necessary to affirm or refute this 
hypothesis.

A cross-sectional study by Elia et al. (2019b) recorded 
similar fibre type distribution between EBHDs and NDs 
(type-I: 56 ± 12% vs. 55 ± 13%; type-II: 44 ± 12% vs. 
45 ± 13%), findings that aligned with Kjeld et al. (2018). 
Furthermore, the CSA across fibre types was comparable 
to the findings of Park et al. (2005) findings. Additionally, a 
higher capillary density, capillary-to-fibre-ratio, and a lower 
diffusion distance (R95) and sharing factor was reported in 
the skeletal muscle of EBHDs (Elia et al. 2019b). These 
findings are indicative of an enhanced blood to skeletal mus-
cle fibre exchange capacity (Richardson et al. 1994; Saltin 
1985) (Fig. 1). Thus, ceteris paribus, the rate at which oxy-
gen enters the muscle fibre and by-products are removed 
during exercise is accelerated (McGuire and Secomb 2003; 
Tesch et al. 1981; Tesch and Wright 1983). Hence, in an 
apnoeic context, these capillarisation characteristics may 
confer advantages during recovery periods.

The capillarisation data of Elia et al. (2019b) (i.e., lower 
R95 and higher capillary density) concur with those previ-
ously reported in female Korean BHDs (Bae et al. 2003). 
The greater capillarisation observed in EBHDs might be 
attributable to their habitual apnoeic training, whereby peri-
ods of static and dynamic apnoeas are frequently repeated. 
It is well accepted that hypoxia serves a vital role in the 

regulation and expression of vascular endothelial growth 
factor (Breen et al. 1996; Gustafsson and Sundberg 2000), 
and consequently, the initiation of capillary neo-formation 
and angiogenesis (Arany et al. 2008; Desplanches et al. 
1993; Kon et al. 2014; Terrados et al. 1990). Therefore, the 
greater capillarisation observed in BHDs may originate from 
the interaction between hypoxia and muscle recruitment 
occurring during apnoeic training.

Myoglobin

A high myoglobin concentration is regarded as an impor-
tant adaptation to apnoeic diving in mammals and is closely 
related to apnoeic and diving capabilities (see review by 
Ponganis 2011). Myoglobin facilitates oxygen delivery to 
the mitochondria during periods of increased metabolic 
activity, and serves as an oxygen reservoir during times 
when ventilation ceases and hypoxia ensues (Postnikova 
and Shekhovtsova 2013). For instance, when skeletal muscle 
activity increases and intramyocellular oxygen levels begin 
to decline as a result of increased contractile activity (e.g., 
during dynamic apnoea), myoglobin supports intramyocel-
lular oxygen by releasing its own bound oxygen, thus mak-
ing it available for aerobic metabolism (Hoppeler and Vogt 
2001; Kanatous et al. 2002, 2008, 2009). As a result, the 
active skeletal muscle can rely mainly on stored oxygen to 
sustain aerobic metabolism, permitting extended dive dura-
tions (Kooyman and Ponganis 1998; Polasek and Davis 
2001). Thus, myoglobin serves a central role in balancing 
intracellular hypoxia and aerobic metabolism in response to 
exercise (Postnikova and Shekhovtsova 2013).

More recently, using an immunofluorescence microscopy 
technique, Elia et al. (2019b) found a greater type-I fibre 
myoglobin content in EBHDs (+ 27%) compared to NDs, but 
no difference in type-II fibre myoglobin content (Figs. 1, 2). 
The greater myoglobin stores reported in the EBHD group 
might be an important adaptation to apnoeic diving, as a 
greater skeletal muscle oxygen reserve will be readily avail-
able to support aerobic metabolism during apnoeic activity. 
These characteristics likely stem from an apnoea-specific, 
training-induced stimuli (Terrados et al. 1990) rather than 
genetic polymorphisms (Moore et al. 2002). Indeed, hypoxia 
coupled with skeletal muscle activation in both humans 
(Terrados et al. 1990), diving mammals and rodents has 
been documented to enhance myoglobin concentration in a 
muscle-specific manner (Dolar et al. 1999; Kanatous et al. 
2008; Kanatous and Mammen 2010; Ponganis et al. 2010). 
Conversely, both hypoxic exposure and skeletal muscle acti-
vation in normoxic conditions have been shown to impair 
these adaptive myoglobin responses (Jacobs et al. 1987; 
Masuda et al. 1999; Terrados et al. 1990). Therefore, the 
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higher myoglobin concentrations recorded in the EBHD 
group may stem from training-induced stimuli and could 
potentially, in a similar manner to diving mammals, provide 
an advantage during apnoeic activities.

Mitochondrial content

Our knowledge of mitochondria has evolved over the previ-
ous century, moving beyond understanding of their func-
tion in energy production to revealing their crucial roles 
as redox and apoptotic signal transducers within the cell 
(Kamga et al. 2012). In pinnipeds, average mitochondrial 
volume density values were 1.7- to 2.0-fold greater in the 

swimming muscles compared with the non-swimming 
muscles (Kanatous et al. 1999). This adaptation, allied to 
the lower aerobic capacity when compared to other long-
duration divers (i.e., Weddell seals), suggests an ability to 
maintain low levels of aerobic lipid-based metabolism and 
reflects their energy-conserving modes of locomotion in a 
hypoxaemic environment (Kanatous et al. 2002, 1999).

In humans, a comparison of EBHDs and NDs found 
that mitochondrial complex subunits did not differ, nor did 
maximal citrate synthase or 3-hydroxyacyl CoA dehydroge-
nase activity (Kjeld et al. 2018) (Fig. 2). There were also no 
differences in markers of glucose metabolism or cytosolic 
antioxidant capacity. However, BHDs demonstrated lower 
mitochondrial leak respiration and electron transfer system 

Table 3   Splenic volumes (quantified by means of ultrasonography) and performance characteristics of breath-hold divers

BHD breath-hold divers, DNF dynamic apnoea no fins, DYN dynamic apnoea with fins, EBHD elite breath-hold divers, L length, ND non-divers, 
PB personal best, STA static apnoea, T thickness, W width

References Participants Performance characteristics Formula Splenic volume (mL)

Hurford et al. (1990) 10 female Korean Ama 
habitual BHD (age: 38–60 
years) and 3 female control 
(age: 24 ± 1 years)

Years practicing apnoea:
34 ± 7 years
Length of diving shifts 

174 ± 46 min

Cross-sectional area = 0.8 
× (length × width)

Volume = (7.53 × cross-
sectional area) − 77.56

BHD: 206 ± 49
Control: 223 ± 48

Baković et al. (2003) 10 male trained BHD (age: 
28.6 ± 1.7 years) and 10 
male untrained individuals 
(age: 27.8 ± 2.4 years)

– BHD: 344.1 ± 16.6
ND: 332 ± 25.1

Prommer et al. (2007) 7 male (age: 35 ± 9 years) 
and 3 female trained 
BHD (age: 32 ± 6 years), 
and 7 male Scuba divers 
(age: 38 ± 11 years)

Years practicing apnoea:
 > 3 years
Training background:
2—3 h, 3 times per week or 

more

BHD: 191 ± 47
Scuba divers: 229 ± 55

Palada et al. (2007) 7 experienced BHD (age: 
27.4 ± 4.6 years)

Years practicing apnoea:
7.1 ± 3.6 years (5–14)
PB STA:
284.0 ± 34.4 s (240–335)
PB Constant Weight Depth:
33.7 ± 5.6 m (25–40 m)

308 ± 135

Palada et al. (2008) 7 male BHD (age: 27 ± 5 
years)

Years practicing apnoea:
7 ± 4 years (5–14 years)
PB STA:
284 ± 34 s (240–335 s)
PB Constant Weight Depth:
34 ± 6 m (25–40 m)

283 ± 76

Schagatay et al. (2012) 14 male EBHD (age: 29 ± 2 
years)

Years practicing apnoea:
5.8 ± 1.2 years
Training background:
6.2 ± 0.6 h per week

Pilström formula
Volume = (Lπ[WT−T2]/3)

336 ± 32 (215–598)

Elia et al. (2019b) 11 male EBHD and 10 male 
matched control ND

Years practicing apnoea:
7 ± 2 years
Training background:
8 ± 2 h per week
PB STA:
414 ± 101 s
PB DYN:
202 ± 46 m
PB DNF:
145 ± 50 m

BHD: 300 ± 122 (128–499)
ND: 297 ± 77 (198–452)
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capacity, and higher H2O2 emission during leak respiration 
than controls. These findings suggest that, similar to previ-
ous observations in diving mammals (Chicco et al. 2014), 
EBHDs possess lower mitochondrial oxidative capacity than 
NDs (Kjeld et al. 2018), which might represent an oxygen-
sparing mechanism given the reduced skeletal muscle oxy-
gen extraction during diving activity (Chicco et al. 2014).

In EBHDs, type-I fibre mitochondrial content was 
reported to be ~ 35% higher compared with type-II fibres, 
whereas in NDs this did not differ between fibres (Elia 
et al. 2019b). Although there were no between-group dif-
ferences in mitochondrial content, qualitative assessment 
of the relative myoglobin and mitochondrial protein dis-
tribution in muscle fibres revealed a stronger fluorescence 
intensity. Furthermore, there was a homogenous distri-
bution of fluorescence intensity at the sub-sarcolemmal 
regions of type-I muscle fibres in the EBHDs compared 
with NDs. Such a homogenous distribution may poten-
tially reduce the intracellular diffusion distance between 
oxymyoglobin and mitochondria. This novel observation, 
in combination with the higher myoglobin concentrations 
reported in the EBHDs type-I fibres, may suggest a greater 
reserve of readily available oxygen to support a similar 
(i.e., when compared with the type-I fibre mitochondrial 
content of NDs) mitochondrial respiration.

Apnoea and the diving‑response

During apnoea, the body undergoes a series of physiological 
modifications, known collectively as the diving-response, 
which adapts the body to the state of hypoxaemia and eco-
nomically manages oxygen stores until respiration is re-
established (Ferrigno et al. 1997; Foster and Sheel 2005; 
Gooden 1994; Lindholm and Lundgren 2009). The diving-
response is primarily characterised by an initial parasym-
pathetically-induced bradycardic response, which slows 
the depletion of oxygen stores (Asmussen and Kristians-
son 1968; Hoiland et al. 2017; Landsberg 1975; Lin 1982) 
(Fig. 1). A selective sympathetically-induced peripheral 
vasoconstriction is also triggered in the arterioles (i.e., the 
peripheral and visceral capillary beds) of non-vital organs 
and the body’s extremities, with preferential redistribution 
of oxygenated blood towards the vital organs (Baković et al. 
2003; Ferretti 2001; Kyhl et al. 2016; Mijacika and Dujic 
2016) (Fig. 1). This results in a shift from predominantly 
aerobic to anaerobic metabolism in the non-essential organs, 
further lowering oxygen utilisation and compounding the 
diving-response-induced oxygen-conserving effect (Anders-
son et al. 2004, 2002). Taken together, these findings suggest 
that the diving-response plays a key role in reducing the 
severity of hypoxaemia across a given duration of apnoeic 

Ta
bl

e 
4  

(c
on

tin
ue

d)

Re
fe

re
nc

es
Pa

rti
ci

pa
nt

s
Pe

rfo
rm

an
ce

 c
ha

ra
ct

er
-

ist
ic

s
Re

d 
bl

oo
d 

ce
lls

H
ae

m
og

lo
bi

n
H

ae
m

at
oc

rit
Re

tic
ul

oc
yt

es

M
ar

lin
ge

 e
t a

l. 
(2

01
9)

12
 m

al
e 

ex
pe

rie
nc

ed
 B

H
D

 
(a

ge
: 3

7 ±
 8 

ye
ar

s)
, 1

2 
m

al
e 

ex
pe

rie
nc

ed
 S

cu
ba

 
di

ve
rs

 (a
ge

: 5
1 ±

 10
 

ye
ar

s)
 a

nd
 8

 m
al

e 
N

D
 

(a
ge

: 4
8 ±

 4 
ye

ar
s)

–
–

B
H

D
: 1

5 ±
 0.

3 
g/

dl
Sc

ub
a:

 1
5.

2 ±
 1.

5 
g/

dl
C

on
tro

l: 
15

.3
 ±

 0.
9 

g/
dl

B
H

D
: 4

5 ±
 0.

9%
Sc

ub
a:

 4
4.

9 ±
 1.

2%
C

on
tro

l: 
45

.5
 ±

 1.
8%

–

Fe
rn

an
de

z 
et

 a
l. 

(2
01

9)
29

 m
al

e 
B

H
D

 (a
ge

: 3
6 ±

 5 
ye

ar
s)

Ye
ar

s p
ra

ct
ic

in
g 

ap
no

ea
: 

m
ea

n 
of

 2
 y

ea
rs

–
15

.9
 ±

 1.
2 

g/
dl

15
.4

 ±
 1.

2 
g/

dl
15

.5
 ±

 0.
8 

g/
dl

–
–

El
ia

 e
t a

l. 
(2

02
1b

)
8 

m
al

e 
EB

H
D

 a
nd

 1
0 

m
al

e 
N

D
Ye

ar
s p

ra
ct

ic
in

g 
ap

no
ea

:
6 ±

 2 
ye

ar
s

Tr
ai

ni
ng

 b
ac

kg
ro

un
d:

9 ±
 1 

h 
pe

r w
ee

k
PB

 S
TA

:
37

3 ±
 35

 s
PB

 D
YN

:
13

3 ±
 42

 m

–
EB

H
D

: 1
48

 ±
 6 

g/
L

N
D

: 1
49

 ±
 4 

g/
L

EB
H

D
: 4

5 ±
 2%

N
D

: 4
5 ±

 2%
–

 B
H

D
 b

re
at

h-
ho

ld
 d

iv
er

s, 
D

N
F 

dy
na

m
ic

 a
pn

oe
a 

no
 fi

ns
, D

YN
 d

yn
am

ic
 a

pn
oe

a 
w

ith
 fi

ns
,  

EB
H

D
 e

lit
e 

br
ea

th
-h

ol
d 

di
ve

rs
, N

D
 n

on
-d

iv
er

s, 
 P

B 
pe

rs
on

al
 b

es
t, 

ST
A 

st
at

ic
 a

pn
oe

a
*d

en
ot

es
 si

gn
ifi

ca
nc

e 
(p

<
0.

05
) b

et
w

ee
n 

gr
ou

ps



	 European Journal of Applied Physiology

1 3

activity, by inducing a series of physiological modifications 
which economically manage oxygen utilisation.

The diving-response is evident in all humans; how-
ever, the magnitude of the predefined physiological com-
ponents differs substantially across diving and non-diving 
populations. More experienced BHDs exhibit an earlier 
(10–20 s) and more pronounced bradycardic response (less 
than ~ 35 bpm) compared with NDs (50–70 s; ~ 50 bpm) 
(Elia et al. 2021b; Ferretti 2001; Ferretti et al. 1991; Lemaî-
tre et al. 2008; Schagatay et al. 2000). Similarly, during static 
apnoeas, EBHDs are known to exhibit greater increases in 
cerebral blood flow, higher cerebrovascular reactivity (Joulia 
et al. 2009; Vestergaard and Larsson 2019) and are able to 
withstand greater hypoxaemic and hypercapnic levels than 
NDs (Bain et al. 2016, 2018; Willie et al. 2015). Addition-
ally, there is also evidence to suggest that trained BHDs 
exhibit a blunted ventilatory chemosensitivity to hypercap-
nia at rest and post-exercise (Delapille et al. 2001; Grassi 
et al. 1994; Roecker et al. 2014) that is distinct from scuba 
divers and controls (Roecker et al. 2014), in addition to dis-
playing a reduced cerebral autoregulation compared with 
ND controls (Moir et al. 2019). Yet the nature of the lat-
ter adaptation remains to be determined whether it serves a 
protective purpose (i.e., preserving cerebral oxygen perfu-
sion/delivery) or rather represents a more menacing phe-
nomenon (i.e., exposing BHDs to a greater risk of cerebral 
hypoperfusion).

Although these disparities may be partly attributed to a 
training-induced effect (Joulia et al. 2002, 2003; Schagatay 
et al. 2000), accumulating evidence suggests they may also 
stem from selective genetic variations (Baranova et al. 2017; 
Ilardo et al. 2018). Baranova et al. (2017) observed that during 
a maximal apnoeic attempt, individuals with a combination of 
the C/C allele of the bradykinin receptor B2, D/D allele of the 
angiotensin-converting enzyme, and G/G polymorphism in the 
renin genes exhibited: (i) a more pronounced vasoconstriction, 
(ii) a lower blood supply to peripheral vessels, (iii) a lower 
pulse wave amplitude and (iv) lower pulse transit time values 
compared with heterozygous individuals. Conjointly, these 
genetic polymorphisms augment the release of angiotensin-
II and suppress endothelial nitric oxide synthase through the 
degradation of bradykinin. Consequently, alterations in these 
vasoactive substances potentiate the noradrenergic diving-
response-induced vasoconstriction and delay the recovery of 
vascular tone after the stimuli abates.

Therefore, the exaggerated diving-response observed in 
BHDs may result from training-induced stimuli and/or a natu-
ral selection of genetic polymorphisms that collectively protect 
them from intense hypoxaemia.

Apnoea and face immersion

Apnoea, as the lone stimuli, is sufficient to elicit bradycar-
dia, however, when apnoea is coupled with face immersion, a 
stronger bradycardial response is noticeable (Andersson et al. 
2000; Ferrigno et al. 1997; Hayashi et al. 1997; Shamsuzza-
man et al. 2014). The profound influences of facial cooling 
largely stem from stimulation of the trigeminal nerve activ-
ity (i.e., facial cold receptors innervated by the ophthalmic 
nerve), which evidently evoke a ‘trigeminocardiac reflex’, 
also referred to as the diving-reflex (Lemaitre et al. 2015). 
The magnitude of this reflex is highly variable and primarily 
depends on the water temperature the facial cold receptors are 
exposed to (Ferrigno et al. 1997; Schagatay and Holm 1996). 
Similarly, apnoea with face immersion has been evidenced 
to synergistically incite a stronger reduction in limb blood 
flow (i.e., finger and forearm) and greater muscle sympathetic 
nerve activity than individual stimuli for either apnoea or facial 
cooling (Heistad et al. 1968; Shamsuzzaman et al. 2014). 
Collectively, these data suggest that a stronger bradycardial, 
peripheral vasoconstriction and reduction in limb blood flow 
is evident when apnoeas are coupled with the stimulation of 
the facial cold receptors.

Acute apnoea‑induced humoral 
and stress‑related responses

Erythropoietin

Under hypoxic/hypoxaemic conditions, hypoxia-induc-
ible factors stimulate the transcriptional activity of the 
erythropoietin (EPO) gene (Ebert and Bunn 1999; Haase 
2010, 2013), subsequently actuating the synthesis of the 
glycoprotein hormone EPO by the kidneys and, to a lesser 
extent, the liver and brain—with the production of EPO 
being directly proportional to the level of systemic hypox-
aemia (Eckardt et al. 1989; Elia et al. 2019a; Ge et al. 
2002; Jelkmann 2011; Knaupp et al. 1992). EPO serves a 
pivotal role in maintaining oxygen homeostasis through 
inciting the process of erythropoiesis and consequently 
elevating RBC and haemoglobin mass (Haase 2010, 2013; 
Jelkmann 2011; Lundby et  al. 2007; Rodríguez et  al. 
2000). While, to date, no study has evaluated the effect of 
voluntary apnoea on hypoxia-inducible factors expression, 
a number of studies have demonstrated that the systemic 
hypoxaemia brought about by apnoeic activity stimulates 
an acute increase in serum EPO (de Bruijn et al. 2008; Elia 
et al. 2019a, 2021b; Kjeld et al. 2015).

de Bruijn et al. (2008) first demonstrated that a series 
of fifteen dry static apnoeic repetitions were effective 
in increasing serum EPO concentrations (+ 1.38 mlU/L 
[+ 16%]) in NDs, 3 h after the last apnoeic bout, with 
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values restored to baseline 5  h post. Similarly, Kjeld 
et al. (2015) reported significant increases in EPO (+ 1.8 
mIU/L) 3 h following a single bout of a combined maximal 
static and dynamic apnoeic attempt in a group of EBHDs. 
More recently, the first distinction between the individ-
ual erythropoietic effects of repeated static and dynamic 
apnoeas was provided by Elia et al. (2019a). In EBHDs, 
NDs and controls, a series of ten repeated maximal static 
apnoeic bouts with whole-body immersion did not signifi-
cantly affect serum EPO concentrations in relation to base-
line (Elia et al. 2019a). However, in elite exponents only, 

concentrations were elevated at 30 min (+ 60%; + 3.97 
mIU/L) and 180 min (+ 63%; + 4.02 mIU/L) following 
just five maximal dynamic apnoeic bouts. This increase 
was, however, not mirrored in ND, potentially due to the 
lower degree of hypoxaemia experienced by the NDs than 
the EBHDs. The strong association between end-apnoeic 
peripheral oxygen saturation levels and peak post-apnoeic 
serum EPO (r = − 0.49) seems to support this notion.

Considering the key role that EPO serves in the pro-
cess of erythropoiesis (Eckardt et  al. 1989; Jelkmann 
2011), a number of studies have explored the possibility 

Fig. 2   Schematic representation depicting current knowledge con-
cerning the (mal)adaptations associated with long-term exposures to 
apnoea-related activities. Abbreviations: BMC, bone mineral content; 
BMD, bone mineral density; CD, capillary density; CKD, chronic kid-
ney disease; Hb, haemoglobin; Mb, myoglobin; MIT, mitochondria; 
RBC, red blood cell; RTC, reticulocyte; R95 , diffusion distance. Sup-
porting literature is denoted by the numbers, where; 1 = Bae et  al. 

(2003), 2 = Bouten et  al. (2019), 3 = Doerner et  al. (2018), 4 = Elia 
et al. (2019b), 5 = Elia et al. (2020), 6 = Engan et al. (2013), 7 = Fer-
nandez et  al. (2017), 8 = Hwang et  al. (2006), 9 = Johansson and 
Schagatay (2012), 10 = Kjeld et al. (2018), 11 = Kohshi et al. (2014), 
12 = Nygren-Bonnier et  al. (2007), 13 = Oh et  al. (2017), 14 = Pot-
kin and Uzsler (2006), 15 = Seo et  al. (2018), 16 = Tanaka et  al. 
(2016).  Figure created with BioRender.com



	 European Journal of Applied Physiology

1 3

of apnoea-induced hypoxaemia in enhancing erythro-
cyte concentrations. Engan et al. (2013) first signified 
that 2-weeks of daily dry static apnoeic training (i.e., ten 
maximal apnoeic bouts, in total) was effective in increas-
ing resting reticulocyte concentrations. These findings 
highlighted the possible utility of apnoeic training as a 
sufficient stimulus for erythropoiesis. However, conflict-
ing evidence has since been published regarding the effect 
of apnoeic training on haematology (Bouten et al. 2019; 
Elia et al. 2021a; Fernandez et al. 2019); with Bouten et al. 
(2019) reporting significant increases (+ 6 g/L) in hae-
moglobin concentrations following 8-weeks of daily dry 
static apnoeic training (i.e., five maximal apnoeic bouts 
per day) whereas both Fernandez et al. (2019) and Elia 
et al. (2021a) failed to record any gains in haemoglobin 
and RBC following 22-weeks (i.e., structured apnoea pro-
gram) and 6-weeks (i.e., ten maximal dynamic apnoeic 
bouts, four times per week) of apnoeic training, respec-
tively. However, it is worth noting that Bouten et al. (2019) 
did not assess total haemoglobin mass nor plasma volume. 
Taking into consideration that haemoglobin concentrations 
are prone to plasma volume changes (Otto et al. 2013, 
2017), it is unclear whether the increases reported by 
Bouten et al. (2019) following apnoeic training reflect a 
true improvement in haemoglobin concentrations. There-
fore, it remains to be elucidated whether apnoea-induced 
increases in serum EPO concentrations are sufficient to 
stimulate erythropoiesis and ultimately translate to chronic 
increases in RBC and haemoglobin mass.

Oxidative stress and antioxidant enzyme activity

Once breathing is reinstated following a hypoxaemic bout, 
reactive hyperaemia and systemic reoxygenation results in 
increased free radical and associated reactive oxygen spe-
cies (ROS) production alongside a state of oxidative stress 
(Li and Jackson 2002). Similarly, repeated maximal apnoeic 
attempts have been documented to upregulate the production 
of ROS in the systemic circulation (Joulia et al. 2002, 2003), 
accentuating that repeated apnoeic bouts can aggravate sys-
temic oxidative stress levels (Mrakic-Sposta et al. 2019; 
Sureda et al. 2004b, 2015; Theunissen et al. 2013). Interest-
ingly, following sustained static and dynamic apnoeic activ-
ity EBHDs exhibited lower post-exercise blood acidosis and 
oxidative stress (i.e., thiobarbituric acid reactive substances 
[TBARS], reduced glutathione [GSH] and reduced ascor-
bic acid) compared with NDs, despite attaining significantly 
greater (302 ± 30 s vs. 104 ± 10 s) apnoeic performances 
(Joulia et al. 2002)—an observation that was later ascribed 
to a training-induced adaptation (Joulia et al. 2003).

The lower post-apnoeic oxidative stress documented in 
EBHDs may, at least in part, stem from an enhanced antioxi-
dant enzyme activity and resistance to antioxidant depletion 
(Bulmer et al. 2008; Sureda et al. 2004a, b). Indeed, 1 h 
following a series of repeated apnoeic dives (~ 55 dives) 
erythrocyte catalase and lymphocyte superoxide dismutase 
(SOD) were enhanced; a response which likely protected 
erythrocytes against any oxidative damage (Sureda et al. 
2006). Similarly, following a single, submaximal dynamic 
apnoeic attempt, Rousseau et al. (2006) reported significant 
increases in plasma glutathione peroxidase (GPx-3) activ-
ity and blood GSH, whereas no changes were observed in 
erythrocyte SOD, erythrocyte glutathione peroxidase (GPx), 
blood oxidised glutathione and TBARS concentrations. 
Moreover, after five static apnoeic repetitions, circulating 
antioxidant concentrations (i.e., bilirubin and uric acid) were 
reduced while antioxidant enzyme activity (i.e., SOD and 
GPx) was enhanced without causing an increase in oxidative 
stress (i.e., malondialdehyde) (Bulmer et al. 2008). More 
recently, Sureda et al. (2015) evaluated for the first time the 
cumulative effects of daily apnoeic exposures on ROS gen-
eration, oxidative stress and antioxidant enzyme activity. 
Following a series of repeated apnoeic dives (i.e., ~ 200 dives 
performed over a period of 5 days) xanthine oxidase activ-
ity, an enzyme responsible for the generation of ROS, was 
significantly elevated (+ 98%) (Sureda et al. 2015). However, 
concomitant increases in antioxidant enzyme activity (i.e., 
catalase, GPx, glutathione reductase and SOD) and protein 
levels (i.e., catalase), primarily observed 15 h after the last 
hypoxaemic bout, inhibited xanthine oxidase-derived ROS 
generation (i.e., supported by the lack of changes in malon-
dialdehyde and protein carbonyl derivates levels) and pro-
tected cells from oxidative damage. Collectively, these find-
ings illustrate that acute apnoea enhances oxidative stress in 
contrast to repeated apnoeas that appear to demonstrate an 
attenuation of oxidative stress. This may represent a protec-
tive physiological adaptation to the endogenous antioxidant 
defence system, capable of opposing excessive ROS and 
maintaining redox balance.

Neuronal stress

Emerging evidence indicates that maximal apnoeic bouts are 
associated with transient disruption of the blood–brain bar-
rier (Andersson et al. 2009; Bain et al. 2018; Matsuo et al. 
2014) and neuronal-parenchymal damage (Gren et al. 2016). 
In nine BHDs, Andersson et al. (2009) reported significant 
increases (~ 26%) in serum S100β at the end of a maximal 
static apnoea, with values being restored to baseline ~ 2 h post; 
indicative of a potential perturbation of the blood–brain bar-
rier. A subsequent study by Kjeld et al. (2015) revealed signifi-
cant increases (~ 70%) in neuron-specific enolase (NSE), but 
failed to record any increases in S100β levels 3 h following a 



European Journal of Applied Physiology	

1 3

combined bout of static and dynamic apnoea, possibly owing 
to the short half-life of S100β (~ 2 h) (Thelin et al. 2017). 
Separately, in competitive BHDs, static apnoea increased 
plasma concentrations of total tau and amyloid β42, whereas 
no changes were observed in neurofilament light protein or 
S100β (Gren et al. 2016). More recently, immediately after a 
maximal apnoeic bout S100β concentrations were significantly 
elevated (~ 40%), while NSE and human myelin basic pro-
tein (a specific biomarker for cerebral axonal damage) did not 
change (Bain et al. 2018). These findings were interpreted as 
a minor disturbance of the blood–brain barrier, but not enough 
to cause neuronal-parenchymal damage. Presently, it is unclear 
whether these transient increases are simply reflective of func-
tional physiological responses, or rather depict a maladaptive 
phenomenon. Moreover, to the best of our knowledge, no study 
has examined the neurological strain imposed by a series of 
repeated maximal apnoeic bouts (i.e., three or more repeti-
tions). Considering that intermittent hypoxaemia (i.e., hypoxia 
and reoxygenation) is evinced to be capable of disrupting the 
permeability of the blood–brain barrier as well as interfering 
with the critical intercellular tight junction protein complexes 
(Almutairi et al. 2016; Kaur and Ling 2008; Lochhead et al. 
2010), physiological modifications that could, in the long-
term, lead to neuronal dysfunction and degeneration, together 
reinforce the necessity for further studies to be undertaken.

Cardiac stress

Following a static apnoeic attempt and a 5 h spearfishing com-
petition, copeptin and ischemia-modified albumin (IMA)—
all representative markers of acute and hypoxaemic stress—
were elevated above baseline (Joulia et al. 2015; Marlinge 
et al. 2019). Interestingly, the recorded IMA increases were 
greater than those denoted in chronic cardiac failure patients 
(Franceschi et al. 2009) and during acute coronary ischemia 
(Bali et al. 2008; Lee et al. 2007); thus highlighting the sever-
ity of the physiological stress encountered by BHDs during 
apnoea. More importantly, following repeated apnoeic dives 
the cardiac injury markers cardiac troponin I and brain natriu-
retic peptide were significantly elevated (+ 275% and + 229%, 
respectively) from basal levels; a response that was not evident 
following a single static apnoeic attempt, nor after a combined 
bout of static and dynamic apnoeas (Kjeld et al. 2015; Mar-
linge et al. 2019).

Considering the substantial physiological stress experi-
enced by BHDs during voluntary apnoeic efforts, the question 
then arises as to whether chronic exposures to repeated, tran-
sient apnoeic interventions could lead to health implications. 
Accordingly, the following section will seek to delineate the 
possible maladaptation(s) of chronic apnoeic training.

Maladaptation(s) associated with chronic 
apnoeic training

Neurocognition

There is compelling evidence highlighting the deleterious 
effects of acute and chronic exposure to hypoxia across a 
range of cognitive and behavioural performances (Caine 
and Watson 2000; Hornbein et al. 1989; Truszczyński 
et  al. 2009). As previously discussed, even transient 
apnoea-hypoxaemia gives rise to increased serum S100β 
(a marker of cerebral ischemia and brain damage) (Anders-
son et al. 2009; Bain et al. 2018), plasma NSE (a marker 
of acute neuronal damage) (Kjeld et al. 2015) and alters 
amyloid metabolism by increasing plasma total tau and 
amyloid β42 (i.e., reflecting neuronal damage/dysfunction) 
(Gren et al. 2016). One may, therefore, argue that repeated 
exposures to such transient, severe hypoxaemia could lead 
to chronic negative consequences in BHD populations 
(Fig. 2).

In five EBHDs, single photon emission computed tomo-
graphic scans revealed brain abnormalities, demonstrating 
both large focal and/or diffuse areas of hypo- and hyper-
perfusion in the frontal and temporal lobes and cerebellar 
hemispheres (Potkin and Uzsler 2006). Moreover, brain 
magnetic resonance imaging (MRI) scans in 11 out of 12 
male Ama divers revealed cerebral ischemic lesions which 
were predominately situated in the cortex and subcortical 
white matter—characteristics that are indicative of circu-
latory disturbance at the corticomedullary junctional area 
of cerebral arteries (Kohshi et al. 2014) (Fig. 2). These 
MRI findings are so-called low-flow cerebral infarctions 
resulting from low perfusion pressure in terminal sup-
ply areas which the authors argued were not the result of 
aging. Contrastingly, in 17 EBHDs, Doerner et al. (2018) 
did not observe any cerebral (i.e., acute or sub-acute cer-
ebral ischemia) morphological alterations at baseline nor 
at follow-up after 1 year compared both intra-individually 
and with healthy controls. Taken together, the inconsistent 
findings across these studies highlight the necessity for 
more research to be undertaken in larger cohorts to further 
our understanding of the chronic effects of breath-hold 
diving on cerebral integrity.

Contrary to the common assumption that breath-hold 
diving holds no risk for decompression sickness, it has 
been shown that multiple repeated breath-hold dives can 
produce venous gas emboli (Cialoni et al. 2016; Lemaî-
tre et al. 2014; Spencer and Okino 1972). Symptoms in 
BHDs consistent with decompression sickness have also 
been reported both after several repeated dives and fol-
lowing very deep single breath-hold dives [see Lemaitre 
et al. (2009) for review]. Decompression sickness caused 
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by breath-hold dives tends to affect the central nervous 
system. The reason for this is unknown, although arteriali-
sation of venous gas emboli, either via pulmonary shunts 
(Schipke and Tetzlaff 2016), or due to compression and 
release of venous gas emboli lodged in the pulmonary cap-
illaries during repeated dives are possible mechanisms. 
Irrespective of the mechanisms, it is clear that when inves-
tigating cerebral pathology in EBHD the effects of asymp-
tomatic or symptomatic embolic events must be differenti-
ated from the effects of repeated hypoxia. Therefore, the 
prior activities of EBHD must be carefully explored and 
reported. It would be especially interesting to draw com-
parisons between EBHD who only carry out static apnoeas 
and/or dynamic breath-hold dives but not deep dives, and 
possibly distinguish them from EBHD who perform both 
repeated and deep dives.

To date, conflicting evidence exists concerning the long-
term sequalae of apnoeic training on neurocognitive health. 
Ridgway and McFarland (2006) failed to report any neu-
rocognitive impairments in 21 BHDs compared with non-
diving controls using a series of neuropsychological tests. 
Similarly, apnoea-induced hypoxaemia and hypercapnia 
did not seem to impair neurocognitive nor visual/cognitive 
processing stages (Ratmanova et al. 2016; Steinberg and 
Doppelmayr 2019). On the other hand, during a Stroop test, 
EBHD took longer to complete an interference card, made 
more errors, and had a lower total interference score than 
novice BHDs and controls (Billaut et al. 2018). More impor-
tantly, the time taken to complete the card was positively 
associated with maximal static apnoea duration (r = 0.73) 
and the number of years engaged in breath-hold diving train-
ing (r = 0.79). These findings signify that long-term partici-
pation in breath-hold diving, may give rise to short-term 
memory impairments. The discrepancies among the find-
ings of these studies may relate to the training background 
and apnoeic characteristics of the BHDs recruited. However, 
the growing popularity of the sport necessitates that further 
longitudinal studies are conducted to elucidate the potential 
chronic maladaptations to apnoeic-related activities.

Cardiovascular and arterial modifications

During prolonged apnoeas, peripheral vasoconstriction from 
elevated sympathetic nerve activity, in addition to the onset 
of involuntary diaphragmatic contractions (Fagoni et al. 
2017), progressively lead to increases in mean arterial pres-
sure (~ 35–55%) (Breskovic et al. 2011; Perini et al. 2008; 
Willie et al. 2015). Moreover, during dry maximal static 
apnoeas, Doerner et al. (2018) recorded dilations of the left 
ventricle as well as reductions in the left ventricular ejection 
fraction accompanied by an increased left ventricular sys-
tolic volume—a response that was evident in EBHDs but not 
in NDs. Considering that both persistent hypertension and 

cardiac dilation can lead to cardiac remodelling with fibrotic 
changes (Assomull et  al. 2006), one wonders whether 
chronic apnoeic training may give rise to an increased risk 
of cardiovascular disease.

Resting echocardiograms and 24 h continuous electrocar-
diogram monitoring did not unveil any cardiac abnormali-
ties in 16 competitive BHDs (Zelenkova and Chomahidze 
2016). Similarly, using magnetic resonance imaging, nei-
ther late gadolinium enhancement imaging nor T1-map-
ping and its derived parameters showed significant cardiac 
morphological alterations (i.e., myocardial scars or fibrotic 
changes) at baseline, nor at follow-up after 1 year compared 
intra-individually and with healthy controls (Doerner et al. 
2018). Moreover, a cross-sectional study that investigated 
the arterial stiffness of 115 female lifelong Ama BHDs (i.e., 
38 ± 8 years practicing apnoea) with age-matched physi-
cally active adults demonstrating similar arterial stiffness, 
cardio-ankle vascular index and β-stiffness index (Tanaka 
et al. 2016). Therefore, in totality, despite some findings 
that indicate acute cardiac disturbances (Joulia et al. 2015; 
Marlinge et al. 2019), the current evidence suggests that 
long-term participation in apnoea-related activities does not 
affect cardiac health nor vascular integrity (Fig. 2).

Bone tissue

Mechanical loading has a vital impact on bone remodel-
ling and bone mineral density (BMD) (Chahal et al. 2014; 
Lanyon and Rubin 1984), with bone responding adap-
tively to its habitual loading environment, for example the 
contractile forces applied by skeletal muscle (Hart et al. 
2017). Although the high-pressure conditions associated 
with diving may be osteogenic, this stimulus appears to 
be mitigated by the weight-supported underwater environ-
ment (Hwang et al. 2006). Male EBHDs were shown to 
possess significantly lower bone mineral content (BMC) 
than age- and morphometry-matched controls (3.1 ± 0.2 kg 
vs. 3.7 ± 0.4 kg) (Kjeld et al. 2018) (Fig. 2). This was also 
the case for BMD (1.3 ± 0.1 kg/m2 vs. 1.4 ± 0.1 kg/m2) 
and T/Z-score (0.6 ± 0.8 vs. 2.3 ± 0.8). In support, Fer-
nandez et al. (2017) reported comparable BMD values of 
1.28 ± 0.09 g/cm2 in BHDs (Fig. 2). However, it is impor-
tant to note that comparisons of dual-energy x-ray absorp-
tiometry (DXA) measurements from different machines 
should be made with a degree of caution (Gillette-Guy-
onnet et al. 2003; Saarelainen et al. 2016). Furthermore, 
both of these studies measured total-body BMC and BMD, 
whereas the use of additional measurement sites, such as 
the proximal femur, may provide more information with 
relation to the risk of osteoporotic fracture (Lu et al. 2001). 
Lumbar spine and femoral neck BMD and T-scores were 
similar in female Ama BHDs compared to NDs, yet these 
participants were postmenopausal and older (~ 70 years) 
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than those in comparable literature (Seo et  al. 2018). 
Importantly, in both groups, the reported T-scores were 
suggestive of osteopenia (Karaguzel and Holick 2010) and 
approached the threshold for osteoporosis in this popula-
tion [≤ −2.5; Kanis (1994), Park et al. (2016)], thus indi-
cating that substantial cumulative exposure to the diving 
environment does not confer benefits with regards to BMD 
at the lumbar spine and proximal femur. In a younger 
(~ 54 year) population of female divers, with ~ 34 years 
of diving experience, greater BMD values were seen for 
the total hip and femoral neck areas compared to controls 
(Hwang et al. 2006). Whilst the femoral neck T-score  was 
in the healthy range in premenopausal divers, postmeno-
pausal divers and NDs demonstrated T-scores indicative 
of osteopenia. Noticeably, age was a predictor of proxi-
mal femur BMD in BHDs and controls, revealing a more 
rapid decrease in BMD in divers. Furthermore, BMD was 
reduced in proportion to time spent in the water (Hwang 
et al. 2006).

Prolonged and repeated exposure to hypercapnic con-
ditions may significantly impact bone metabolism. For 
example, untreated chronic obstructive pulmonary dis-
ease patients with hypercapnia exhibited lower BMD than 
eucapnic comparators (Dimai et al. 2001), a difference that 
was partially attributed to increased bone resorption (i.e., 
the breakdown of bone tissue by osteoclasts to liberate 
calcium). The decreased pH of the blood brought about by 
hypercapnia may also drive this process, whilst inhibiting 
mineral deposition by osteoblasts (i.e., bone formation) 
in a seemingly reciprocal manner (Arnett 2010). Interest-
ingly, the resorptive activity of osteoclasts is not impaired 
in hypoxia, however, the growth and differentiation of 
osteoblasts is inhibited (Arnett 2010). Therefore, the com-
bined effects of hypoxaemic and hypercapnic exposure, 
as well as the weight-supported environment in competi-
tive and habitual BHDs may influence bone metabolism to 
varying degrees, thus partially explaining the differences 
reported above. In light of this evidence, the use of pro-
phylactic measures for the prevention of osteoporosis [i.e., 
calcium and vitamin D supplementation, weight-bearing 
exercise and/or antiresorptive agents, (Kling et al. 2014)] 
may be justified in BHDs, particularly for older individuals 
with a more substantial history of diving activity. How-
ever, the nature and efficacy of such interventions in diving 
populations is yet to be explored.

Taken together, the current evidence concerning the 
impact of prolonged breath-hold diving on BMC and BMD 
is equivocal, with conflicting findings depending on the 
measurement site and/or population in question. Therefore, 

these aspects of bone health should be explored further in 
longitudinal investigations of elite and occupational div-
ing populations.

Renal health

To our knowledge, the only study to have explored the 
impact of long-term breath-hold diving on kidney function 
was in female habitual Korean divers, using estimates of 
glomerular filtration rate (Oh et al. 2017). After matching 
for propensity scores (n = 715 per group), chronic kidney 
disease prevalence was significantly higher in BHDs com-
pared with non-diving controls (12.6% vs. 8.0%). Multivari-
ate analyses revealed significant associations between diving 
activity and chronic kidney disease risk in an unmatched 
cohort. In the propensity score-matched cohort, diving 
remained the independent risk factor for chronic kidney 
disease, even following adjustment for multiple covariates. 
Moreover, following a single, sled-assisted dive to 40 m, 
creatinine concentrations increased (+ 40%), suggesting a 
possible early renal dysfunction (Mrakic-Sposta et al. 2019). 
Conjointly, these findings provide evidence that sustained, 
long-term breath-hold diving activity may lead to a dete-
rioration in kidney function (Fig. 2). The causality of this 
association needs to be explored further in longitudinal stud-
ies of BHDs.

Conclusions

This review has provided (i) an overview of the pertinent 
physiological traits and mechanisms that govern an indi-
vidual’s apnoeic capabilities, (ii) outlined the humoral and 
stress responses to maximal apnoeic bouts and (iii) deline-
ated the physiological (mal)adaptations to chronic apnoeic 
training. The present evidence suggests that BHDs demon-
strate a more pronounced diving-response than NDs while 
elite exponents also display beneficial adaptations in blood 
and skeletal muscle, primarily as a consequence of expo-
sure to training-induced stimuli. Moreover, BHDs possess an 
ability to endure distinct acute cerebrovascular and neuronal 
stressors, the physiological basis of which (i.e., training-
induced or as a consequence of genetic disposition) is less 
understood. Over the long-term, sustained breath-hold div-
ing activity may pose ramifications for renal health, whereas 
the impact on bone tissue, neurocognition and cardiovascu-
lar function is less clear.
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Future directions

This review highlights the necessity for further cross-sec-
tional and longitudinal studies to be performed, with the 
goal of advancing our fundamental understanding of the 
maladaptation(s) associated with chronic apnoeic stress as 
well as the influence of training-induced and genetic factors 
on apnoeic performance. Preliminary evidence has posed 
considerations for neurocognition, renal and bone health in 
BHDs. Considering the growing popularity of the sport and 
the increasing number of people pursuing breath-hold div-
ing as a competitive and/or recreational activity, enhanced 
understanding of the (mal)adaptation(s) of chronic apnoeic 
training is paramount from a safety and medical standpoint.

Authors’ contributions  All authors contributed to the conception and 
design of the work. A.E. & M.J.L drafted the manuscript. All authors 
revised it critically for important intellectual content. All authors 
approved the final version of the manuscript and agree to be account-
able for all aspects of the work in ensuring that questions related to 
the accuracy or integrity of any part of the work are appropriately 
investigated and resolved. All persons designated as authors qualify for 
authorship, and all those who qualify for authorship are listed.

Funding  Open access funding provided by Royal Institute of 
Technology. 

Declarations 

Conflict of interest  The authors have no conflict of interest to declare.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

References

AIDA (2021) World Records. https://​www.​aidai​ntern​ation​al.​org. 
Accessed 12 Jan 2021

Almutairi MM, Gong C, Xu YG, Chang Y, Shi H (2016) Factors con-
trolling permeability of the blood-brain barrier. Cell Mol Life Sci 
73:57–77. https://​doi.​org/​10.​1007/​s00018-​015-​2050-8

Andersson J, Schagatay E (1998) Effects of lung volume and involun-
tary breathing movements on the human diving response. Eur J 
Appl Physiol Occup Physiol 77:19–24. https://​doi.​org/​10.​1007/​
s0042​10050​294

Andersson J, Schagatay E, Gislén A, Holm B (2000) Cardiovascular 
responses to cold-water immersions of the forearm and face, and 

their relationship to apnoea. Eur J Appl Physiol 83:566–572. 
https://​doi.​org/​10.​1007/​s0042​10000​317

Andersson JP, Linér MH, Rünow E, Schagatay EK (2002) Diving 
response and arterial oxygen saturation during apnea and exer-
cise in breath-hold divers. J Appl Physiol (1985) 93:882–886. 
https://​doi.​org/​10.​1152/​jappl​physi​ol.​00863.​2001

Andersson JP, Linér MH, Fredsted A, Schagatay EK (2004) Cardio-
vascular and respiratory responses to apneas with and without 
face immersion in exercising humans. J Appl Physiol (1985) 
96:1005–1010. https://​doi.​org/​10.​1152/​jappl​physi​ol.​01057.​2002

Andersson JP, Linér MH, Jönsson H (2009) Increased serum levels of 
the brain damage marker S100B after apnea in trained breath-
hold divers: a study including respiratory and cardiovascular 
observations. J Appl Physiol (1985) 107:809–815. https://​doi.​
org/​10.​1152/​jappl​physi​ol.​91434.​2008

Arany Z et al (2008) HIF-independent regulation of VEGF and angio-
genesis by the transcriptional coactivator PGC-1alpha. Nature 
451:1008–1012. https://​doi.​org/​10.​1038/​natur​e06613

Arnett TR (2010) Acidosis, hypoxia and bone. Arch Biochem Biophys 
503:103–109. https://​doi.​org/​10.​1016/j.​abb.​2010.​07.​021

Asmussen E, Kristiansson NG (1968) The “diving bradycardia” in 
exercising man. Acta Physiol Scand 73:527–535. https://​doi.​
org/​10.​1111/j.​1365-​201x.​1968.​tb108​92.x

Assomull RG et al (2006) Cardiovascular magnetic resonance, fibro-
sis, and prognosis in dilated cardiomyopathy. J Am Coll Cardiol 
48:1977–1985. https://​doi.​org/​10.​1016/j.​jacc.​2006.​07.​049

Ayers AB, Davies BN, Withrington PG (1972) Responses of the iso-
lated, perfused human spleen to sympathetic nerve stimulation, 
catecholamines and polypeptides. Br J Pharmacol 44:17–30. 
https://​doi.​org/​10.​1111/j.​1476-​5381.​1972.​tb072​34.x

Bae KA, An NY, Kwon YW, Kim C, Yoon CS, Park SC, Kim CK 
(2003) Muscle fibre size and capillarity in Korean diving 
women. Acta Physiol Scand 179:167–172. https://​doi.​org/​10.​
1046/j.​1365-​201X.​2003.​01185.x

Bain AR et al (2016) Cerebral oxidative metabolism is decreased 
with extreme apnoea in humans; impact of hypercapnia. J 
Physiol 594:5317–5328. https://​doi.​org/​10.​1113/​jp272​404

Bain AR et al (2018) Competitive apnea and its effect on the human 
brain: focus on the redox regulation of blood-brain barrier 
permeability and neuronal-parenchymal integrity. Faseb J 
32:2305–2314. https://​doi.​org/​10.​1096/​fj.​20170​1031R

Baković D, Valic Z, Eterović D, Vukovic I, Obad A, Marinović-
Terzić I, Dujić Z (2003) Spleen volume and blood flow 
response to repeated breath-hold apneas. J Appl Physiol (1985) 
95:1460–1466. https://​doi.​org/​10.​1152/​jappl​physi​ol.​00221.​
2003

Baković D, Eterović D, Saratlija-Novaković Z, Palada I, Valic Z, 
Bilopavlović N, Dujić Z (2005) Effect of human splenic con-
traction on variation in circulating blood cell counts. Clin Exp 
Pharmacol Physiol 32:944–951. https://​doi.​org/​10.​1111/j.​
1440-​1681.​2005.​04289.x

Bakovic D, Pivac N, Zubin Maslov P, Breskovic T, Damonja G, 
Dujic Z (2013) Spleen volume changes during adrenergic 
stimulation with low doses of epinephrine. J Physiol Pharma-
col 64:649–655

Bali L et al (2008) Prognostic value of ischaemia-modified albumin 
in patients with non-ST-segment elevation acute coronary syn-
dromes. Arch Cardiovasc Dis 101:645–651. https://​doi.​org/​10.​
1016/j.​acvd.​2008.​09.​005

Baranova TI et al (2017) Genetic determination of the vascular reac-
tions in humans in response to the diving reflex. Am J Physiol 
Heart Circ Physiol 312:H622-h631. https://​doi.​org/​10.​1152/​ajphe​
art.​00080.​2016

Billaut F, Gueit P, Faure S, Costalat G, Lemaître F (2018) Do elite 
breath-hold divers suffer from mild short-term memory 

http://creativecommons.org/licenses/by/4.0/
https://www.aidainternational.org
https://doi.org/10.1007/s00018-015-2050-8
https://doi.org/10.1007/s004210050294
https://doi.org/10.1007/s004210050294
https://doi.org/10.1007/s004210000317
https://doi.org/10.1152/japplphysiol.00863.2001
https://doi.org/10.1152/japplphysiol.01057.2002
https://doi.org/10.1152/japplphysiol.91434.2008
https://doi.org/10.1152/japplphysiol.91434.2008
https://doi.org/10.1038/nature06613
https://doi.org/10.1016/j.abb.2010.07.021
https://doi.org/10.1111/j.1365-201x.1968.tb10892.x
https://doi.org/10.1111/j.1365-201x.1968.tb10892.x
https://doi.org/10.1016/j.jacc.2006.07.049
https://doi.org/10.1111/j.1476-5381.1972.tb07234.x
https://doi.org/10.1046/j.1365-201X.2003.01185.x
https://doi.org/10.1046/j.1365-201X.2003.01185.x
https://doi.org/10.1113/jp272404
https://doi.org/10.1096/fj.201701031R
https://doi.org/10.1152/japplphysiol.00221.2003
https://doi.org/10.1152/japplphysiol.00221.2003
https://doi.org/10.1111/j.1440-1681.2005.04289.x
https://doi.org/10.1111/j.1440-1681.2005.04289.x
https://doi.org/10.1016/j.acvd.2008.09.005
https://doi.org/10.1016/j.acvd.2008.09.005
https://doi.org/10.1152/ajpheart.00080.2016
https://doi.org/10.1152/ajpheart.00080.2016


European Journal of Applied Physiology	

1 3

impairments? Appl Physiol Nutr Metab 43:247–251. https://​doi.​
org/​10.​1139/​apnm-​2017-​0245

Bouten J et al (2019) Eight weeks of static apnea training increases 
spleen volume but not acute spleen contraction. Respir Physiol 
Neurobiol 266:144–149. https://​doi.​org/​10.​1016/j.​resp.​2019.​04.​
002

Breen EC, Johnson EC, Wagner H, Tseng HM, Sung LA, Wagner PD 
(1996) Angiogenic growth factor mRNA responses in muscle 
to a single bout of exercise. J Appl Physiol (1985) 81:355–361. 
https://​doi.​org/​10.​1152/​jappl.​1996.​81.1.​355

Breskovic T et al (2011) Cardiovascular changes during underwater 
static and dynamic breath-hold dives in trained divers. J Appl 
Physiol (1985) 111:673–678. https://​doi.​org/​10.​1152/​jappl​physi​
ol.​00209.​2011

Bulmer AC, Coombes JS, Sharman JE, Stewart IB (2008) Effects of 
maximal static apnea on antioxidant defenses in trained free 
divers. Med Sci Sports Exerc 40:1307–1313. https://​doi.​org/​10.​
1249/​MSS.​0b013​e3181​6a7188

Caine D, Watson JD (2000) Neuropsychological and neuropathological 
sequelae of cerebral anoxia: a critical review. J Int Neuropsychol 
Soc 6:86–99. https://​doi.​org/​10.​1017/​s1355​61770​06111​16

Chahal J, Lee R, Luo J (2014) Loading dose of physical activity is 
related to muscle strength and bone density in middle-aged 
women. Bone 67:41–45. https://​doi.​org/​10.​1016/j.​bone.​2014.​
06.​029

Chicco AJ et al (2014) High fatty acid oxidation capacity and phos-
phorylation control despite elevated leak and reduced respiratory 
capacity in northern elephant seal muscle mitochondria. J Exp 
Biol 217:2947–2955. https://​doi.​org/​10.​1242/​jeb.​105916

Cialoni D et al (2016) Detection of venous gas emboli after repeti-
tive breath-hold dives: case report. Undersea Hyperb Med 
43:449–455

Davis RH (1934) Deep diving and under-water rescue: iv: a few 
notable salvage operations. J R Soc Arts 82:1083–1101

de Bruijn R, Richardson M, Schagatay E (2008) Increased eryth-
ropoietin concentration after repeated apneas in humans. 
Eur J Appl Physiol 102:609–613. https://​doi.​org/​10.​1007/​
s00421-​007-​0639-9

Delapille P, Verin E, Tourny-Chollet C, Pasquis P (2001) Ventilatory 
responses to hypercapnia in divers and non-divers: effects of 
posture and immersion. Eur J Appl Physiol 86:97–103. https://​
doi.​org/​10.​1007/​s0042​10100​518

Desplanches D et al (1993) Effects of training in normoxia and nor-
mobaric hypoxia on human muscle ultrastructure. Pflugers 
Arch 425:263–267. https://​doi.​org/​10.​1007/​bf003​74176

Dimai HP, Domej W, Leb G, Lau KH (2001) Bone loss in patients 
with untreated chronic obstructive pulmonary disease is medi-
ated by an increase in bone resorption associated with hyper-
capnia. J Bone Miner Res 16:2132–2141. https://​doi.​org/​10.​
1359/​jbmr.​2001.​16.​11.​2132

Doerner J et al (2018) Effects of repetitive prolonged breath-hold in 
elite divers on myocardial fibrosis and cerebral morphology. 
Eur J Radiol 103:13–18. https://​doi.​org/​10.​1016/j.​ejrad.​2018.​
03.​020

Dolar ML, Suarez P, Ponganis PJ, Kooyman GL (1999) Myoglobin in 
pelagic small cetaceans. J Exp Biol 202:227–236

Dujic Z et al (2008) Central chemoreflex sensitivity and sympathetic 
neural outflow in elite breath-hold divers. J Appl Physiol (1985) 
104:205–211. https://​doi.​org/​10.​1152/​jappl​physi​ol.​00844.​2007

Ebert BL, Bunn HF (1999) Regulation of the erythropoietin gene. 
Blood 94:1864–1877. https://​doi.​org/​10.​1182/​blood.​V94.6.​1864

Eckardt KU, Boutellier U, Kurtz A, Schopen M, Koller EA, Bauer C 
(1989) Rate of erythropoietin formation in humans in response to 
acute hypobaric hypoxia. J Appl Physiol (1985) 66:1785–1788. 
https://​doi.​org/​10.​1152/​jappl.​1989.​66.4.​1785

Eichhorn L et al (2017) Influence of Apnea-induced Hypoxia on Cat-
echolamine Release and Cardiovascular Dynamics. Int J Sports 
Med 38:85–91. https://​doi.​org/​10.​1055/s-​0042-​107351

Eichhorn L et al (2018) Cardiovascular magnetic resonance assess-
ment of acute cardiovascular effects of voluntary apnoea in elite 
divers. J Cardiovasc Magn Reson 20:40. https://​doi.​org/​10.​1186/​
s12968-​018-​0455-x

Eichinger M et al (2008) Lung hyperinflation: foe or friend? Eur Respir 
J 32:1113. https://​doi.​org/​10.​1183/​09031​936.​00118​807

Elia A, Barlow MJ, Deighton K, Wilson OJ, O’Hara JP (2019a) 
Erythropoietic responses to a series of repeated maximal 
dynamic and static apnoeas in elite and non-breath-hold divers. 
Eur J Appl Physiol 119:2557–2565. https://​doi.​org/​10.​1007/​
s00421-​019-​04235-1

Elia A, Wilson OJ, Lees M, Parker PJ, Barlow MJ, Cocks M, O’Hara 
JP (2019b) Skeletal muscle, haematological and splenic volume 
characteristics of elite breath-hold divers. Eur J Appl Physiol 
119:2499–2511. https://​doi.​org/​10.​1007/​s00421-​019-​04230-6

Elia A, Barlow MJ, Wilson OJ, O’Hara JP (2021a) Six weeks of 
dynamic apnoeic training stimulates erythropoiesis but does not 
increase splenic volume. Eur J Appl Physiol 121:827-838. https://​
doi.​org/​10.​1007/​s00421-​020-​04565-5

Elia A, Barlow MJ, Wilson OJ, O’Hara JP (2021b) Splenic responses 
to a series of repeated maximal static and dynamic apnoeas with 
whole-body immersion in water. Exp Physiol 106:338–349. 
https://​doi.​org/​10.​1113/​ep088​404

Engan HK, Jones AM, Ehrenberg F, Schagatay E (2012) Acute dietary 
nitrate supplementation improves dry static apnea performance. 
Respir Physiol Neurobiol 182:53–59. https://​doi.​org/​10.​1016/j.​
resp.​2012.​05.​007

Engan H, Richardson M, Lodin-Sundström A, van Beekvelt M, Scha-
gatay E (2013) Effects of two weeks of daily apnea training 
on diving response, spleen contraction, and erythropoiesis in 
novel subjects. Scand J Med Sci Sports 23:340–348. https://​
doi.​org/​10.​1111/j.​1600-​0838.​2011.​01391.x

Espersen K, Frandsen H, Lorentzen T, Kanstrup IL, Christensen NJ 
(2002) The human spleen as an erythrocyte reservoir in diving-
related interventions. J Appl Physiol (1985) 92:2071–2079. 
https://​doi.​org/​10.​1152/​jappl​physi​ol.​00055.​2001

Fagoni N, Taboni A, Vinetti G, Bottarelli S, Moia C, Bringard A, 
Ferretti G (2017) Alveolar gas composition during maximal 
and interruptedapnoeas in ambient air and pure oxygen. Respir 
Physiol Neurobiol 235:45-51. https://​doi.​org/​10.​1016/j.​resp.​
2016.​10.​002

Fernandez FA, Gonzalez-Rave JM, Juarez D (2017) Breath-hold 
diving performance factors. J Hum Sport Exerc 12:582–592. 
https://​doi.​org/​10.​14198/​jhse.​2017.​123.​03

Fernandez FA, Martin-Martin R, García-Camacha I, Juarez D, Fidel 
P, González-Ravé JM (2019) Medium term effects of physi-
cal conditioning on breath-hold diving performance. Respir 
Physiol Neurobiol 259:70–74. https://​doi.​org/​10.​1016/j.​resp.​
2018.​07.​013

Ferretti G (2001) Extreme human breath-hold diving. Eur J Appl Phys-
iol 84:254–271. https://​doi.​org/​10.​1007/​s0042​10000​377

Ferretti G, Costa M, Ferrigno M, Grassi B, Marconi C, Lundgren CE, 
Cerretelli P (1991) Alveolar gas composition and exchange dur-
ing deep breath-hold diving and dry breath holds in elite divers. 
J Appl Physiol (1985) 70:794–802. https://​doi.​org/​10.​1152/​jappl.​
1991.​70.2.​794

Ferretti G, Costa M, Moroni R, Ranieri P, Butti F, Sponsiello N (2012) 
Lung volumes of extreme breath-hold divers. Sport Sci Health 
7:55–59. https://​doi.​org/​10.​1007/​s11332-​012-​0112-y

Ferrigno M, Ferretti G, Ellis A, Warkander D, Costa M, Cerretelli 
P, Lundgren CE (1997) Cardiovascular changes during deep 
breath-hold dives in a pressure chamber. J Appl Physiol (1985) 
83:1282–1290. https://​doi.​org/​10.​1152/​jappl.​1997.​83.4.​1282

https://doi.org/10.1139/apnm-2017-0245
https://doi.org/10.1139/apnm-2017-0245
https://doi.org/10.1016/j.resp.2019.04.002
https://doi.org/10.1016/j.resp.2019.04.002
https://doi.org/10.1152/jappl.1996.81.1.355
https://doi.org/10.1152/japplphysiol.00209.2011
https://doi.org/10.1152/japplphysiol.00209.2011
https://doi.org/10.1249/MSS.0b013e31816a7188
https://doi.org/10.1249/MSS.0b013e31816a7188
https://doi.org/10.1017/s1355617700611116
https://doi.org/10.1016/j.bone.2014.06.029
https://doi.org/10.1016/j.bone.2014.06.029
https://doi.org/10.1242/jeb.105916
https://doi.org/10.1007/s00421-007-0639-9
https://doi.org/10.1007/s00421-007-0639-9
https://doi.org/10.1007/s004210100518
https://doi.org/10.1007/s004210100518
https://doi.org/10.1007/bf00374176
https://doi.org/10.1359/jbmr.2001.16.11.2132
https://doi.org/10.1359/jbmr.2001.16.11.2132
https://doi.org/10.1016/j.ejrad.2018.03.020
https://doi.org/10.1016/j.ejrad.2018.03.020
https://doi.org/10.1152/japplphysiol.00844.2007
https://doi.org/10.1182/blood.V94.6.1864
https://doi.org/10.1152/jappl.1989.66.4.1785
https://doi.org/10.1055/s-0042-107351
https://doi.org/10.1186/s12968-018-0455-x
https://doi.org/10.1186/s12968-018-0455-x
https://doi.org/10.1183/09031936.00118807
https://doi.org/10.1007/s00421-019-04235-1
https://doi.org/10.1007/s00421-019-04235-1
https://doi.org/10.1007/s00421-019-04230-6
https://doi.org/10.1007/s00421-020-04565-5
https://doi.org/10.1007/s00421-020-04565-5
https://doi.org/10.1113/ep088404
https://doi.org/10.1016/j.resp.2012.05.007
https://doi.org/10.1016/j.resp.2012.05.007
https://doi.org/10.1111/j.1600-0838.2011.01391.x
https://doi.org/10.1111/j.1600-0838.2011.01391.x
https://doi.org/10.1152/japplphysiol.00055.2001
https://doi.org/10.1016/j.resp.2016.10.002
https://doi.org/10.1016/j.resp.2016.10.002
https://doi.org/10.14198/jhse.2017.123.03
https://doi.org/10.1016/j.resp.2018.07.013
https://doi.org/10.1016/j.resp.2018.07.013
https://doi.org/10.1007/s004210000377
https://doi.org/10.1152/jappl.1991.70.2.794
https://doi.org/10.1152/jappl.1991.70.2.794
https://doi.org/10.1007/s11332-012-0112-y
https://doi.org/10.1152/jappl.1997.83.4.1282


	 European Journal of Applied Physiology

1 3

Foster GE, Sheel AW (2005) The human diving response, its function, 
and its control. Scand J Med Sci Sports 15:3–12. https://​doi.​org/​
10.​1111/j.​1600-​0838.​2005.​00440.x

Franceschi F et al (2009) Peripheral plasma adenosine release in 
patients with chronic heart failure. Heart 95:651–655. https://​
doi.​org/​10.​1136/​hrt.​2008.​155242

Fredén K, Lundborg P, Vilén L, Kutti J (1978) The peripheral platelet 
count in response to adrenergic alpha-and beta-1-receptor stimu-
lation. Scand J Haematol 21:427–432. https://​doi.​org/​10.​1111/j.​
1600-​0609.​1978.​tb003​90.x

Gardner WN (1996) The pathophysiology of hyperventilation disor-
ders. Chest 109:516–534. https://​doi.​org/​10.​1378/​chest.​109.2.​
516

Ge RL et al (2002) Determinants of erythropoietin release in response 
to short-term hypobaric hypoxia. J Appl Physiol (1985) 92:2361–
2367. https://​doi.​org/​10.​1152/​jappl​physi​ol.​00684.​2001

Geraghty EM, Boone JM, McGahan JP, Jain K (2004) Normal organ 
volume assessment from abdominal CT. Abdom Imaging 
29:482–490. https://​doi.​org/​10.​1007/​s00261-​003-​0139-2

Ghiani G et al (2016) Diving response after a one-week diet and over-
night fasting. J Int Soc Sports Nutr 13:23. https://​doi.​org/​10.​
1186/​s12970-​016-​0134-y

Gillette-Guyonnet S, Andrieu S, Nourhashemi F, Cantet C, Grandjean 
H, Vellas B (2003) Comparison of bone mineral density and 
body composition measurements in women obtained from two 
DXA instruments. Mech Ageing Dev 124:317–321. https://​doi.​
org/​10.​1016/​s0047-​6374(02)​00199-9

Godfrey S, Edwards RH, Warrell DA (1969) The influence of lung 
shrinkage on breath holding time Q J Exp Physiol Cogn. Med Sci 
54:129–140. https://​doi.​org/​10.​1113/​expph​ysiol.​1969.​sp002​012

Gooden BA (1994) Mechanism of the human diving response. Integr 
Physiol Behav Sci 29:6–16. https://​doi.​org/​10.​1007/​bf026​91277

Grassi B et al (1994) Ventilatory responses to hypercapnia and hypoxia 
in elite breath-hold divers. Respir Physiol 97:323–332. https://​
doi.​org/​10.​1016/​0034-​5687(94)​90068-x

Gren M et al (2016) Blood biomarkers indicate mild neuroaxonal injury 
and increased amyloid β production after transient hypoxia dur-
ing breath-hold diving. Brain Inj 30:1226–1230. https://​doi.​org/​
10.​1080/​02699​052.​2016.​11797​92

Gustafsson T, Sundberg CJ (2000) Expression of angiogenic growth 
factors in human skeletal muscle in response to a singular bout 
of exercise. Am J Physiol Heart Circ Physiol 279:H3144-3145. 
https://​doi.​org/​10.​1152/​ajphe​art.​2000.​279.6.​H3146

Haase VH (2010) Hypoxic regulation of erythropoiesis and iron metab-
olism. Am J Physiol Renal Physiol 299:F1-13. https://​doi.​org/​10.​
1152/​ajpre​nal.​00174.​2010

Haase VH (2013) Regulation of erythropoiesis by hypoxia-inducible 
factors. Blood Rev 27:41–53. https://​doi.​org/​10.​1016/j.​blre.​2012.​
12.​003

Hart NH, Nimphius S, Rantalainen T, Ireland A, Siafarikas A, New-
ton RU (2017) Mechanical basis of bone strength: influence of 
bone material, bone structure and muscle action. J Musculoskelet 
Neuronal Interact 17:114–139

Hayashi N, Ishihara M, Tanaka A, Osumi T, Yoshida T (1997) Face 
immersion increases vagal activity as assessed by heart rate vari-
ability. Eur J Appl Physiol Occup Physiol 76:394–399. https://​
doi.​org/​10.​1007/​s0042​10050​267

Heistad DD, Abbound FM, Eckstein JW (1968) Vasoconstrictor 
response to simulated diving in man. J Appl Physiol 25:542–549. 
https://​doi.​org/​10.​1152/​jappl.​1968.​25.5.​542

Heusser K et al (2009) Cardiovascular regulation during apnea in elite 
divers. Hypertension 53:719–724. https://​doi.​org/​10.​1161/​hyper​
tensi​onaha.​108.​127530

Hoiland RL et al (2017) β(1)-Blockade increases maximal apnea dura-
tion in elite breath-hold divers. J Appl Physiol (1985) 122:899–
906. https://​doi.​org/​10.​1152/​jappl​physi​ol.​00127.​2016

Holland RA, Forster RE (1966) The effect of size of red cells on the 
kinetics of their oxygen uptake. J Gen Physiol 49:727–742. 
https://​doi.​org/​10.​1085/​jgp.​49.4.​727

Hong SK et al (1991) Daily diving pattern of Korean and Japanese 
breath-hold divers (ama). Undersea Biomed Res 18:433–443

Hong SK, Rahn H, Kang DH, Song SH, Kang BS (1963) Diving pat-
tern, lung volumes, and alveolar gas of the Korean diving woman 
(ama). J Appl Physiol (1985) 18:457–465. https://​doi.​org/​10.​
1152/​jappl.​1963.​18.3.​457

Hoppeler H, Vogt M (2001) Muscle tissue adaptations to hypoxia. J 
Exp Biol 204:3133–3139

Horan F (2009) Gray’s Anatomy: the anatomical basis of clinical prac-
tice, 40th edn. Churchill Livingstone/Elsevier

Hornbein TF, Townes BD, Schoene RB, Sutton JR, Houston CS (1989) 
The cost to the central nervous system of climbing to extremely 
high altitude. N Engl J Med 321:1714–1719. https://​doi.​org/​10.​
1056/​nejm1​98912​21321​2505

Hurford WE, Hong SK, Park YS, Ahn DW, Shiraki K, Mohri M, Zapol 
WM (1990) Splenic contraction during breath-hold diving in the 
Korean ama. J Appl Physiol (1985) 69:932–936. https://​doi.​org/​
10.​1152/​jappl.​1990.​69.3.​932

Hwang H, Bae J, Hwang S, Park H, Kim I (2006) Effects of breath-hold 
diving on bone mineral density of women divers. Joint Bone 
Spine 73:419–423. https://​doi.​org/​10.​1016/j.​jbspin.​2005.​07.​005

Ilardo MA et al (2018) Physiological and genetic adaptations to diving 
in sea nomads. Cell 173:569-580.e515. https://​doi.​org/​10.​1016/j.​
cell.​2018.​03.​054

Jacobs I, Esbjörnsson M, Sylvén C, Holm I, Jansson E (1987) Sprint 
training effects on muscle myoglobin, enzymes, fiber types, and 
blood lactate. Med Sci Sports Exerc 19:368–374

Jelkmann W (2011) Regulation of erythropoietin production. J Physiol 
589:1251–1258. https://​doi.​org/​10.​1113/​jphys​iol.​2010.​195057

Johansson O, Schagatay E (2012) Lung-packing and stretching 
increases vital capacity in recreational freedivers. In: European 
Respiratory Society Annual Congress, Amsterdam, 2012

Joulia F, Steinberg JG, Wolff F, Gavarry O, Jammes Y (2002) 
Reduced oxidative stress and blood lactic acidosis in trained 
breath-hold human divers. Respir Physiol Neurobiol 133:121–
130. https://​doi.​org/​10.​1016/​s1569-​9048(02)​00133-7

Joulia F, Steinberg JG, Faucher M, Jamin T, Ulmer C, Kipson N, 
Jammes Y (2003) Breath-hold training of humans reduces oxi-
dative stress and blood acidosis after static and dynamic apnea. 
Respir Physiol Neurobiol 137:19–27. https://​doi.​org/​10.​1016/​
s1569-​9048(03)​00110-1

Joulia F, Lemaitre F, Fontanari P, Mille ML, Barthelemy P (2009) 
Circulatory effects of apnoea in elite breath-hold divers. Acta 
Physiol (Oxf) 197:75–82. https://​doi.​org/​10.​1111/j.​1748-​1716.​
2009.​01982.x

Joulia F et al (2015) Ischaemia-modified albumin during experimen-
tal apnoea. Can J Physiol Pharmacol 93:421–426. https://​doi.​
org/​10.​1139/​cjpp-​2014-​0538

Kamga C, Krishnamurthy S, Shiva S (2012) Myoglobin and mito-
chondria: a relationship bound by oxygen and nitric oxide. 
Nitric Oxide 26:251–258. https://​doi.​org/​10.​1016/j.​niox.​2012.​
03.​005

Kanatous SB, Mammen PP (2010) Regulation of myoglobin expression 
J Exp Biol 213:2741–2747. https://​doi.​org/​10.​1242/​jeb.​041442

Kanatous SB, DiMichele LV, Cowan DF, Davis RW (1999) High aero-
bic capacities in the skeletal muscles of pinnipeds: adaptations 
to diving hypoxia. J Appl Physiol (1985) 86:1247–1256. https://​
doi.​org/​10.​1152/​jappl.​1999.​86.4.​1247

Kanatous SB, Davis RW, Watson R, Polasek L, Williams TM, Mathieu-
Costello O (2002) Aerobic capacities in the skeletal muscles 
of Weddell seals: key to longer dive durations? J Exp Biol 
205:3601–3608

https://doi.org/10.1111/j.1600-0838.2005.00440.x
https://doi.org/10.1111/j.1600-0838.2005.00440.x
https://doi.org/10.1136/hrt.2008.155242
https://doi.org/10.1136/hrt.2008.155242
https://doi.org/10.1111/j.1600-0609.1978.tb00390.x
https://doi.org/10.1111/j.1600-0609.1978.tb00390.x
https://doi.org/10.1378/chest.109.2.516
https://doi.org/10.1378/chest.109.2.516
https://doi.org/10.1152/japplphysiol.00684.2001
https://doi.org/10.1007/s00261-003-0139-2
https://doi.org/10.1186/s12970-016-0134-y
https://doi.org/10.1186/s12970-016-0134-y
https://doi.org/10.1016/s0047-6374(02)00199-9
https://doi.org/10.1016/s0047-6374(02)00199-9
https://doi.org/10.1113/expphysiol.1969.sp002012
https://doi.org/10.1007/bf02691277
https://doi.org/10.1016/0034-5687(94)90068-x
https://doi.org/10.1016/0034-5687(94)90068-x
https://doi.org/10.1080/02699052.2016.1179792
https://doi.org/10.1080/02699052.2016.1179792
https://doi.org/10.1152/ajpheart.2000.279.6.H3146
https://doi.org/10.1152/ajprenal.00174.2010
https://doi.org/10.1152/ajprenal.00174.2010
https://doi.org/10.1016/j.blre.2012.12.003
https://doi.org/10.1016/j.blre.2012.12.003
https://doi.org/10.1007/s004210050267
https://doi.org/10.1007/s004210050267
https://doi.org/10.1152/jappl.1968.25.5.542
https://doi.org/10.1161/hypertensionaha.108.127530
https://doi.org/10.1161/hypertensionaha.108.127530
https://doi.org/10.1152/japplphysiol.00127.2016
https://doi.org/10.1085/jgp.49.4.727
https://doi.org/10.1152/jappl.1963.18.3.457
https://doi.org/10.1152/jappl.1963.18.3.457
https://doi.org/10.1056/nejm198912213212505
https://doi.org/10.1056/nejm198912213212505
https://doi.org/10.1152/jappl.1990.69.3.932
https://doi.org/10.1152/jappl.1990.69.3.932
https://doi.org/10.1016/j.jbspin.2005.07.005
https://doi.org/10.1016/j.cell.2018.03.054
https://doi.org/10.1016/j.cell.2018.03.054
https://doi.org/10.1113/jphysiol.2010.195057
https://doi.org/10.1016/s1569-9048(02)00133-7
https://doi.org/10.1016/s1569-9048(03)00110-1
https://doi.org/10.1016/s1569-9048(03)00110-1
https://doi.org/10.1111/j.1748-1716.2009.01982.x
https://doi.org/10.1111/j.1748-1716.2009.01982.x
https://doi.org/10.1139/cjpp-2014-0538
https://doi.org/10.1139/cjpp-2014-0538
https://doi.org/10.1016/j.niox.2012.03.005
https://doi.org/10.1016/j.niox.2012.03.005
https://doi.org/10.1242/jeb.041442
https://doi.org/10.1152/jappl.1999.86.4.1247
https://doi.org/10.1152/jappl.1999.86.4.1247


European Journal of Applied Physiology	

1 3

Kanatous SB et al (2008) The ontogeny of aerobic and diving capacity 
in the skeletal muscles of Weddell seals. J Exp Biol 211:2559–
2565. https://​doi.​org/​10.​1242/​jeb.​018119

Kanatous SB et al (2009) Hypoxia reprograms calcium signaling and 
regulates myoglobin expression. Am J Physiol Cell Physiol 
296:C393-402. https://​doi.​org/​10.​1152/​ajpce​ll.​00428.​2008

Kang BS, Song SH, Suh CS, Hong SK (1963) Changes in body temper-
ature and basal metabolic rate of the ama. J Appl Physiol (1985) 
18(3):483–488. https://​doi.​org/​10.​1152/​jappl.​1963.​18.3.​483

Kanis JA (1994) Assessment of fracture risk and its application to 
screening for postmenopausal osteoporosis: synopsis of a WHO 
report. WHO Study Group Osteoporos Int 4:368–381. https://​doi.​
org/​10.​1007/​bf016​22200

Karaguzel G, Holick MF (2010) Diagnosis and treatment of osteopenia. 
Rev Endocr Metab Disord 11:237–251. https://​doi.​org/​10.​1007/​
s11154-​010-​9154-0

Kaur C, Ling EA (2008) Blood brain barrier in hypoxic-ischemic con-
ditions. Curr Neurovasc Res 5:71–81. https://​doi.​org/​10.​2174/​
15672​02087​83565​645

Kjeld T, Jattu T, Nielsen HB, Goetze JP, Secher NH, Olsen NV (2015) 
Release of erythropoietin and neuron-specific enolase after 
breath holding in competing free divers. Scand J Med Sci Sports 
25:e253–e257. https://​doi.​org/​10.​1111/​sms.​12309

Kjeld T, Pott FC, Secher NH (2009) Facial immersion in cold water 
enhances cerebral blood velocity during breath-hold exercise in 
humans. J Appl Physiol (1985) 106(4):1243–1248. https://​10.​
1152/​jappl​physi​ol.​90370.​2008

Kjeld T et al (2018) Oxygen conserving mitochondrial adaptations 
in the skeletal muscles of breath hold divers. PLoS ONE 
13:e0201401. https://​doi.​org/​10.​1371/​journ​al.​pone.​02014​01

Kling JM, Clarke BL, Sandhu NP (2014) Osteoporosis prevention, 
screening, and treatment: a review. J Womens Health (Larchmt) 
23:563–572. https://​doi.​org/​10.​1089/​jwh.​2013.​4611

Knaupp W, Khilnani S, Sherwood J, Scharf S, Steinberg H (1992) 
Erythropoietin response to acute normobaric hypoxia in humans. 
J Appl Physiol 73:837–840. https://​doi.​org/​10.​1152/​jappl.​1992.​
73.3.​837

Kohshi K, Tamaki H, Lemaître F, Okudera T, Ishitake T, Denoble PJ 
(2014) Brain damage in commercial breath-hold divers. PLoS 
ONE 9:e105006. https://​doi.​org/​10.​1371/​journ​al.​pone.​01050​06

Kon M et al (2014) Effects of systemic hypoxia on human muscular 
adaptations to resistance exercise training. Physiol Rep. https://​
doi.​org/​10.​14814/​phy2.​12033

Kooyman GL, Ponganis PJ (1998) The physiological basis of diving to 
depth: birds and mammals. Annu Rev Physiol 60:19–32. https://​
doi.​org/​10.​1146/​annur​ev.​physi​ol.​60.1.​19

Kutti J, Fredén K, Melberg PE, Lundborg P (1977) The exchangeable 
splenic platelet pool in response to selective adrenergic beta-i-
receptor blockade. Br J Haematol 37:277–282. https://​doi.​org/​
10.​1111/j.​1365-​2141.​1977.​tb068​44.x

Kyhl K et al (2016) Organ perfusion during voluntary pulmonary 
hyperinflation; a magnetic resonance imaging study. Am J Phys-
iol Heart Circ Physiol 310:H444-451. https://​doi.​org/​10.​1152/​
ajphe​art.​00739.​2015

Landsberg PG (1975) Bradycardia during human diving. S Afr Med 
J 49:626–630

Lanyon LE, Rubin CT (1984) Static vs dynamic loads as an influence 
on bone remodelling. J Biomech 17:897–905. https://​doi.​org/​10.​
1016/​0021-​9290(84)​90003-4

Laub M, Hvid-Jacobsen K, Hovind P, Kanstrup IL, Christensen NJ, 
Nielsen SL (1993) Spleen emptying and venous hematocrit in 
humans during exercise. J Appl Physiol (1985) 74:1024–1026. 
https://​doi.​org/​10.​1152/​jappl.​1993.​74.3.​1024

Lee YW, Kim HJ, Cho YH, Shin HB, Choi TY, Lee YK (2007) Appli-
cation of albumin-adjusted ischemia modified albumin index as 

an early screening marker for acute coronary syndrome. Clin 
Chim Acta 384:24–27. https://​doi.​org/​10.​1016/j.​cca.​2007.​05.​003

Lemaître F, Buchheit M, Joulia F, Fontanari P, Tourny-Chollet C 
(2008) Static apnea effect on heart rate and its variability in elite 
breath-hold divers. Aviat Space Environ Med 79:99–104. https://​
doi.​org/​10.​3357/​asem.​2142.​2008

Lemaître F, Clua E, Andréani B, Castres I, Chollet D (2010) Ventila-
tory function in breath-hold divers: effect of glossopharyngeal 
insufflation. Eur J Appl Physiol 108:741–747. https://​doi.​org/​10.​
1007/​s00421-​009-​1277-1

Lemaître F et al (2014) Doppler detection in Ama divers of Japan. 
Wilderness Environ Med 25:258–262. https://​doi.​org/​10.​1016/j.​
wem.​2014.​02.​002

Lemaitre F, Fahlman A, Gardette B, Kohshi K (2009) Decompression 
sickness in breath-hold divers: a review. J Sports Sci 27:1519–
1534. https://​doi.​org/​10.​1080/​02640​41090​31213​51

Lemaitre F, Chowdhury T, Schaller B (2015) The trigeminocardiac 
reflex—a comparison with the diving reflex in humans. Arch 
Med Sci 11:419–426. https://​doi.​org/​10.​5114/​aoms.​2015.​50974

Li C, Jackson RM (2002) Reactive species mechanisms of cellu-
lar hypoxia-reoxygenation injury. Am J Physiol Cell Physiol 
282:C227-241. https://​doi.​org/​10.​1152/​ajpce​ll.​00112.​2001

Lin YC (1982) Breath-hold diving in terrestrial mammals. Exerc Sport 
Sci Rev 10:270–307

Lindholm P, Nyrén S (2005) Studies on inspiratory and expiratory 
glossopharyngeal breathing in breath-hold divers employing 
magnetic resonance imaging and spirometry. Eur J Appl Physiol 
94:646–651. https://​doi.​org/​10.​1007/​s00421-​005-​1358-8

Lindholm P, Lundgren CE (2009) The physiology and pathophysiology 
of human breath-hold diving. J Appl Physiol (1985) 106:284–
292. https://​doi.​org/​10.​1152/​jappl​physi​ol.​90991.​2008

Lindholm P, Conniff M, Gennser M, Pendergast D, Lundgren C (2007) 
Effects of fasting and carbohydrate consumption on voluntary 
resting apnea duration. Eur J Appl Physiol 100:417–425. https://​
doi.​org/​10.​1007/​s00421-​007-​0442-7

Lochhead JJ, McCaffrey G, Quigley CE, Finch J, DeMarco KM, 
Nametz N, Davis TP (2010) Oxidative stress increases blood-
brain barrier permeability and induces alterations in occludin 
during hypoxia-reoxygenation. J Cereb Blood Flow Metab 
30:1625–1636. https://​doi.​org/​10.​1038/​jcbfm.​2010.​29

Loring SH, O’Donnell CR, Butler JP, Lindholm P, Jacobson F, Fer-
rigno M (2007) Transpulmonary pressures and lung mechan-
ics with glossopharyngeal insufflation and exsufflation beyond 
normal lung volumes in competitive breath-hold divers. J Appl 
Physiol (1985) 102:841–846. https://​doi.​org/​10.​1152/​jappl​
physi​ol.​00749.​2006

Lu Y, Genant HK, Shepherd J, Zhao S, Mathur A, Fuerst TP, Cum-
mings SR (2001) Classification of osteoporosis based on bone 
mineral densities. J Bone Miner Res 16:901–910. https://​doi.​
org/​10.​1359/​jbmr.​2001.​16.5.​901

Lundby C, Thomsen JJ, Boushel R, Koskolou M, Warberg J, Cal-
bet JAL, Robach P (2007) Erythropoietin treatment elevates 
haemoglobin concentration by increasing red cell volume and 
depressing plasma volume. J Physiol 578:309–314. https://​doi.​
org/​10.​1113/​jphys​iol.​2006.​122689

Marlinge M et al (2019) Physiological stress markers during breath-
hold diving and SCUBA diving. Physiol Rep 7:e14033. https://​
doi.​org/​10.​14814/​phy2.​14033

Masuda K, Choi JY, Shimojo H, Katsuta S (1999) Maintenance of 
myoglobin concentration in human skeletal muscle after heavy 
resistance training. Eur J Appl Physiol Occup Physiol 79:347–
352. https://​doi.​org/​10.​1007/​s0042​10050​519

Matsuo R, Kamouchi M, Arakawa S, Furuta Y, Kanazawa Y, Kita-
zono T (2014) Magnetic resonance imaging in breath-hold 
divers with cerebral decompression sickness. Case Rep Neurol 
6:23–27. https://​doi.​org/​10.​1159/​00035​7169

https://doi.org/10.1242/jeb.018119
https://doi.org/10.1152/ajpcell.00428.2008
https://doi.org/10.1152/jappl.1963.18.3.483
https://doi.org/10.1007/bf01622200
https://doi.org/10.1007/bf01622200
https://doi.org/10.1007/s11154-010-9154-0
https://doi.org/10.1007/s11154-010-9154-0
https://doi.org/10.2174/156720208783565645
https://doi.org/10.2174/156720208783565645
https://doi.org/10.1111/sms.12309
https://doi.org/10.1152/japplphysiol.90370.2008
https://doi.org/10.1152/japplphysiol.90370.2008
https://doi.org/10.1371/journal.pone.0201401
https://doi.org/10.1089/jwh.2013.4611
https://doi.org/10.1152/jappl.1992.73.3.837
https://doi.org/10.1152/jappl.1992.73.3.837
https://doi.org/10.1371/journal.pone.0105006
https://doi.org/10.14814/phy2.12033
https://doi.org/10.14814/phy2.12033
https://doi.org/10.1146/annurev.physiol.60.1.19
https://doi.org/10.1146/annurev.physiol.60.1.19
https://doi.org/10.1111/j.1365-2141.1977.tb06844.x
https://doi.org/10.1111/j.1365-2141.1977.tb06844.x
https://doi.org/10.1152/ajpheart.00739.2015
https://doi.org/10.1152/ajpheart.00739.2015
https://doi.org/10.1016/0021-9290(84)90003-4
https://doi.org/10.1016/0021-9290(84)90003-4
https://doi.org/10.1152/jappl.1993.74.3.1024
https://doi.org/10.1016/j.cca.2007.05.003
https://doi.org/10.3357/asem.2142.2008
https://doi.org/10.3357/asem.2142.2008
https://doi.org/10.1007/s00421-009-1277-1
https://doi.org/10.1007/s00421-009-1277-1
https://doi.org/10.1016/j.wem.2014.02.002
https://doi.org/10.1016/j.wem.2014.02.002
https://doi.org/10.1080/02640410903121351
https://doi.org/10.5114/aoms.2015.50974
https://doi.org/10.1152/ajpcell.00112.2001
https://doi.org/10.1007/s00421-005-1358-8
https://doi.org/10.1152/japplphysiol.90991.2008
https://doi.org/10.1007/s00421-007-0442-7
https://doi.org/10.1007/s00421-007-0442-7
https://doi.org/10.1038/jcbfm.2010.29
https://doi.org/10.1152/japplphysiol.00749.2006
https://doi.org/10.1152/japplphysiol.00749.2006
https://doi.org/10.1359/jbmr.2001.16.5.901
https://doi.org/10.1359/jbmr.2001.16.5.901
https://doi.org/10.1113/jphysiol.2006.122689
https://doi.org/10.1113/jphysiol.2006.122689
https://doi.org/10.14814/phy2.14033
https://doi.org/10.14814/phy2.14033
https://doi.org/10.1007/s004210050519
https://doi.org/10.1159/000357169


	 European Journal of Applied Physiology

1 3

McGuire BJ, Secomb TW (2003) Estimation of capillary density in 
human skeletal muscle based on maximal oxygen consump-
tion rates. Am J Physiol Heart Circ Physiol 285:H2382-2391. 
https://​doi.​org/​10.​1152/​ajphe​art.​00559.​2003

Mebius RE, Kraal G (2005) Structure and function of the spleen. 
Nat Rev Immunol 5:606–616. https://​doi.​org/​10.​1038/​nri16​69

Mijacika T, Dujic Z (2016) Sports-related lung injury during breath-
hold diving. Eur Respir Rev 25:506–512. https://​doi.​org/​10.​
1183/​16000​617.​0052-​2016

Mithoefer JC (1959) Lung volume restriction as a ventilatory stimu-
lus during breath holding. J Appl Physiol 14:701–705. https://​
doi.​org/​10.​1152/​jappl.​1959.​14.5.​701

Mithoefer JC (1965) Breath holding. In: Fenn WO, Rahn H (eds) 
Handbook of physiology, 2nd edn. American Physiological 
Society, pp 1011–1025

Moir ME et al (2019) Impaired dynamic cerebral autoregulation in 
trained breath-hold divers. J Appl Physiol (1985) 126:1694–
1700. https://​doi.​org/​10.​1152/​jappl​physi​ol.​00210.​2019

Moore LG, Zamudio S, Zhuang J, Droma T, Shohet RV (2002) Anal-
ysis of the myoglobin gene in Tibetans living at high altitude. 
High Alt Med Biol 3:39–47. https://​doi.​org/​10.​1089/​15270​
29027​53639​531

Mrakic-Sposta S et al (2019) Oxidative stress assessment in breath-
hold diving. Eur J Appl Physiol 119:2449–2456. https://​doi.​
org/​10.​1007/​s00421-​019-​04224-4

Muth CM et al (2003) Arterial blood gases during diving in elite 
apnea divers. Int J Sports Med 24:104–107. https://​doi.​org/​
10.​1055/s-​2003-​38401

Muxworthy JF (1951) Breath holding studies: relationship to lung 
volume. Wright-Patterson Air Force Base

Neder JA, Andreoni S, Lerario MC, Nery LE (1999) Reference val-
ues for lung function tests. II. Maximal respiratory pressures 
and voluntary ventilation. Braz J Med Biol Res 32:719–727. 
https://​doi.​org/​10.​1590/​s0100-​879x1​99900​06000​07

Nygren-Bonnier M, Lindholm P, Markström A, Skedinger M, Matts-
son E, Klefbeck B (2007) Effects of glossopharyngeal piston-
ing for lung insufflation on vital capacity in healthy women. 
Am J Phys Med Rehabil 86:290–294. https://​doi.​org/​10.​1097/​
PHM.​0b013​e3180​383367

Oh YJ, Jung JY, Kim SS, Chae KS, Rhu J, Lee C (2017) The asso-
ciation of kidney function with repetitive breath-hold diving 
activities of female divers from Korea. Haenyeo BMC Nephrol 
18:75. https://​doi.​org/​10.​1186/​s12882-​017-​0481-1

Olsson LB, Kutti J, Lundborg P, Fredén K (1976) The peripheral 
platelet count in response to intravenous infusion of isoprena-
line. Scand J Haematol 17:213–216. https://​doi.​org/​10.​1111/j.​
1600-​0609.​1976.​tb011​77.x

Osei-Bimpong A, McLean R, Bhonda E, Lewis SM (2012) The use of 
the white cell count and haemoglobin in combination as an effec-
tive screen to predict the normality of the full blood count. Int 
J Lab Hematol 34:91–97. https://​doi.​org/​10.​1111/j.​1751-​553X.​
2011.​01365.x

Otto JM, Montgomery HE, Richards T (2013) Haemoglobin concen-
tration and mass as determinants of exercise performance and of 
surgical outcome. Extrem Physiol Med 2:33. https://​doi.​org/​10.​
1186/​2046-​7648-2-​33

Otto JM et al (2017) Hemoglobin concentration, total hemoglobin 
mass and plasma volume in patients: implications for anemia. 
Haematologica 102:1477–1485. https://​doi.​org/​10.​3324/​haema​
tol.​2017.​169680

Overgaard K, Friis S, Pedersen RB, Lykkeboe G (2006) Influence 
of lung volume, glossopharyngeal inhalation and P(ET) O2 
and P(ET) CO2 on apnea performance in trained breath-hold 
divers. Eur J Appl Physiol 97:158–164. https://​doi.​org/​10.​1007/​
s00421-​006-​0156-2

Palada I, Obad A, Bakovic D, Valic Z, Ivancev V, Dujic Z (2007) 
Cerebral and peripheral hemodynamics and oxygenation during 
maximal dry breath-holds. Respir Physiol Neurobiol 157:374–
381. https://​doi.​org/​10.​1016/j.​resp.​2007.​02.​002

Palada I et al (2008) Restoration of hemodynamics in apnea strug-
gle phase in association with involuntary breathing movements. 
Respir Physiol Neurobiol 161:174–181. https://​doi.​org/​10.​1016/j.​
resp.​2008.​01.​008

Park JB, Kim HJ, Kim JC, Lutan R, Kim CK (2005) Muscle character-
istics in career breath-hold divers: effect of water temperature. 
Aviat Space Environ Med 76:1123–1127

Park SB et al (2016) Prevalence and incidence of osteoporosis and 
osteoporotic vertebral fracture in Korea: nationwide epidemio-
logical study focusing on differences in socioeconomic status. 
Spine (Phila Pa 1976) 41:328–336. https://​doi.​org/​10.​1097/​brs.​
00000​00000​001291

Patrician A, Schagatay E (2017) Dietary nitrate enhances arterial 
oxygen saturation after dynamic apnea. Scand J Med Sci Sports 
27:622–626. https://​doi.​org/​10.​1111/​sms.​12684

Paulev PE et al (1990) Facial cold receptors and the survival reflex 
“diving bradycardia” in man. Jpn J Physiol 40:701–712. https://​
doi.​org/​10.​2170/​jjphy​siol.​40.​701

Perini R, Tironi A, Gheza A, Butti F, Moia C, Ferretti G (2008) Heart 
rate and blood pressure time courses during prolonged dry 
apnoea in breath-hold divers. Eur J Appl Physiol 104:1–7. https://​
doi.​org/​10.​1007/​s00421-​008-​0771-1

Polasek LK, Davis RW (2001) Heterogeneity of myoglobin distribu-
tion in the locomotory muscles of five cetacean species. J Exp 
Biol 204:209–215

Ponganis PJ (2011) Diving mammals. Compr Physiol 1:447–465. 
https://​doi.​org/​10.​1002/​cphy.​c0910​03

Ponganis PJ, Welch TJ, Welch LS, Stockard TK (2010) Myoglobin pro-
duction in emperor penguins. J Exp Biol 213:1901–1906. https://​
doi.​org/​10.​1242/​jeb.​042093

Postnikova GB, Shekhovtsova EA (2013) Effect of artificial and natural 
phospholipid membranes on rate of sperm whale oxymyoglobin 
autooxidation. Biochemistry (Mosc) 78:267–272. https://​doi.​org/​
10.​1134/​s0006​29791​30300​85

Potkin RT, Uzsler JM (2006) Brain function imaging in asymptomatic 
elite breath-hold divers. In: Lindholm P, Pollock NW, Lundgren 
CEG (eds) Proceedings of the Undersea and Hyperbaric Medi-
cine/Divers Alert Network., Durham, NC, 2006, pp 135–136

Prassopoulos P, Daskalogiannaki M, Raissaki M, Hatjidakis A, 
Gourtsoyiannis N (1997) Determination of normal splenic 
volume on computed tomography in relation to age, gender 
and body habitus. Eur Radiol 7:246–248. https://​doi.​org/​10.​
1007/​s0033​00050​145

Prommer N, Ehrmann U, Schmidt W, Steinacker JM, Radermacher P, 
Muth CM (2007) Total haemoglobin mass and spleen contrac-
tion: a study on competitive apnea divers, non-diving athletes 
and untrained control subjects. Eur J Appl Physiol 101:753–
759. https://​doi.​org/​10.​1007/​s00421-​007-​0556-y

Puspitaningrum R, Humairrah A, Susianti Y, Zahra M, Khairunnisa 
A, Wohor EC (2019) Palgunadi P Blood gas analysis of Bajau 
tribe (Sea Nomads) divers in Kera Island, Kupang, Indonesia. 
In: 4th Annual Applied Science and Engineering Conference 
(AASEC), Bali, Indonesia, 2019.

Qvist J et al (1985) (1993) Arterial blood gas tensions during breath-
hold diving in the Korean ama. J Appl Physiol 75:285–293. 
https://​doi.​org/​10.​1152/​jappl.​1993.​75.1.​285

Ratmanova P, Semenyuk R, Popov D, Kuznetsov S, Zelenkova I, 
Napalkov D, Vinogradova O (2016) Prolonged dry apnoea: 
effects on brain activity and physiological functions in breath-
hold divers and non-divers. Eur J Appl Physiol 116:1367–1377. 
https://​doi.​org/​10.​1007/​s00421-​016-​3390-2

https://doi.org/10.1152/ajpheart.00559.2003
https://doi.org/10.1038/nri1669
https://doi.org/10.1183/16000617.0052-2016
https://doi.org/10.1183/16000617.0052-2016
https://doi.org/10.1152/jappl.1959.14.5.701
https://doi.org/10.1152/jappl.1959.14.5.701
https://doi.org/10.1152/japplphysiol.00210.2019
https://doi.org/10.1089/152702902753639531
https://doi.org/10.1089/152702902753639531
https://doi.org/10.1007/s00421-019-04224-4
https://doi.org/10.1007/s00421-019-04224-4
https://doi.org/10.1055/s-2003-38401
https://doi.org/10.1055/s-2003-38401
https://doi.org/10.1590/s0100-879x1999000600007
https://doi.org/10.1097/PHM.0b013e3180383367
https://doi.org/10.1097/PHM.0b013e3180383367
https://doi.org/10.1186/s12882-017-0481-1
https://doi.org/10.1111/j.1600-0609.1976.tb01177.x
https://doi.org/10.1111/j.1600-0609.1976.tb01177.x
https://doi.org/10.1111/j.1751-553X.2011.01365.x
https://doi.org/10.1111/j.1751-553X.2011.01365.x
https://doi.org/10.1186/2046-7648-2-33
https://doi.org/10.1186/2046-7648-2-33
https://doi.org/10.3324/haematol.2017.169680
https://doi.org/10.3324/haematol.2017.169680
https://doi.org/10.1007/s00421-006-0156-2
https://doi.org/10.1007/s00421-006-0156-2
https://doi.org/10.1016/j.resp.2007.02.002
https://doi.org/10.1016/j.resp.2008.01.008
https://doi.org/10.1016/j.resp.2008.01.008
https://doi.org/10.1097/brs.0000000000001291
https://doi.org/10.1097/brs.0000000000001291
https://doi.org/10.1111/sms.12684
https://doi.org/10.2170/jjphysiol.40.701
https://doi.org/10.2170/jjphysiol.40.701
https://doi.org/10.1007/s00421-008-0771-1
https://doi.org/10.1007/s00421-008-0771-1
https://doi.org/10.1002/cphy.c091003
https://doi.org/10.1242/jeb.042093
https://doi.org/10.1242/jeb.042093
https://doi.org/10.1134/s0006297913030085
https://doi.org/10.1134/s0006297913030085
https://doi.org/10.1007/s003300050145
https://doi.org/10.1007/s003300050145
https://doi.org/10.1007/s00421-007-0556-y
https://doi.org/10.1152/jappl.1993.75.1.285
https://doi.org/10.1007/s00421-016-3390-2


European Journal of Applied Physiology	

1 3

Richardson RS, Poole DC, Knight DR, Wagner PD (1994) Red blood 
cell transit time in man: theoretical effects of capillary density. 
Adv Exp Med Biol 361:521–532. https://​doi.​org/​10.​1007/​978-
1-​4615-​1875-4_​91

Richardson M, de Bruijn R, Holmberg HC, Björklund G, Haughey H, 
Schagatay E (2005) Increase of hemoglobin concentration after 
maximal apneas in divers, skiers, and untrained humans. Can 
J Appl Physiol 30:276–281. https://​doi.​org/​10.​1139/​h05-​120

Richardson MX, de Bruijn R, Schagatay E (2009) Hypoxia augments 
apnea-induced increase in hemoglobin concentration and hem-
atocrit. Eur J Appl Physiol 105:63–68. https://​doi.​org/​10.​1007/​
s00421-​008-​0873-9

Richardson MX, Engan HK, Lodin-Sundström A, Schagatay E 
(2012) Effect of hypercapnia on spleen-related haemoglobin 
increase during apnea. Diving Hyperb Med 42:4–9

Ridgway L, McFarland K (2006) Apnea diving: long-term neuro-
cognitive sequelae of repeated hypoxemia. Clin Neuropsychol 
20:160–176. https://​doi.​org/​10.​1080/​13854​04059​09474​07

Rodarte JR, Noredin G, Miller C, Brusasco V, Pellegrino R (1999) 
Lung elastic recoil during breathing at increased lung volume. 
J Appl Physiol (1985) 87:1491–1495. https://​doi.​org/​10.​1152/​
jappl.​1999.​87.4.​1491

Rodríguez FA et al (2000) Erythropoietin acute reaction and haema-
tological adaptations to short, intermittent hypobaric hypoxia. 
Eur J Appl Physiol 82:170–177. https://​doi.​org/​10.​1007/​s0042​
10050​669

Roecker K, Metzger J, Scholz T, Tetzlaff K, Sorichter S, Walter-
spacher S (2014) Modified ventilatory response characteristics 
to exercise in breath-hold divers. Int J Sports Physiol Perform 
9:757–765. https://​doi.​org/​10.​1123/​ijspp.​2013-​0308

Rome LC, Loughna PT, Goldspink G (1984) Muscle fiber activity in 
carp as a function of swimming speed and muscle temperature. 
Am J Physiol 247:R272-279. https://​doi.​org/​10.​1152/​ajpre​gu.​
1984.​247.2.​R272

Rose GL, Cassidy SS, Johnson RL Jr (1979) Diffusing capacity at 
different lung volumes during breath holding and rebreathing. 
J Appl Physiol Respir Environ Exerc Physiol 47:32–36. https://​
doi.​org/​10.​1152/​jappl.​1979.​47.1.​32

Rousseau AS, Richer C, Richard MJ, Favier A, Margaritis I (2006) 
Plasma glutathione peroxidase activity as a potential indicator 
of hypoxic stress in breath-hold diving. Aviat Space Environ 
Med 77:551–555

Saarelainen J et al (2016) Cross-calibration of GE healthcare lunar 
prodigy and iDXA dual-energy x-ray densitometers for bone 
mineral measurements. J Osteoporos 2016:1424582. https://​
doi.​org/​10.​1155/​2016/​14245​82

Saltin B (1985) Hemodynamic adaptations to exercise. Am J Cardiol 
55:42d–47d. https://​doi.​org/​10.​1016/​0002-​9149(85)​91054-9

Schaefer KE, Allison RD, Dougherty JH Jr, Carey CR, Walker R, 
Yost F, Parker D (1968) Pulmonary and circulatory adjust-
ments determining the limits of depths in breathhold diving. 
Science 162:1020–1023. https://​doi.​org/​10.​1126/​scien​ce.​162.​
3857.​1020

Schagatay E (2011) Predicting performance in competitive apnea 
diving Part III: deep diving. Diving Hyperb Med 41:216–228

Schagatay E, Holm B (1996) Effects of water and ambient air tem-
peratures on human diving bradycardia. Eur J Appl Physiol 
Occup Physiol 73:1–6. https://​doi.​org/​10.​1007/​bf002​62802

Schagatay E, Lodin-Sundström A (2014) Fasting improves static 
apnea performance in elite divers without enhanced risk of 
syncope. Eur J Sport Sci 14(Suppl 1):S157-164. https://​doi.​
org/​10.​1080/​17461​391.​2012.​664172

Schagatay E, van Kampen M, Emanuelsson S, Holm B (2000) Effects 
of physical and apnea training on apneic time and the diving 
response in humans. Eur J Appl Physiol 82:161–169. https://​
doi.​org/​10.​1007/​s0042​10050​668

Schagatay E, Haughey H, Reimers J (2005) Speed of spleen volume 
changes evoked by serial apneas. Eur J Appl Physiol 93:447–
452. https://​doi.​org/​10.​1007/​s00421-​004-​1224-0

Schagatay E, Andersson JP, Nielsen B (2007) Hematological 
response and diving response during apnea and apnea with 
face immersion. Eur J Appl Physiol 101:125–132. https://​doi.​
org/​10.​1007/​s00421-​007-​0483-y

Schagatay E, Lodin-Sundström A, Abrahamsson E (2011) Underwa-
ter working times in two groups of traditional apnea divers in 
Asia: the Ama and the Bajau. Diving Hyperb Med 41:27–30

Schagatay E, Richardson MX, Lodin-Sundström A (2012) Size mat-
ters: spleen and lung volumes predict performance in human 
apneic divers. Front Physiol 3:173. https://​doi.​org/​10.​3389/​
fphys.​2012.​00173

Schipke JD, Tetzlaff K (2016) last word on viewpoint: wHY pre-
dominantly neurological decompression sickness in breath-
hold divers? J Appl Physiol (1985) 120:1483. https://​doi.​org/​
10.​1152/​jappl​physi​ol.​00285.​2016

Seccombe LM, Rogers PG, Mai N, Wong CK, Kritharides L, Jenkins 
CR (2006) Features of glossopharyngeal breathing in breath-
hold divers. J Appl Physiol (1985) 101:799–801. https://​doi.​
org/​10.​1152/​jappl​physi​ol.​00075.​2006

Seccombe LM, Jenkins CR, Rogers PG, Pearson MA, Peters MJ 
(2013) Evidence of respiratory system remodelling in a com-
petitive freediver. Eur Respir J 41:760–762. https://​doi.​org/​10.​
1183/​09031​936.​00176​412

Seo JY, Ha KY, Kim YH, Kim SC, Yoon EJ, Park HY (2018) Bone 
mineral density and osteoporotic vertebral fractures in tradi-
tional, unassisted, free-diving women (Haenyeos). J Korean 
Med Sci 33:e316. https://​doi.​org/​10.​3346/​jkms.​2018.​33.​e316

Shamsuzzaman A, Ackerman MJ, Kuniyoshi FS, Accurso V, Davi-
son D, Amin RS, Somers VK (2014) Sympathetic nerve activ-
ity and simulated diving in healthy humans. Auton Neurosci 
181:74–78. https://​doi.​org/​10.​1016/j.​autneu.​2013.​12.​001

Simpson G, Ferns J, Murat S (2003) Pulmonary effects of lung pack-
ing by buccal pumping in an elite breath-hold diver. Diving 
Hyperb Med 33:122–126

Spencer M, Okino H (1972) Venous gas emboli following repeated 
breath-hold dives. Fed Proc 31:355

Spielmann AL, DeLong DM, Kliewer MA (2005) Sonographic evalua-
tion of spleen size in tall healthy athletes. AJR Am J Roentgenol 
184:45–49. https://​doi.​org/​10.​2214/​ajr.​184.1.​01840​045

Steinback CD, Breskovic T, Banic I, Dujic Z, Shoemaker JK (2010) 
Autonomic and cardiovascular responses to chemoreflex stress 
in apnoea divers. Auton Neurosci 156:138–143. https://​doi.​org/​
10.​1016/j.​autneu.​2010.​05.​002

Steinberg F, Doppelmayr M (2019) Neurocognitive markers during 
prolonged breath-holding in freedivers: an event-related EEG 
Study. Front Physiol 10:69. https://​doi.​org/​10.​3389/​fphys.​2019.​
00069

Stembridge M et al (2017) Influence of lung volume on the interaction 
between cardiac output and cerebrovascular regulation during 
extreme apnoea. Exp Physiol 102:1288–1299. https://​doi.​org/​10.​
1113/​ep086​429

Sterba JA, Lundgren CE (1988) Breath-hold duration in man and the 
diving response induced by face immersion Undersea. Biomed 
Res 15:361–375

Stewart IB, McKenzie DC (2002) The human spleen during physi-
ological stress. Sports Med 32:361–369. https://​doi.​org/​10.​2165/​
00007​256-​20023​2060-​00002

Stewart IB, Bulmer AC, Sharman JE, Ridgway L (2005) Arterial oxy-
gen desaturation kinetics during apnea. Med Sci Sports Exerc 
37:1871–1876. https://​doi.​org/​10.​1249/​01.​mss.​00001​76305.​
51360.​7e

Sureda A, Batle JM, Tauler P, Aguiló A, Cases N, Tur JA, Pons A 
(2004a) Hypoxia/reoxygenation and vitamin C intake influence 

https://doi.org/10.1007/978-1-4615-1875-4_91
https://doi.org/10.1007/978-1-4615-1875-4_91
https://doi.org/10.1139/h05-120
https://doi.org/10.1007/s00421-008-0873-9
https://doi.org/10.1007/s00421-008-0873-9
https://doi.org/10.1080/13854040590947407
https://doi.org/10.1152/jappl.1999.87.4.1491
https://doi.org/10.1152/jappl.1999.87.4.1491
https://doi.org/10.1007/s004210050669
https://doi.org/10.1007/s004210050669
https://doi.org/10.1123/ijspp.2013-0308
https://doi.org/10.1152/ajpregu.1984.247.2.R272
https://doi.org/10.1152/ajpregu.1984.247.2.R272
https://doi.org/10.1152/jappl.1979.47.1.32
https://doi.org/10.1152/jappl.1979.47.1.32
https://doi.org/10.1155/2016/1424582
https://doi.org/10.1155/2016/1424582
https://doi.org/10.1016/0002-9149(85)91054-9
https://doi.org/10.1126/science.162.3857.1020
https://doi.org/10.1126/science.162.3857.1020
https://doi.org/10.1007/bf00262802
https://doi.org/10.1080/17461391.2012.664172
https://doi.org/10.1080/17461391.2012.664172
https://doi.org/10.1007/s004210050668
https://doi.org/10.1007/s004210050668
https://doi.org/10.1007/s00421-004-1224-0
https://doi.org/10.1007/s00421-007-0483-y
https://doi.org/10.1007/s00421-007-0483-y
https://doi.org/10.3389/fphys.2012.00173
https://doi.org/10.3389/fphys.2012.00173
https://doi.org/10.1152/japplphysiol.00285.2016
https://doi.org/10.1152/japplphysiol.00285.2016
https://doi.org/10.1152/japplphysiol.00075.2006
https://doi.org/10.1152/japplphysiol.00075.2006
https://doi.org/10.1183/09031936.00176412
https://doi.org/10.1183/09031936.00176412
https://doi.org/10.3346/jkms.2018.33.e316
https://doi.org/10.1016/j.autneu.2013.12.001
https://doi.org/10.2214/ajr.184.1.01840045
https://doi.org/10.1016/j.autneu.2010.05.002
https://doi.org/10.1016/j.autneu.2010.05.002
https://doi.org/10.3389/fphys.2019.00069
https://doi.org/10.3389/fphys.2019.00069
https://doi.org/10.1113/ep086429
https://doi.org/10.1113/ep086429
https://doi.org/10.2165/00007256-200232060-00002
https://doi.org/10.2165/00007256-200232060-00002
https://doi.org/10.1249/01.mss.0000176305.51360.7e
https://doi.org/10.1249/01.mss.0000176305.51360.7e


	 European Journal of Applied Physiology

1 3

NO synthesis and antioxidant defenses of neutrophils. Free Radic 
Biol Med 37:1744–1755. https://​doi.​org/​10.​1016/j.​freer​adbio​
med.​2004.​07.​033

Sureda A, Batle JM, Tauler P, Cases N, Aguiló A, Tur JA, Pons A 
(2004b) Neutrophil tolerance to oxidative stress induced by 
hypoxia/reoxygenation. Free Radic Res 38:1003–1009. https://​
doi.​org/​10.​1080/​10715​76040​00009​84

Sureda A, Batle JM, Tauler P, Ferrer MD, Tur JA, Pons A (2006) 
Vitamin C supplementation influences the antioxidant response 
and nitric oxide handling of erythrocytes and lymphocytes to 
diving apnea. Eur J Clin Nutr 60:838–846. https://​doi.​org/​10.​
1038/​sj.​ejcn.​16023​88

Sureda A, Batle JM, Tur JA, Pons A (2015) Competitive apnea diving 
sessions induces an adaptative antioxidant response in mononu-
cleated blood cells. J Physiol Biochem 71:373–380. https://​doi.​
org/​10.​1007/​s13105-​015-​0417-9

Suzuki J, Gao M, Ohinata H, Kuroshima A, Koyama T (1997) Chronic 
cold exposure stimulates microvascular remodeling preferentially 
in oxidative muscles in rats. Jpn J Physiol 47:513–520. https://​
doi.​org/​10.​2170/​jjphy​siol.​47.​513

Tanaka H, Tomoto T, Kosaki K, Sugawara J (2016) Arterial stiffness of 
lifelong Japanese female pearl divers. Am J Physiol Regul Integr 
Comp Physiol 310:R975-978. https://​doi.​org/​10.​1152/​ajpre​gu.​
00048.​2016

Terrados N, Jansson E, Sylvén C, Kaijser L (1990) Is hypoxia a stimu-
lus for synthesis of oxidative enzymes and myoglobin? J Appl 
Physiol (1985) 68:2369–2372. https://​doi.​org/​10.​1152/​jappl.​
1990.​68.6.​2369

Tesch PA, Wright JE (1983) Recovery from short term intense exercise: 
its relation to capillary supply and blood lactate concentration. 
Eur J Appl Physiol Occup Physiol 52:98–103. https://​doi.​org/​
10.​1007/​bf004​29033

Tesch P, Sharp DS, Daniels WL (1981) Influence of fiber type com-
position and capillary density on onset of blood lactate accumu-
lation. Int J Sports Med 1:252–255. https://​doi.​org/​10.​1055/s-​
2008-​10346​19

Tetzlaff K, Scholz T, Walterspacher S, Muth CM, Metzger J, Roe-
cker K, Sorichter S (2008) Characteristics of the respiratory 
mechanical and muscle function of competitive breath-hold 
divers. Eur J Appl Physiol 103:469–475. https://​doi.​org/​10.​1007/​
s00421-​008-​0731-9

Thelin EP, Nelson DW, Bellander BM (2017) A review of the clinical 
utility of serum S100B protein levels in the assessment of trau-
matic brain injury. Acta Neurochir (Wien) 159:209–225. https://​
doi.​org/​10.​1007/​s00701-​016-​3046-3

Theunissen S, Sponsiello N, Rozloznik M, Germonpré P, Guerrero 
F, Cialoni D, Balestra C (2013) Oxidative stress in breath-hold 
divers after repetitive dives. Diving Hyperb Med 43:63–66

Truszczyński O, Wojtkowiak M, Biernacki M, Kowalczuk K (2009) 
The effect of hypoxia on the critical flicker fusion threshold in 
pilots. Int J Occup Med Environ Health 22:13–18. https://​doi.​org/​
10.​2478/​v10001-​009-​0002-y

Vandegriff KD, Olson JS (1984) Morphological and physiological fac-
tors affecting oxygen uptake and release by red blood cells. J Biol 
Chem 259:12619–12627

Vestergaard MB, Larsson HB (2019) Cerebral metabolism and vascular 
reactivity during breath-hold and hypoxic challenge in freedivers 
and healthy controls. J Cereb Blood Flow Metab 39:834–848. 
https://​doi.​org/​10.​1177/​02716​78x17​737909

Walters TJ, Constable SH (1993) Intermittent cold exposure causes 
a muscle-specific shift in the fiber type composition in rats. J 
Appl Physiol (1985) 75:264–267. https://​doi.​org/​10.​1152/​jappl.​
1993.​75.1.​264

Walterspacher S, Scholz T, Tetzlaff K, Sorichter S (2011) Breath-hold 
diving: respiratory function on the longer term. Med Sci Sports 
Exerc 43(7):1214–1219. https://​doi.​org/​10.​1249/​MSS.​0b013​
e3182​0a4e0c

Whitelaw WA, McBride B, Ford GT (1987) Effect of lung volume on 
breath holding. J Appl Physiol (1985) 62:1962–1969. https://​doi.​
org/​10.​1152/​jappl.​1987.​62.5.​1962

Whittaker LA, Irvin CG (2007) Going to extremes of lung volume. J 
Appl Physiol (1985) 102:831–833. https://​doi.​org/​10.​1152/​jappl​
physi​ol.​01329.​2006

Willie CK et al (2015) Regulation of brain blood flow and oxygen 
delivery in elite breath-hold divers. J Cereb Blood Flow Metab 
35:66–73. https://​doi.​org/​10.​1038/​jcbfm.​2014.​170

Winslow RM et al (1985) (1989) Different hematologic responses 
to hypoxia in Sherpas and Quechua Indians. J Appl Physiol 
66:1561–1569. https://​doi.​org/​10.​1152/​jappl.​1989.​66.4.​1561

Zelenkova I, Chomahidze P (2016) Long-term effects of frequent 
maximal breath-holding on the cardiac health of elite freediv-
ers. Scand J Med Sci Sports 26:1283–1286. https://​doi.​org/​10.​
1111/​sms.​12580

Publisher’s Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1016/j.freeradbiomed.2004.07.033
https://doi.org/10.1016/j.freeradbiomed.2004.07.033
https://doi.org/10.1080/10715760400000984
https://doi.org/10.1080/10715760400000984
https://doi.org/10.1038/sj.ejcn.1602388
https://doi.org/10.1038/sj.ejcn.1602388
https://doi.org/10.1007/s13105-015-0417-9
https://doi.org/10.1007/s13105-015-0417-9
https://doi.org/10.2170/jjphysiol.47.513
https://doi.org/10.2170/jjphysiol.47.513
https://doi.org/10.1152/ajpregu.00048.2016
https://doi.org/10.1152/ajpregu.00048.2016
https://doi.org/10.1152/jappl.1990.68.6.2369
https://doi.org/10.1152/jappl.1990.68.6.2369
https://doi.org/10.1007/bf00429033
https://doi.org/10.1007/bf00429033
https://doi.org/10.1055/s-2008-1034619
https://doi.org/10.1055/s-2008-1034619
https://doi.org/10.1007/s00421-008-0731-9
https://doi.org/10.1007/s00421-008-0731-9
https://doi.org/10.1007/s00701-016-3046-3
https://doi.org/10.1007/s00701-016-3046-3
https://doi.org/10.2478/v10001-009-0002-y
https://doi.org/10.2478/v10001-009-0002-y
https://doi.org/10.1177/0271678x17737909
https://doi.org/10.1152/jappl.1993.75.1.264
https://doi.org/10.1152/jappl.1993.75.1.264
https://doi.org/10.1249/MSS.0b013e31820a4e0c
https://doi.org/10.1249/MSS.0b013e31820a4e0c
https://doi.org/10.1152/jappl.1987.62.5.1962
https://doi.org/10.1152/jappl.1987.62.5.1962
https://doi.org/10.1152/japplphysiol.01329.2006
https://doi.org/10.1152/japplphysiol.01329.2006
https://doi.org/10.1038/jcbfm.2014.170
https://doi.org/10.1152/jappl.1989.66.4.1561
https://doi.org/10.1111/sms.12580
https://doi.org/10.1111/sms.12580

	Physiology, pathophysiology and (mal)adaptations to chronic apnoeic training: a state-of-the-art review
	Abstract
	Introduction
	Physiological attributes of breath-hold divers
	Lung volume
	Glossopharyngeal insufflation and apnoeic performance

	Splenic volume
	Haematological indices
	Skeletal muscle
	Capillarisation and fibre type characteristics
	Myoglobin
	Mitochondrial content


	Apnoea and the diving-response
	Apnoea and face immersion

	Acute apnoea-induced humoral and stress-related responses
	Erythropoietin
	Oxidative stress and antioxidant enzyme activity
	Neuronal stress
	Cardiac stress

	Maladaptation(s) associated with chronic apnoeic training
	Neurocognition
	Cardiovascular and arterial modifications
	Bone tissue
	Renal health

	Conclusions
	Future directions

	References




