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Abstract 

Objective:  

 Despite suggestions of a human dive response, a few studies > 50 years ago concurred 

that humans do not reduce metabolic rate when breath-holding. However, these studies had 

limited participant numbers, did not account fully account for oxygen consumed from the 

blood, or consider additional oxygen supplied to the blood from contraction of the spleen. Nor 

did they consider that the loss of respiratory muscle contraction alone may result in a 

reduction in metabolic rate. Here we are address these limitations. 

Methods:  

 In 20 subjects we measured metabolic rate at rest, over the course of breath-holds, and 

in the period following breath-holds from air and 60% oxygen using Douglas bags. In our 

investigation we have also 1) measured SpO2 and included extra oxygen consumed from the 

blood, 2) accounted for additional oxygen supplied to the blood from contraction of the 

spleen, and 3) measured the oxygen requirement for breathing via mechanical ventilation (n = 

10). 

Results:  

Metabolic rate at rest was 227 ± 39 millilitres.oxygen · minute-1 STPD (n = 20). The 

metabolic cost of breathing was 60 ± 40 SD millilitres oxygen · minute-1, STPD (n =10). Over 

breath-holds from air and after accounting for arterial desaturation and spleen contraction, 

metabolic rate slightly fell to 152 ± 48 SD millilitres oxygen · minute-1, STPD (p < 0.001 vs 

SpO2, n = 20) (p < 0.05 vs mechanical ventilation, n = 10). When breath-holding from 

oxygen, when arterial desaturation does not occur but still accounting for contraction of the 

spleen, reductions in metabolic rate were potentiated and it fell to 96 ± 26 SD millilitres 



 

 

oxygen · minute-1, STPD (p < 0.001 vs rest, n = 20) (p < 0.001 vs breath-hold from air, n = 

20) (p < 0.01 vs mechanical ventilation, n = 10). 

Conclusions:  

 For the first time we show that metabolic rate falls when breath-holding in humans, 

even after accounting for oxygen consumed from the blood and additional oxygen consumed 

from the blood by spleen contraction. When breath-holds were prolonged with oxygen, 

reductions in metabolic rate were accentuated. Such reductions are greater than measured 

reductions associated with the absence of respiratory muscle contraction. Whilst suggestions 

of the dive response resurface, detailed literature examination highlights humans do not 

exhibit a response of a magnitude comparable to that of diving mammals. 
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1. General introduction 

 

Breath-holding related activities, for both recreational and commercial purposes, have 

been performed for centuries (Bain et al., 2018). The Ama have been diving for shellfish in 

Japan and Korea for ~ 2000 years and in recent years, breath-holding and breath-hold diving 

have developed into highly competitive sports.  In 1992, the International Association for the 

Development of Apnoea (AIDA) was established to organise and develop rules for 

competitions. Breath-holders now compete in regulated events relating to either the deepest or 

furthest distance travelled underwater (with subcategories including constant weight, variable 

weight, free immersion, no limits, and dynamic apnoea) or the maximal breath-hold duration 

(static apnoea). As this study is primarily concerned with breath-holding without immersion 

or facial immersion, all breath-holds reported here will relate to dry, static breath-holds unless 

otherwise stated.  

Humans normally hold their breath for ~ 1 minute and do so without losing 

consciousness ((Schneider, 1930; Engel et al., 1946; Flume et al., 1994; Flume et al., 1996; 

Cherouveim et al., 2013) and reviewed by Parkes (2006)). Although, competitive breath-

holders and free divers can hold for longer, ~ 4 minutes, and may also lose consciousness 

(Lindholm and Lundgren, 2006; Lemaître et al., 2008; Pingitore et al., 2008; Heusser et al., 

2010; Schagatay and Lodin-Sundström, 2014).  

Diving mammals, in particular seals, possess a reflex response that allows for a 

reduction in metabolic rate. This happens due to a complete cessation of blood flow to 

skeletal muscle and a reduction in viscera blood flow which limits peripheral oxygen 

consumption (Scholander, 1940; Zapol et al., 1979). In addition to this, a reduction in cardiac 

output, resultant from a large fall in heart rate reduces the oxygen requirements of 

myocardium as well as preventing an intolerable rise in blood pressure (Irving, 1939; 



 

16 

Scholander, 1940; Kooyman and Campbell, 1972; Zapol et al., 1979; Butler and Jones, 1997). 

These physiological adaptations, in part, explain why diving mammals are capable of 

spending prolonged periods underwater. Some diving mammals can spend up to ~ 1 hour 

when forcibly submerged, and up to ~ 40 minutes whilst actively foraging (Irving, 1939; 

Scholander, 1940; Kooyman et al., 1980; Castellini and Somero, 1981; Davis et al., 1999; 

Watwood et al., 2006).   

There has been persistent suggestion that humans have a similar response during 

breath-holding without facial immersion. which conserves oxygen consumption and prolong 

breath-holding (Scholander, 1962a; Irving, 1963; Heistad et al., 1968; Gooden, 1994; 

Schagatay and Andersson, 1998). Despite this suggestion, there is no evidence of complete 

shutdown of organ blood flow, cardiac output does not fall below resting values of ~ 6 litre · 

minute-1 (Hong et al., 1971; Pingitore et al., 2008; Heusser et al., 2010), heart rate does not 

fall below ~ 50 beats · minute-1 , and stroke volume does not fall below resting values of 70 

millilitres (Scholander et al., 1962; Hong et al., 1971; Lin, 1982; Heusser et al., 2010). Further 

to this, the few but incomplete studies, carried out > 50 years ago that have assessed 

metabolic rate averaged over breath-holds in humans suggest that it does not fall (Stevens et 

al., 1946; Klocke and Rahn, 1959; Hong et al., 1971).  

Until now, there has been little direct measurement of metabolic rate before, during 

and following breath-holding in a plausible number of participants. Therefore, the question of 

‘What happens to metabolic rate when breath-holding?’ remains to be definitively established. 

To comprehensively answer this, it is necessary to consider the underlying physiology of 

breath-holding. 
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1.1 Literature review 

1.1.1 How long can humans hold their breath? 

Breath-holding is the sustained contraction of the expiratory respiratory muscles 

against the passive recoil of the lungs that usually occurs at rest (Parkes, 2006).  In humans, 

breath-holding is notoriously variable and depends on several different factors. But, when 

breath-holding from air humans can typically only hold their breath for a maximum of ~ 1 

minute. The largest cross-sectional study examining breath-hold durations was conducted by 

Edward Schneider (Schneider, 1930), who measured maximal breath-hold time in 318 

American aviators in France between 1918-1919 (during World War I). Mean breath-hold 

duration was 1.1 minutes. Others have also found mean breath-hold duration to be ~ 1 minute. 

For example, 10 healthy volunteers held their breath for 1.4 minutes (Harty et al., 1996), 

while another experiment found 10 different volunteers were able to hold their breath for 1.2 

minutes (Flume et al., 1996). 

Schneider noted the vast disparity in breath-hold duration, with the observed breath-

hold durations ranging from 29 to 128 seconds. He concluded that the variability between 

individuals’ ability to breath-hold was because the discomfort associated with breath-holding 

was not equally tolerated (Schneider, 1930). This meant that it was only those who were able 

to withstand a degree of this discomfort and were suitably motivated could reach the upper 

limits of this range. This disparity can also be identified by comparing different studies’ mean 

breath-hold durations when participants breath-hold under the same conditions. For instance,  

Lin et al. (1974) found breath-holds to last on ~ double that of as Schneider’s conditions (2.2 

minutes), but only had 5 participants. Likewise, competitive breath-holders can hold their 

breath for even longer. Heusser et al. (2010) measured mean breath-hold duration of 14 

competitive breath-holders to be 3.8 minutes. 
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Breath-hold duration does not appear to be affected by sex. Cherouveim et al. (2013) 

found no difference in mean breath-hold duration between 8 females (1.8 minutes) and 8 

males (1.7 minutes). Nor is breath-hold duration affected by age. Trembach and Zabolotskikh 

found no significant correlation between breath-hold duration (r = 0.13) and age in 47 

participants aged between 25 and 85 (Trembach and Zabolotskikh, 2017). 

1.1.1.1 Complications of practice, distraction and lung volume 

Breath-hold duration is complicated by practice, as repetition improves performance 

by ~ 30%. Following a practice breath-hold, 15 breast cancer patients were able to improve 

breath-hold duration from 0.7  to 1.0 minutes (n = 15) (Parkes et al., 2016b). End expiration 

breath-holds, were prolonged by 37% after six successive trials from 0.6 to 0.8 minutes (n = 

6) (Bartlett, 1977).  As well as two weeks of twice daily breath-hold training, improving 

maximal breath-hold duration by 31% in 10 healthy untrained volunteers (Engan et al., 2013). 

Breath-hold duration is further complicated as distraction from the discomfort of 

breath-holding also prolongs duration. Performing a Valsava manoeuver, Mueller manoeuvre 

or squeezing a bulb with one hand improves end-expiration breath-hold duration  by 15%, 

12% and 19% respectively (n = 6) (Bartlett, 1977). This occurs as a result of distraction rather 

than the physical action of a motor task. Alpher et al. (1986) demonstrated this by performing 

a similar experiment in which the effects of a bulb squeeze and mental arithmetic on breath-

hold duration were examined. Mean breath-hold duration, at functional residual volume, was 

extended from 0.4 minutes to 0.5 minutes (n = 20) in both tasks, indicating that distraction 

alone is capable of prolonging breath-holding.  

The experiments above conducted by Bartlett (1977) and Alpher et al. (1986),  had 

participants breath-hold from end expiration at functional residual lung volume. These breath-

holds are relatively short in comparison to breath-holds by participants from studies which 
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performed breath-hold from total lung capacity discussed above (Schneider, 1930; Norfleet 

and Bradley, 1987; Harty et al., 1996; Parkes et al., 2014; Trembach and Zabolotskikh, 2017). 

Flume et al. (1996) confirmed this finding using a paired experimental model, eliminating 

variance in breath-hold capability between individuals. They found mean breath-hold duration 

from total lung capacity was 1.2 minutes compared to 0.6 ± 0.1 minutes at functional residual 

volume.  

1.1.1.2 Complications of oxygen and carbon dioxide 

The typical ~ 1 minute breath-hold can be influenced by altering the amount of 1) 

oxygen breathed prior to the breath-hold, 2) carbon dioxide breathed prior to the breath-hold 

or extent of hyperventilation, and 3) a combined alteration in oxygen and carbon dioxide 

levels. 

1.1.1.2.1 Oxygen 

Breath-holds performed following the breathing of increased levels of oxygen, or ‘pre-

oxygenation’ are longer than the average ~ 1 minute room air breath-hold. For example, 

Klocke and Rahn (1959) recorded a mean breath-hold of 5.7 (n = 7) following a breath of 

pure oxygen. This is well established and has been confirmed many times (Lin et al., 1974; 

Cooper et al., 2004; Parkes et al., 2014). Pre-oxygenation typically allows participants to 

breath-hold for ~ twice as long as breath-holding from air. In 1908, Hill and Flack 

demonstrated this doubling effect with mean room air breath-holds increasing from 0.7 

minutes to 1.4 ± 0.6 minutes in 13 volunteers following 3 breaths of pure oxygen (Hill and 

Flack, 1908). Similarly, Norfleet and Bradley (1987) also showed mean room air breath-holds 

were extended from 1.6  to 4.1 ± 0.6 (n = 5) minutes with pre-oxygenation.  

Conversely, breath-hold duration is diminished at altitude where the partial pressure of 

oxygen is lower. In the same experimental series, Hill and Flack (1908) found that breath-
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hold duration at sea-level in Berlin (where PaO2 = 160 mmHg) was halved when breath-

holding at altitude in Turin (where PO2 = 89 mmHg). Ferris et al. (1946) conducted a similar 

investigation and presented that mean breath-hold durations of 6 participants fell from 2.0 ± 

0.5 (± SD) minutes at sea-level to 1.5 ± 0.4 (± SD) minutes when breath-holding at altitude 

(where PO2 = 85 mmHg). Likewise, simulating this by lowering the oxygen contribution to a 

gas mixture has an equivalent effect. Engel et al. (1946) showed in 40 individuals that 

breathing a gas mixture consisting of 10% oxygen would cause PaO2 to fall (< 62 mmHg), and 

breath-hold duration was ~ halved from room air (1.7 ± 0.5 vs.  0.9 ± 0.3 (± SD) minutes).  

1.1.1.2.2 Carbon dioxide 

Increasing the level of inspired carbon dioxide prior to breath-holding shortens the breath-

hold duration. In 1 participant, Godfrey and Campbell (1969) increased PICO2 to 50, 52, 56 

and 60 mmHg and breath-hold duration was shortened to  0.35, 0.25, 0.15 and 0.08 minutes 

respectively. Kelman and Wann (1971) also examined this over a larger range by having 

participants rebreathe expired gas (from an oxygen gas mixture). As end-tidal PCO2 (PETCO2) 

rose, breath-holds were performed at 30, 40, 50, 60 mmHg and durations decreased linearly. 

Although 6 participants performed this, data presented was again only for 1 ‘typical subject’ 

and breath-holds at each PETCO2 were 3, 2, 1 and 0.5 minutes respectively.  

 As room air consists of such a small amount of carbon dioxide (~ 0.04%), it is not 

possible to lower this concentration to examine the effect this has on breath-hold duration. 

But, it is possible to lower the body’s store of carbon dioxide with hyperventilation and 

examine the effects that this has on breath-holding.  Burton et al. (1997) found mean breath-

hold duration (from functional residual volume) was increased from 32 seconds (range = 13 -

75 seconds) to 41 seconds (range = 17 – 106) following 6 rapid breaths in 31 healthy controls. 

Similarly,  Hill (1973) demonstrated that room air breath-holds were extended with 
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hyperventilation alone. Their 5 volunteers performed breath-holds from eupnoea (normal, 

unlaboured breathing at rest) and following 8, 16 and 24 breaths at vital capacity. Mean 

breath-hold durations increased from 1.5 minutes in room air to 1.6, 1.7 and 1.9 minutes with 

each respective increase in breaths at vital capacity.  

1.1.1.2.3 Combined alterations in oxygen and carbon dioxide 

Pre-oxygenation paired with hypocapnia has an additive effect, which commonly 

extends breath-holds for periods exceeding ~ 6 minutes. The longest recorded experimental 

breath-hold was 14 minutes long and performed by Hermann Rahn himself having breathed 

pure oxygen for 3 breaths and voluntarily hyperventilated (Klocke and Rahn, 1959). In the 

same paper, they showed in 7 participants that breath-hold duration was increased from 5.7 to 

10.5 minutes. Norfleet and Bradley (1987) showed likewise results. They had participant’s 

breath oxygen, and hyperventilate following a metronome at a rate of 30 breaths · minute-1 

and depth of 2 litres. Mean breath-hold duration as 6.3 minutes. When the experiment was 

repeated with participants breathing an oxygen mixture with elevated carbon dioxide (at 

4.37%), the prescribed level of hyperventilation prevented hypocapnia from occurring. This 

then shortened pre-oxygenated eucapnic breath-hold duration to 4.1 minutes. These studies 

establish that the combined effect of pre-oxygenation and hypocapnia on breath-hold duration 

is greater when they are combined, than when administered alone. However, they do not 

establish the extent and consistency of the PaCO2 fall prior to breath-holding in each subject. 

Cooper et al. (2003) did this and found that breath-holding with mechanical ventilation 

reducing PETCO2 consistently to 20 mmHg increased mean pre-oxygenated breath-hold 

duration from 4.0 to 6.6 minutes. This, therefore, corroborates the findings of previous 

experiments. 
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1.1.2 Do humans have a diving response? 

 There has long been the suggestion that humans have a rudimentary diving response 

which enables them to hold their breath for longer by conserving oxygen (Scholander et al., 

1962; Irving, 1963; Heistad et al., 1968; Gooden, 1994; Schagatay and Andersson, 1998; 

Foster and Sheel, 2005). The dive response is a reflexive set of physiological responses 

present in diving mammals which results in a lowering of metabolic rate (Irving, 1939; 

Scholander, 1940; Zapol et al., 1979). This, alongside large oxygen depots, explains why 

diving mammals can spend such prolonged periods actively swimming underwater (Kooyman 

et al., 1980; Castellini and Somero, 1981; Davis et al., 1999; Watwood et al., 2006).   This 

response is characterised by a complete cessation of blood flow to non-essential organs and a 

reduction cardiac output resultant from a large drop in heart rate unaccompanied by increases 

in stroke volume (Irving, 1939; Scholander, 1940; Kooyman and Campbell, 1972; Zapol et 

al., 1979; Butler and Jones, 1997).  

The following sections review evidence of the dive response in humans elicited by 

breath-holding alone, but accentuated with facial immersion and immersion (Andersson et al., 

2000; Espersen et al., 2002; Foster and Sheel, 2005; Lemaître et al., 2008). As this study is 

concerned with breath-holding without immersion or facial immersion, this review will focus 

on studies concerning breath-holding alone, unless otherwise stated. 

1.2.2.1 No evidence of organ blood flow shut down 

 In his seminal paper, Scholander (1940) cut into an exposed seals fin during a forced 

submersion and it did not bleed. During the dive, muscle lactate rose to 44 mM but arterial 

lactate had not risen above resting values of 4 mM. Once breathing was resumed and blood 

flow restored, lactate trapped in the muscle as washed out and arterial values were elevated. 
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Thereby indicating peripheral blood flow to skeletal muscle during diving had been entirely 

cut off (Scholander, 1940).  

To date, there is no experimental evidence directly examining organ blood flow in 

humans during breath-holding. One early investigation, using plethysmography to measure 

finger and forearm blood flow during breath-holding does exist but does not indicate that 

widespread vasoconstriction and organ blood flow shut down is present. Heistad et al. (1968) 

only measured a slight (but significant) reduction in finger blood flow (21 vs 14 millilitres · 

minute-1) but no change in forearm blood flow following a 30 second breath-hold in 18 

volunteers. Similar has been found by others (Andersson and Schagatay, 1998). 

Additionally, following breath-holding humans do not appear to produce large 

elevations in arterial lactate concentrations that would be expected with profound 

vasoconstriction. Hong et al. (1971) measured only a small rise in lactate concentration 20 

seconds (of 0.8 mM) after a 2 minute room air breath-hold in 9 volunteers. Similarly, 

measurements in elite breath-holders do not indicate elevations in anaerobic metabolism 

within skeletal muscle. As only modest elevations in circulating lactate have been measured 

(~ 0.3 mM litre-1) (Bain et al., 2016; Bain et al., 2017). Even when breath-holds are performed 

with physical exercise, are comparatively small. Andersson et al. (2004) measured an 11% 

rise in plasma lactate concentration in 15 trained breath-holders following a 40 second breath-

hold when cycling at 80 Watts (resting plasma lactate was 1.1 ± 0.1 mM litre-1, no absolute 

post breath-hold value reported).  

1.2.2.2   No fall in cardiac output or heart rate 

Cardiac output falls in Weddell seals (Leptonychotes weddellii) from 40 to 6 litre · 

minute-1 during forced submersion which is characterised by a fall in heart rate without any 

associated increases in stroke volume (Zapol et al., 1979). Scholander (1940) observed a fall 
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in seals heart rate from 100 to 10 beats · minute-1 within one cardiac cycle of forced 

submersion. In addition to preventing intolerable rises in central blood pressure, a reduction in 

cardiac output will result in a reduction in the myocardial oxygen requirements.  

However, humans’ cardiac output does not appear to fall below resting values of ~ 6 

litre · minute-1. Hong et al., (1971) assessed cardiac output during breath-holds of 2 – 4 

minutes in duration in 9 volunteers. They did so by injecting a green dye into the right atrium 

of the heart 1.5 minutes into breath-holds and employed the dye-dilation method to determine 

any changes. Their findings reported no change in cardiac output from rest (5.8 vs 6.1 litre · 

minute-1), a slight increase in stroke volume (72 vs 78 millilitres) and heart rate did not fall 

more than 4 beats · minute-1 from resting values (85 vs 81 beats · minute-1). In contrast, in 

trained breath-holders, reductions in cardiac output during breath-holding have been reported. 

Heusser et al., (2010) reported a reduction in cardiac output by 2.4 litres · minute-1 during a 

minute breath-hold in 14 trained volunteers through a reduction in heart rate (77 to 66 beats · 

minute-1) as no indication of stroke volume was given. However, resting cardiac output of 

these breath-holders was measured to be 8.4 litres · minute-1 and therefore cardiac output only 

fell to 6.2 litres · minute-1. Other experiments without immersion in trained breath-holders 

have indicated that cardiac output does not fall below 6 litres · minute-1 (Pingitore et al., 

2008).  

Bradycardia, perhaps as it is so easily measurable, has commonly been used to 

indicate the presence of the dive response (Foster and Sheel, 2005; Alboni et al., 2011; 

Schagatay, 2014). It often reported that humans can decrease their heart rate when breath-

holding in air. Scholander (1962a) himself reported heart rate fell following measurements in 

Australian divers, but did not employ any numerical or statistical analysis and did not show 

heart rates falling below 50 beats · minute-1.  In a review of heart rate changes during breath-
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holding in humans it was reported that mean heart rate does not fall below 55 beats · minute-1 

(Lin, 1982).  Even in breath-holds, without facial immersion,  elite breath-holders do not 

show a reduction in heart rate more than 5 beats · minute-1 (Perini et al., 2008; Pingitore et al., 

2008; Bain et al., 2015a; Willie et al., 2015; Bain et al., 2016).   

However, many of these studies commonly misinterpret heart rate data during breath-

holding. This misinterpretation occurs because these studies compare breath-holding heart 

rates with heart rate immediately prior to breath-holding as opposed to a true resting baseline 

(Parkes, 2012; Bain et al., 2018). The implication of this is that large increases in lung 

volumes, from maximally inflating the lungs, results in an acceleration in heart rate 

(respiratory sinus arrhythmia) and exaggerating a decline in heart rate (Manzotti, 1958; 

Angelone et al., 1964; Cooper et al., 2004). Lemaître et al. (2008) reported a 50% reduction in 

heart rate over a 3.8 minute breath-hold from the immediate start of breath-holding and the 

breakpoint (with no absolute values being presented) in 11 trained breath-holders. 

Furthermore, 15% reduction in heart rate, from 90 beats · minute-1 immediately prior to 

breath-holding to 81 beats · minute-1 at breakpoint, was reported by Hong et al. (1971). But, 

re-examination of Hong et al’s., (1971) data to compare changes in heart rate using true 

resting values, was 85 beats · minute-1, shows a fall of only 4 beats · minute-1 opposed to 9 

beats · minute-1 when using the elevated heart rate value immediately prior breath-holing. 

Further studies show that heart rate does not fall with breath-holding. Figure 2 in Parkes et al. 

(2014) heart rate analysis also emphasises that resting heart rate (72 ± 2 (mean ± SE) beats · 

minute-1) is elevated immediately prior to breath-holding (~ 85 beats · minute-1), and does not 

fall below resting values during breath-holding in air, from pre-oxygenation and from pre-

oxygenation with hypocapnia.  
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1.2 Previous experiments measuring metabolic rate over breath-holding 

Resting metabolic rate in humans is typically ~ 250 millilitres oxygen • minute-1 

STPD (Aub and Du, 1917; Harris and Benedict, 1918; Ferraro et al., 1992; Haugen et al., 

2003). Manipulating resting metabolic rate has predictable effects on breath-hold duration. 

Exercising submaximally and elevating metabolic rate, reduces breath-hold capability in 

humans. Ward et al. (2001) found that cycling shortened breath-hold duration in 9 volunteers. 

Mean breath-hold duration when cycling at 10 Watts was reduced from 59 seconds to 11 

seconds when cycling at 180 Watts. Although, humans have a limited capacity to depress 

metabolic requirements, breath-hold duration can be extended with fasting, which lowers 

resting rates of oxygen consumption. The resting rate of oxygen consumption is lower 

following a 12 hour fast (217 ± 0.5 (± SE) millilitres oxygen · minute-1) compared to a 4 hour 

fast (230 ± 0.5 (± SE) minutes oxygen minute-1) (Haugen et al., 2003). Mean breath-hold 

duration was increased from 2.2 to 2.4 ± 0.6 minutes in (Lindholm et al., 2007) in 10 

volunteers following a 18 hour fast. Similarly, fasting for 13 hours improved 13 competitive 

breath-holders mean breath-hold duration from 3.9 to 4.7 minutes (Schagatay and Lodin-

Sundström, 2014).  

There has been little direct measurement of metabolic rate before, over and following 

breath-holding in a plausible number of participants. This is quite possibly due to the 

impracticality of making such measurements (Parkes, 2012). Metabolic rate is typically 

measured at rest and during exercise via indirect calorimetry, which requires the measurement 

of oxygen consumption and carbon dioxide excretion with expired gas samples being 

collected with the ‘gold standard’ Douglas bag (Carter and Jeukendrup, 2002). Several 

assumptions are made when implementing this method including that steady state oxygen 

dynamics are present (Haugen et al., 2007). This is the case at rest and with exercise as 
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oxygen desaturation does not occur (Dempsey and Wagner, 1999). However, during breath-

holding this is not the case as arterial desaturation occurs. Over a 2 minute breath-hold from 

air, partial pressure of arterial oxygen falls from a resting value of ~ 100 mmHg to 54 mmHg 

(Lin et al., 1974). Hong et al., (1971) measured a reduction in arterial oxygen content 3.5% 

over a 2 minute breath-hold. Additionally, this fall is greater, the longer the breath-hold. 

Pingitore et al. (2008) measured arterial saturation (SaO2) to fall from ~ 99 to 84% in trained 

breath-holders over breath-holds of 3.7 minutes (n = 10). Any oxygen consumed from the 

blood store is not accounted for when using this method. Therefore, measurement of arterial 

oxygen content or prevention of this fall with pre-oxygenation is necessary. 

The three studies (Stevens et al., 1946; Klocke and Rahn 1959; Hong et al. 1971).   

that have attempted to address what happens to metabolic rate during breath-holding in 

humans concluded that metabolic rate does not fall. However, the data quality and clarity of 

these studies is difficult to follow. Rates of metabolic rate at rest and during breath-holding 

are summarised in Table 1.   
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Table 1 – Summary of limited data from previous studies assessing metabolic rate prior to 

and during breath-holding 

 Resting metabolic rate Breath-hold metabolic rate 

 (millilitres oxygen minute-1 STPD) 

Stevens et al., (1946) (n = 3) 291 250 – 500 

Klocke and Rahn (1959) (n = 6) - 300 

Hong et al., (1971) (n = 2) - 212 

 
 

Stevens et al. (1946) indirectly assessed metabolic rate during breath-holding by 

assessing changes in buoyancy in 6 participants who performed breath-holds from total lung 

capacity and using room air during underwater weighing to assess pulmonary gas exchange. 

Participants’ gradually gained weight (their buoyancy decreased) at a constant rate of 250 – 

500 grams minute-1 for as long as they held their breath. The authors attributed weight gain to 

be oxygen taken from the lungs into the blood stream and not being equally replaced by 

metabolically produced carbon dioxide. This subsequently was directly examined by Hong et 

al. (1971) where they performed alveolar gas sampling over 4 minute breath-holds (dry static 

breath-hold form air at total lung capacity) and found that 698 millilitres of oxygen was 

extracted from the lung whereas only 160 millilitres of carbon dioxide was replaced. The rate 

of weight gain matched the rate of oxygen consumption at rest, measured to be 291 millilitres 

oxygen · minute-1 STPD using the Benedict-Roth metabolism apparatus following inhalation 

of air. But only in 3 participants. As oxygen consumed from the blood during these breath-

holds was not accounted for, they used pre-oxygenated breath-holds (which prevents a fall in 

arterial oxygen saturation (Lin et al., 1974; Parkes, 2012; Parkes et al., 2016a; Parkes et al., 
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2016b). With these breath-holds they found that the reduction in buoyancy (weight gain) was 

still present at a constant rate but exceeded the rate in which weight was gained when breath-

holding from air. This suggests that even when accounting for oxygen consumed from the 

intrinsic blood store, the rate of oxygen consumption when breath-holding does not fall below 

resting values.  

Klocke and Rahn (1959) measured the change in lung volume and alveolar gas 

composition with spirometry in 6 participants in breath-holds from total lung capacity, pre-

breathing an oxygen gas mixture and voluntarily hyperventilating. They concluded that the 

measurable large changes in lung volume when breath-holding occurred as a result of oxygen 

taken up by the blood not being entirely replaced by the carbon dioxide produced: the total 

amount of carbon dioxide in the lungs at the start of the breath-hold was within a ~ 3 

millimetres at the end of the breath-hold when accounting for the initial values and changes in 

lung volume in all 6 participants. Therefore, all changes in lung volume are attributed to 

oxygen uptake (as in Stevens et al., 1946) and this corresponded to a rate of oxygen 

consumption of 300 millilitres oxygen · minute-1 STPD. This value corresponds with Stevens 

et al. (1946) indicating that the rate of oxygen consumption does not fall below resting with a 

larger number of participants.  

In 1971, Hong et al. attempted to directly measure the actual rate of oxygen 

consumption combining changes in lung volume over breath-holding and performing arterial 

blood sampling over a 4 minute breath-hold. Participant’s mean initial lung volume was 5800 

millilitres BTPS and over the course of the breath-hold this was reduced by 657 millilitres 

(STPD). Using Stevens et al. (1946) and Klocke and Rahn (1959) calculations this would 

have equated to a fall in resting oxygen consumption to 164 millilitres oxygen · minute-1 

STPD. However, arterial sampling revealed that an extra 193 millilitres oxygen · minute-1 
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STPD had been utilised from the blood, and therefore, total oxygen consumption over the 4 

minute breath-hold was 212 millilitres oxygen · minute-1 STPD. These values fall under that 

of Stevens et al. (1946) and Klocke and Rahn (1959) (~ 300 millilitres oxygen · minute-1 

STPD) and slightly below classic values of resting metabolic rate (~ 250 millilitres oxygen · 

minute-1 STPD) (Aub & DuBois, 1917; Harris and Benedict, 1918; Ferraro et al., 1992; 

Haugen et al., 2003) suggesting that metabolic rate may fall. Unfortunately, Hong et al., 

(1971) did not provide a resting measurement of metabolic rate to compare this to directly and 

only made measurements in 2 participants which is not a substantial number to definitively 

conclude what happens to metabolic rate when breath-holding (Parkes, 2006; McLoughlin 

and Drummond, 2017).  

1.3 Present study  

Despite these previous studies concluding metabolic rate during breath-holding does 

not fall below resting values they do not all assess this in a reasonable number of subjects or 

account for 1) arterial desaturation that occurs during breath-holding, 2) contraction of the 

spleen supplying additional oxygen to the circulation, and 3) anticipated fall in metabolic rate 

from the withdrawal of the metabolic cost associated with sustaining respiratory muscles. 

This study aims to overcome the short-comings of previous experiments to directly assess the 

rate at which oxygen is consumed over a breath-hold in a credible number of participants (n = 

20).  

1.3.1 Metabolic cost of breathing 

It may be expected that metabolic rate may fall slightly when breath-holding. This is 

because contraction of the respiratory muscles are no longer at work and their associated 

metabolic cost is removed. To date there has been no discussion of the removal of the 
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metabolic cost of breathing whilst breath-holding influencing metabolic rate when breath-

holding.  

The metabolic cost of breathing has been previously quantified in exercise as ~ 10% 

of the maximum rate of oxygen consumption (Aaron et al., 1992) and accounts for 14 – 16% 

of cardiac output (Harms et al., 1998). Similar values, up to 15% of metabolic rate also during 

maximal exercise have been reported elsewhere (Bevegaard and Shepherd, 1966; Ishii et al., 

2018). Values for the metabolic cost of breathing at rest remain unquantified.  

1.3.2 Oxygen consumed from the blood 

To limit the extent of arterial desaturation, breath-holds will be terminated at 90% of 

each participant’s maximal breath-hold time. Any measured reduction in arterial saturation 

will be incorporated into calculations determining metabolic rate. The early termination of 

breath-holds also ensure that participants exhaled at breakpoint to allow for collection of 

expired gases. After very long breath-holds, it is possible to breathe in at breakpoint (Hill and 

Flack, 1908). To fully prevent any arterial desaturation from occurring, breath-holds will also 

be performed using pre-oxygenation.  

1.3.3 Additional oxygen supplied from contraction of the spleen 

Extra oxygen is supplied to the blood during breath-holding as a result of spleen 

contraction, which acts as a dynamic oxygen store containing red blood cells. Diving 

mammals have large spleens with Weddell seals (Leptonychotes weddelli) storing 20 litres of 

blood and ~ 75% of their total haemoglobin content in their spleen (Qvist et al., 1986). This is 

then injected into the circulation during dives. Qvist et al. (1986) measured that following a 

12 minute dive, haematocrit had risen by 60% in Weddell seals (Leptonychotes weddelli). 

Others have made similar measurements (Hurford et al., 1996) and the spleen has since been 

described as a ‘scuba tank’ providing oxygen during dives (Zapol, 1987). 
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Humans have a comparably small spleens, (~ 10 times smaller than seals), containing only 

200 – 250 millilitres of blood which accounts for ~ 8% of the total red blood cell content 

(Koga, 1979). Spleen volume is significantly correlated (r = 0.57) to breath-hold diving 

ability amongst elite divers (Schagatay, 2012) implying the importance of the spleen in 

humans.  

There is substantial evidence of contraction of the spleen during breath-hold diving in 

humans. Hurford et al. (1990) ultrasonically measured spleen size before and after 6 metre 

dives in 5 Korean Ama divers and found a 20% reduction in spleen size (from 206 to 160 

millilitres), a 10% increase in haemoglobin concentration and 6% increase in haematocrit. 

Schagatay et al. (2001) performed 5 maximal breath-hold with facial immersion in healthy 

volunteers and volunteers who had undergone a splenectomy. They measured a 6% increase 

in haematocrit and 3% increase in haemoglobin concentration in healthy participants. There 

was no change in these variables in participants who had a splenectomy and they could only 

breath-hold for half as long as the healthy participants. The magnitude of spleen contraction 

increases over the course of breath-holding. Palada et al. (2008) showed a reduction from a 

resting spleen volume of 283 millilitres in 7 trained divers during maximal breath-holds of 4.3 

minutes to 227 millilitres at 2.7 minutes (described as the easy-going phase of breath-holding) 

and even further to 152 millilitres towards the end of breath-holding (described as the struggle 

phase). Subsequently, an increase in haemoglobin and haematocrit concentration results in 

enhanced oxygen transport when breath-holding.  

Albeit a muted effect, breath-holding alone also results in contraction of the spleen. 

Espersen et al. (2002) determined contraction of the spleen in participants with and without 

breath-hold diving experience during breath-holding from air and breath-holding and facial 

immersion using erythrocyte radiolabelling technique and scintigraphic measuring. Responses 
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were greater with facial immersion but were similar regardless of training status. Following 2 

minutes of breath-holding alone, the spleens relative content of red blood cells was 

significantly reduced by ~ 13% and the relative splenic area was ~ 12% smaller. With facial 

immersion, this was reduced by ~ 25% and ~19% respectively.  

From the above studies, the general consensus is that haematocrit rises ~ 5% from 

contraction of the spleen during breath-hold diving which equates to 80 millilitres of 

additional blood volume being supplied to the blood (Fitz-Clarke, 2018).  

1.4 Aims 

The aims of this study are to measure and assess in 20 participants: 

 

➢ Metabolic rate over breath-holds from air whilst accounting for oxygen consumed 

from the lungs, blood and spleen. 

➢ Metabolic rate over breath-holds from oxygen accounting for oxygen consumed from 

the lungs and spleen, but where breath-hold duration is longer and arterial 

desaturation is prevented. 

➢ The metabolic cost of breathing at rest and determine whether this accounts for any 

reductions in metabolic rate when breath-holding.  
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2. Methods 

 
This experiment was approved by Walsall Local Research Ethics Committee 

(reference: 05/Q2708/53 RRK 3310) and the University of Birmingham (reference: ERN_16-

0767). It conformed to both the Declaration of Helsinki and the Data Protection Act (1998). 

Informed, written consent was obtained from all participants prior to commencement of their 

involvement. Each participant completed a health check form, which self-reported height and 

weight measurements and admitted as participants to the Wellcome Trust Clinical Research 

Facility, Heritage Building, Queen Elizabeth Hospital Birmingham, UK. All experiments 

procedures following were conducted within this facility.  

 
2.1 Participants 

 
Twenty healthy participants (12 male and 8 female) aged 24 ± 5 (mean ± SD) years 

volunteered for and completed all experimental procedures detailed below. All were 

normotensive, non-smokers and of a healthy weight. Descriptive participant characteristics 

can be seen in Table 2. 
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Table 2 – Participant information.   

  

Height 175 ± 6 cm 

Weight 74 ± 10 kg 

BMI 24 ± 6 kg.m2 

Resting blood pressure 

Systolic 

Diastolic 

Mean 

 

111 ± 10 mmHg 

56 ± 6 mmHg 

74 ± 5 mmHg 

 
Data presented as mean ± SD 

All participants were recruited from The University of Birmingham. Exclusion criteria 

was as follows 1) history of respiratory, metabolic or cardiovascular disease/illness including 

asthma, coronary artery disease, hypertension, diabetes, renal failure, 2) latex allergy, 3) 

taking prescribed medication other than the contraceptive pill, 4) cold/flu like symptoms in 

the past 7 days.  

Half of our participants (n = 10) had previous experience performing breath-holds (> 

10 occasions) from pre-oxygenation and hypocapnia (PETCO2 of 20 mmHg) as outlined in 

(Cooper et al., 2004; Parkes et al., 2014; Parkes et al., 2016a; Parkes et al., 2016b). The 

remaining 10 participants had no previous experience of breath-holding and were not familiar 

with the laboratory or experimental procedures outside of their involvement of this study. 
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2.2 Familiarisation and safety limits 

Prior to the 3 experimental trials, participants were familiarised with the laboratory set 

up and measurements below. During this training session participants were 1) instructed on 

how to hold their breath, 2) accustomed with mechanical ventilation, and 3) given information 

regarding their safety whilst breath-holding.  

Throughout all parts of this study, participants lay, at rest in a semi-recumbent 

position and listened to music, as shown in Figure 1. The following continuous measurements 

were made: 1) beat by beat blood pressure analysis using a finger plethysmograph (Finapres® 

2300, Ohmeda, Englewood, CA) set at heart level; 2) heart rate analysis via a 3-lead chest 

electrocardiogram (lead configuration I); 3) arterial oxygen saturation (SpO2) using a finger 

pulse oximeter (Ohmeda, Engelwood, CA); 4) end-tidal partial pressure of carbon dioxide 

(PETCO2) was measured using inline capnography (Hewlett Packard 78536A; Hewlett 

Packard, Palo Alto).  
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A 

B 

C 
D 

E 

Figure 1 – Participant at rest during experiments breathing through disposable facemask 

and filter (A) with in line capnograph and pressure transducer (B).  Blood pressure 

measured continuously through Finapres (C) and oxygen saturation levels via an oximeter 

(D). Mechanical ventilator is also visible (E) and Douglas bags located on the expiratory 

side of this (not visible).  
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2.2.1 Breath-hold familiarisation 

To ensure all participants held their breath in a similar fashion, and were confident in 

doing so, they were given instruction by the investigator on this. In their own time, they were 

asked to take the largest breath they could, maximally inflating their lungs and pushing their 

diaphragm down and outwards. They were then instructed to fully exhale, repeat previous 

maximal inhalation and hold their breath whilst remaining as still and as relaxed possible. 

Participants were also reminded to close off their mouth and nasal palate internally. Any 

exhalation or inspiration during the breath-hold could be easily identified by changes in 

pressure detected by a pressure transducer and by eye. 

As practice is known to influence breath-hold duration, participants were given the 

opportunity to complete two practice maximal breath-holds following this initial instruction. 

They then, when instructed, performed a maximal breath-hold from air and with pre-

oxygenation without hyperventilation. We measured PETCO2 throughout training and 

experiments, which did not fall below resting values prior to breath-holds on any occasion, 

confirming that no hyperventilation occurred.  

2.2.2 Mechanical ventilation familiarisation  

Participants who were unaccustomed to mechanical ventilation (n = 10) were 

familiarised with this procedure. At first, each participant held the face mask over their mouth 

and nose whilst the mechanical ventilator (Dräger Evita 2 ventilator, Däger, Luebeck, 

Germany) in the positive intermittent pressure setting, where air is pushed towards the 

participant, at their measured rate and depth. This allowed them to become accustomed with 

the sensation of ventilation whilst remaining in full control because this allowing them to 

quickly remove the facemask if necessary. Participants were then coached to breathe in when 
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the ventilator pushed air at their mouth. They were then encouraged to stop breathing in with 

the ventilator, to allow the ventilator to take over, and be passively ventilated.  

Once participants were happy with this, the facemask was secured with a strap around 

the back of the head. Participants then underwent 5 minutes of mechanical ventilation in order 

to practice this.  

2.2.3 Safety limits 

Participants were reminded breath-holds were safe to perform in this way and 

informed of the conservative safety limits in place. As breath-holding from pure oxygen 

increases the risk of atelectasis (Klocke and Rahn, 1959; Agostoni, 1963), all breath-hold with 

oxygen were made using a gas mixture consisting of 60% oxygen. All breath-holds were 

carried out according to Parkes et al. (2014) safety guidelines where breath-holds were 

terminated if systolic blood pressure rose above 180 mmHg and/or SpO2 fell below 94%.  

2.3 Experimental protocol 

For clarity the experimental visits will also be referred to as days 1 to 3. Figure 2 

outlines the protocols for the following visits and indicates the durations over which a 

measurement of metabolic rate was made.  Resting metabolic rate was measured over 5 

minutes of eupnoea at the start of each day. 

2.3.1 Day 1 

Within this ‘control trial’ in which no breath-holding occurred, we wished to confirm 

metabolic rate could be consistently measured over a single breath using indirect calorimetry. 

This was necessary as our measurement of metabolic rate over breath-holding had to be made 

from one single breath.  

We wanted to confirm that we could measure resting metabolic rate from one normal 

single breath. Therefore, metabolic rate was measured over two separate single breaths.  
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As breath-holding occurred following a maximum breath in and breath out, we also 

wished to confirm that this manoeuvre did not result in metabolic rate readings falling below 

resting values. Therefore, we also measured metabolic rate over two separate maximal 

breaths.  

2.3.2 Day 2 

On this visit, we measured participant’s metabolic rate when breath-holding from air. 

Participants were asked to break the breath-hold at 90% of their maximum duration (the 

terminated breakpoint) measured during familiarisation. This was done to 1) prevent 

substantial arterial desaturation occurring and 2) ensure that participants were able to exhale 

their lung contents before taking a breath 

2.3.3 Day 3 

On this visit, we measured participant’s metabolic rate when breath-holding from 

oxygen. Again, participants were asked to break the breath-hold at 90% of their maximum 

duration (the terminated breakpoint) measured during familiarisation. Here this was done 

primarily to ensure that participants were able to exhale their lung contents before taking a 

breath, as no arterial desaturation occurs in these breath-holds.  

During this visit we also measured the metabolic cost of breathing by measuring 

metabolic rate. This was done by mechanical ventilating participants with positive pressure at 

their normal rate and depth which measured during the initial resting 5 minutes of metabolic 

rate measurement in air.  

To confirm breathing oxygen did not alter metabolic rate, we made an additional 

measurement of metabolic rate during 5 minutes of eupnoea whilst participants breathed 

oxygen. 
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Figure 2 – Experimental protocol on each visit. Trace is representative of airflow. ↔ indicates period over which metabolic rate 

measurement is taken via collection of expired air into a Douglas bag. When in red ↔ denotes when participants are breathing oxygen. 

Continuous measures of heart rate, blood pressure, arterial saturation and end tidal partial pressure of carbon dioxide are also taken.  
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2.4 Measurement of metabolic rate  
 

To assess the rate of oxygen consumption, expired gas samples were collected using 

Douglas bags (Cranlea, Birmingham, UK). To ensure that the entire respiratory cycle was 

accounted for, sampling was made from end-expiration to end-expiration. Samples were then 

analysed for oxygen and carbon dioxide gas composition (Dräger vamos anaesthetic gas 

analyser, Datex-Ohmeda, General Electric Company Healthcare, Worldwide) which was 

calibrated with gas samples of (21.0%, 15.1% and 0.0% oxygen). Expiratory gas volume was 

measured using a flowmeter (Branta, United Kingdom) positioned on the expiratory side of 

the respiratory circuitry. This was validated with linear calibration over 0.02 – 3 litres (Hans 

Rudolph Inc, Shawnee, KS) prior to each experiment and to ensure accuracy, recoveries over 

the same volume range were performed. 

 The numerical analyses used to calculate the respective volumes of oxygen consumed 

and carbon dioxide produced were as follows: 

!"# = (!&'(&"#) − (!+'(+"#) 

!,"# = (!&'(&,"#) − (!+'(+,"#) 

For measurements from air it was assumed that inspired air contained 20.9% oxygen, 79.1% 

nitrogen, and 0.04% carbon dioxide. When participants breathed 60% oxygen, we confirmed 

FiO2 = 60% by briefly attaching the gas analyser to the inspiratory circuit. Therefore, the 

inspired gas during the oxygen trial was 60% oxygen, 40% nitrogen, and 0.04% carbon 

dioxide. 

In lieu of measuring the inspired gas volume by means of a flowmeter placed on the 

inspiratory side of the circuitry or the participant inspiring air from a Douglas bag filled with 

a known gas volume, the Haldane Transformation: 
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!- = !.'
(./2
(1/2

 

!"2 = !.'
(./2
(1/2

'(1"2 − !.'(."2 

 

was used. This is based on the assumption that N2 content remains constant between inspired 

and expired samples as it is neither consumed nor produced by the body.  The barometric 

pressure and room temperature during each experiment were taken in order to convert values 

into STPD.  

When calculating the rate of oxygen consumption when participants were given 60% 

oxygen to breathe we had to use VCO2 and extrapolate from each participant’s ratio of 

VO2:VCO2 production when breathing at eupnoea in air because this level of hyperoxia is 

outside the normal functioning range of the gas analyser. To confirm that this extrapolation 

was accurate we measured separately the VO2 and VCO2 in air at rest and from breath-

holding. We then confirmed that the measured VO2 produced for the breath-hold in air was 

not different from what it was calculated using the extrapolation from VCO2 during the 

breath-hold.  

2.5 Measurement of the metabolic cost of breathing 

We measured the decrease in metabolic rate when participants were passively 

ventilated via positive pressure mechanical ventilation (Dräger Evita 2 ventilator, Dräger, 

Luebeck, Germany) over a 5 minute period. Participants were ventilated at their measured 

eupnoeic depth and frequency at their eupnoeic level of PETCO2. This was calculated by 

averaging the tidal volume and breaths · minute-1 for each individual during an initial 5 

minute period in which participants were at rest.  
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2.6 Allowance for measured arterial desaturation  

Measurement of metabolic rate using indirect calorimetry does not account for oxygen 

consumed from the blood store. We attempted to prevent any reductions in arterial saturation 

by forcing participants to resume breathing at 90% of their maximum breath-hold (as well as 

to ensure they were able to fully expire). In addition, we measured arterial oxygen saturation 

throughout all experiments and any reductions in arterial saturation following breakpoint were 

measured. The finite lag present using indirect pulse oximetry (Parkes et al., 2014) meant that 

arterial desaturation at breakpoint was measured to be the lowest trough within the immediate 

20 seconds following the resumption of breathing.  

We calculated the additional oxygen provided by reductions in arterial saturation. This 

was done by calculating the reduction in SpO2 over a breath-hold, establishing the content of 

oxygen this accounted for per decilitre of blood using the oxygen content equation: 

,2"# = (32"#45641.34) + <. <<4(=2"#) 

Assuming normal haemoglobin concentration (15 grams decilitre-1 of blood) and PaO2 being 

established from SaO2 values using the oxyhaemoglobin curve (assuming a pH of 7.4 and 

body temperature of 37oC). No to measures establish if participants had normal haematology 

were carried out. We then established total blood volume for each participant based on their 

sex, height and weight (Nadler et al., 1962): 

>2?+@	-<-2?	6?<<B	C<?DE+	(E&??&?&-F+@)

= (0.006012	4	ℎ+&Jℎ-	(K+L-&E+-+F@)M) + (14.6	4	N+&Jℎ-	(O&?<JF2E@))

+ 604 

(+E2?+@	-<-2?	6?<<B	C<?DE+	(E&??&?&-F+@)

= 	 (0.005835	4	ℎ+&Jℎ-	(K+L-&E+-+F@)M) + R15	4	N+&Jℎ-	(O&?<JF2E@)S

+ 183 
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The amount of additional oxygen consumed for each participant’s total body blood 

volume was then added to each individuals measured rate of oxygen consumption from the 

expired gas samples.  

We confirmed this adjustment was unnecessary for breath-holds with pre-oxygenation 

because we established that SpO2 does not fall.  

2.7 Allowance for contraction of the spleen 

As the spleen contracts during breath-holding in humans, resulting in available oxygen 

being added into the circulation, it is also necessary to make reasonable adjustments to the 

measured rate of oxygen consumption. Typical values for human breath-hold diving indicate a 

~ 5% increase in blood haematocrit (HCT) (Hurford et al., 1990; Schagatay et al., 2001; 

Espersen et al., 2002; Schagatay et al., 2012) resulting from a 200 millilitre reduction in splenic 

volume (Fitz-Clarke, 2018) (assuming a blood volume (VB) = 5 litres, spleen contents = 100% 

red blood cells at 1.0 haematocrit and normal typical circulating haematocrit volume of 0.45) 

raises circulating haematocrit to 0.47:  

T5K- = [!V(5K-1) + T!V(1.0)] (!V + T!V)⁄  

= [5.0(0.45) + 0.2(1.0)] (5.0 + 0.2)⁄  

= 0.47 

Our use of the Nadler Equation to estimate participant’s blood volume was substituted instead 

of using 5 litre value. But as our participants estimated blood volume yielded a mean of 4.9 ± 

0.6 litres the same result was found.  

Fitz-Clarke (2018) used this to calculate that 80 millilitres of oxygen of additional 

oxygen was added to the blood volume (assuming blood oxygen concentration (CaO2) 

consisted of the following: red blood cells are 100% saturated, haemoglobin concentration is 

140 grams litre-1 and each gram of fully saturated haemoglobin holds 1.34 millilitres oxygen): 
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T"2 = ,2"#T!Z 5K-⁄  

= 1.34(140)(0.2) 0.47⁄  

= 80E[ 

Therefore, 80 millilitres oxygen was added to the total oxygen consumed over a 

breath-hold and metabolic rate during breath-holding was then expressed as millilitres oxygen 

per minute of breath-holding.  

2.8 Data analysis 

Data were sampled at a rate of 2 kHz and analysed using a CED1401 data acquisition 

system (Spike2, Cambridge Electronics Design, Cambridge, UK). We identified each 

heartbeat, blood pressure peaks and troughs in order to plot lines of instantaneous heart rate 

(in beats per minute) and blood pressure. To assess changes that occur in heart rate and blood 

pressure that occur during breath-holding, data were normalised (0-100%) over each breath-

hold during experimental trials. This allowed us to correctly align data in all participants at 

the same time points. Data were sampled 5 seconds prior to the onset of breath-holding (-5%), 

which is defined as beginning of the maximum inhalation prior to the breath-hold (0%), and 

the first inhalation at breakpoint (100%). For the air breath-holds, data were sampled at 240 

time points. To maintain resolution during the prolonged breath-holds from oxygen, data were 

sampled at 960 time points. Data were then exported to Excel (Microsoft, Redmond, WA), 

where for each participant we calculated mean heart rate, blood pressure, end tidal partial 

pressure of carbon dioxide and arterial saturation for the period of each Douglas bag sample. 

Once rates of oxygen consumption had been calculated these were also inputted into the 

spreadsheet for each participant over each time period.  



 

47 

2.9 Statistical analysis 

Statistical analyses were conducted using PASW® statistics v. 22.0 (SPSS Inc., 

Chicago IL). We used a paired experimental design in which each participant was compared 

against their own experiment for each condition. For each participant, their mean values were 

compared and, where appropriate, the following tests were used 1) repeated-measures 

analysis of variance (ANOVA) using within subject contrasts, 2) paired-samples t-tests, and 

3) two-tailed correlation analysis. There was no difference between males and females and all 

data were combined unless otherwise specified, with the exception of the metabolic cost of 

breathing where n = 10.  

Significance was set at p < 0.05. Data presented as means for n = 20 participants 

(unless otherwise stated) and ± standard deviation of the mean.  
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3 Results 
3.1 At rest 

Resting minute ventilation, PETCO2, arterial saturation, heart rate and blood pressure 

measured over 5 minutes was consistent between experimental days (days 1-3) and when 

participants breathed oxygen (day 3). Therefore, these data were combined and the average 

resting values were as follows: minute ventilation = 9.8 ± 1.2 breaths · minute-1 BTPS (days 

1-3 in air and oxygen), PETCO2 = 37 ± 2 mmHg, heart rate = 64 ± 8 beats · minute-1, systolic 

blood pressure 111 ± 12 mmHg, mean arterial blood pressure = 75 ± 8 mmHg, and diastolic 

blood pressure = 57 ± 8 mmHg. 

Resting arterial saturation measured over 5 minutes was consistent between 

experimental days when breathing air (97 ± 1%) (days 1-3), but, was significantly higher 

when breathing oxygen at rest (99± 1%) (day 3) (p < 0.001).  

3.1.1 Metabolic rate  

Figure 3 shows measurement of resting metabolic rate measured over 5 minutes was 

consistent between experimental days (days 1-3) and when participants breathed oxygen (day 

1). This data were combined and the average resting metabolic rate measured over 5 minutes 

was 227 ± 39 millilitres oxygen · minute-1 STPD (days 1-3 in air and oxygen).  

Figure 4 shows we were able to consistently measure resting metabolic rate from two 

separate single, normal sized breath from air. Metabolic rate was not different between each 

separate attempt (227 ± 59 vs 247 ± 71 millilitres oxygen · minute-1 STPD) nor was the 

average resting metabolic rate for the two single breaths (237 ± 71 millilitres oxygen · minute-

1 STPD) different from measurements made over 5 minutes of eupnoea (days 1-3 in air and 

oxygen).  

Also shown in Figure 4 is that performing maximal single breaths apparently 

increased metabolic rate to 467 ± 134 millilitres oxygen · minute-1 STPD (days 1-3 in air and 
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oxygen) both above average resting metabolic rate measured over 5 minutes of eupnoea (days 

1-3 in air and oxygen) (p < 0.001) and averaged metabolic rate from a single, normal sized 

breath (day 1 in air, p < 0.001). Metabolic rate data were combined for all maximal single 

breaths as there was no difference across experimental days (days 1-2) and was not affected 

by breathing oxygen (day 3).  
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Figure 3 – Resting metabolic rate measured over 5 minutes of eupnoea did not differ on experimental days (p > 0.05, ns) nor when participants breathed 

oxygen (p > 0.05, ns). Room air represented by ♦, oxygen by o, and combined average from air and oxygen represented by ■.  
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Figure 4 – Average resting rate of oxygen consumption measured over 5 minute in air and oxygen (days 1-3) was not different from the average of one 

normal single breath in air (day 1). But, was elevated when performing a single maximal breath from the resting rate measured over 5 minutes (p < 

0.001) and a normal single breath (p < 0.001). Room air represented by ♦ and combined average from air and oxygen represented by ■. *** denotes p < 

0.001.     
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3.1.2 Metabolic cost of breathing 

During mechanical ventilation, participants ventilated at the same rate and frequency 

as in eupnoea. Minute ventilation was 8.8 ± 2.7 litre · minute-1 BTPS and this was not 

different from average resting minute ventilation measured over 5 minutes in air and oxygen 

(days 1-3).  

Mean resting metabolic rate in the 10 experienced subjects fell by 60 ± 40 millilitres 

oxygen · minute-1 STPD (p < 0.001) from their average resting metabolic rate from air and 

oxygen (days 1-3) (225 ± 41 millilitres oxygen · minute-1 STPD) when they were 

mechanically ventilated (165 ± 72 millilitres oxygen · minute-1 STPD) (p < 0.01) (Figure 6).  

Measurements were made in the 10 inexperienced participants, but they were actively 

breathing whilst being mechanically ventilated. The Spike2 polygraph (Figure 5) highlights 

this as there is no uniformity between breaths applied by the ventilator. Therefore, we 

measured no change in averaged mean resting metabolic rate in these 10 participants (Figure 

6).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5 – Spike2 polygraph with from 2 different participants. 5a) is an example participant 

who is being passively ventilated (n = 1) and 5b) is an example of a participant who is 

actively breathing in with the ventilator (n = 1). 
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Figure 6 – Resting metabolic rate measured over 5 minutes in air and oxygen (days 1 – 3) falls when experienced participants are mechanically ventilated (p 

< 0.001) (n = 10), but not when inexperienced participants are mechanically ventilated (n = 10). Each line represents n = 1. Room air represented by ♦ and 

combined average from air and oxygen represented by ■.  *** denotes p < 0.001. 
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3.2 Breath-holding 

During experimental breath holds, the imposed 90% maximum breath-hold duration in 

air was 1.3 ± 0.4 minutes (93 ± 5% of maximum) and significantly longer at 2.2 ± 0.7 minutes 

(88 ± 4% of maximum) in oxygen (p < 0.001). 

 PETCO2 was significantly greater than average resting values from air and oxygen 

(days 1 - 3) at the breakpoint when breath-holding from both air (43 ± 3 mmHg) (p < 0.01) 

and from oxygen (49 ± 3 mmHg) (p < 0.01).  

At the breakpoint of the maximal breath-holds, heart rate did not change from average 

resting values (days 1 – 3) when breath-holding from air nor from when breath-holding from 

oxygen. Figure 7 shows that mean continuous heart rate throughout breath-hold from air and 

oxygen does not fall below resting values.  

 Figure 8 depicts blood pressure changes with breath-holding from air and oxygen. 

When breath-holding from air, systolic blood pressure progressively rose by 21 ± 11 mmHg 

(p < 0.001), mean arterial blood pressure rose by 18 ± 13 mmHg (p < 0.001), and diastolic 

rose to 17 ± 13 mmHg (p < 0.001). When breath-holding from oxygen, systolic blood 

pressure progressively from average resting values (days 1-3) by 20 ± 19 mmHg (p < 0.001), 

average blood pressure rose by 13 ± 9 mmHg (p < 0.001) and diastolic rose by 15 ± 12 mmHg 

(p < 0.001). There was no significant difference between the rise at breakpoint in the 

experimental trials between air and oxygen.  

At breakpoint following breath-holds from air, SpO2 fell from average resting SpO2 in 

air only (days 1 – 3) values by 2 ± 4% (p < 0.01). SpO2 did not change from resting values 

during breath-holds from oxygen (SpO2 at breakpoint was 99 ± 1%).  
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Figure 7 – Mean heart rate does not change from resting values during 90% maximal breath-holding from air (solid line) and oxygen (broken line). 

Average resting heart rate from air and oxygen (days 1-3) was not different at breakpoint (last 10 seconds of breath-holding, when performing 90% 

terminated breath-holds from air (day 2) and from oxygen (day 3). Room air represented by ♦, oxygen by o, and combined average from air and 

oxygen represented by ■.    



 

56 

 

 

Figure 8 – Mean systolic blood pressure progressively rises during 90% maximal breath-holding from air (solid line) and oxygen (broken line). 

Average resting blood pressure in air and oxygen (days 1-3) and averaged over the last 10 seconds prior to breakpoint when performing 90% 

terminated breath-holds from air (day 2) (p < 0.001) and from oxygen (day 3) (p < 0.001). Room air represented by ♦, oxygen by o, and combined 

average from air and oxygen represented by ■.  *** denotes p < 0.001 
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3.2.1 Metabolic rate over breath-holds from air  

 After adjusting for arterial desaturation and contraction of the spleen, metabolic rate 

when breath-holding in air fell in all 20 participants by a mean of 75 ± 49 millilitres oxygen · 

minute-1 from average metabolic rate at rest in air and oxygen (days 1-3) (p < 0.001) (Figure 

9).  

 The greatest reduction in metabolic rate was not indicative of the longest breath-hold 

from air, as the associated fall in metabolic rate was not correlated with breath-hold duration 

(r (18) = 0.36). 

In the 10 experienced participants, when breath-holding from air metabolic rate fell by 

a further 9 ± 36 millilitres oxygen · minute-1 STPD (p < 0.05) than metabolic rate when they 

were being mechanically ventilated. There was no significant difference in the reduction in 

metabolic rate from average resting metabolic rate from air and oxygen (days 1-3) between 

the experienced (reduced by 77 ± 35 millilitres oxygen · minute-1 STPD) (n = 10) and 

inexperienced (n = 10) participants (reduced by 75 ± 42 millilitres oxygen · minute-1 STPD) 

(p < 0.05, ns).  

3.2.2 Metabolic rate over breath-holds from oxygen  

 Arterial desaturation did not occur during breath-holds from oxygen, but after 

accounting for oxygen from contraction of the spleen, we measured metabolic rate to be 96 ± 

26 millilitres oxygen · minute-1 STPD. This is significantly lower than average metabolic rate 

at rest in air and oxygen (days 1-3) (p < 0.001) (Figure 9) and metabolic rate when breath-

holding from air (p < 0.001) (Figure 8).  

 The greatest reduction in metabolic rate was not indicative of the longest breath-hold 

from oxygen, as the associated fall in metabolic rate was not correlated with breath-hold 

duration (r (18) = 0.41). 

In the 10 experienced participants, when breath-holding from air metabolic rate fell by 

a further 63 ± 38 millilitres oxygen · minute-1 STPD (p < 0.01) than metabolic rate when they 
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were being mechanically ventilated (p < 0.05). There was no significant difference in the 

reduction from average resting metabolic rate from air and oxygen (days 1-3) between the 

experienced (reduced by 119 ± 49 millilitres oxygen · minute-1 STPD) (n = 10) and 

inexperienced (n = 10) participants (reduced by 131 ± 43 millilitres oxygen · minute-1 STPD). 
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Figure 9 – Metabolic rate fell from average resting values from air and oxygen (days 1 – 3) in all 20 participants when breath-holding from air (p < 

0.001) and breath-holding with pre-oxygenation (p < 0.001). Each line represents (n = 1). Room air represented by ♦ and combined average from air 

and oxygen represented by ■. *** denotes p < 0.001. 
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3.3 Following breath-holding 

3.3.1 Immediately  

 Immediately, (in the next 5 breaths), average resting minute ventilation in air and 

oxygen (days 1-3) following the breakpoint was elevated when breath-holding in air to 17 ± 6 

litre · minute-1 BTPS (p < 0.001) and significantly more when breath-holding from oxygen to 

22 ± 7 litre · minute-1 BTPS (p < 0.001 vs average resting) (p < 0.001 vs breath-holding from 

air).  

PETCO2 following breath-holds from air (36 ± 2 mmHg) and oxygen (36 ± 2 mmHg) 

were not different from average resting values from air and oxygen (days 1-3) nor each other.  

Arterial saturation was not different from average resting values from air only (days 1-

3) when breath-holding from air 96 ± 2 mmHg, nor was it different from resting values in 

oxygen (day 3) (99 ± 1 mmHg).  

Average resting heart rate in air and oxygen (days 1-3) following the breakpoint was 

elevated when breath-holding from air (67 ± 8 beats · minute-1) (p < 0.01) and further in 

oxygen (72 ± 9 beats · minute-1) (p < 0.01).  

 Blood pressure measurements were not different from average resting values in air and 

oxygen (days 1 – 3) when breath-holding from air (systolic = 108 ± 29 mmHg; mean arterial 

= 78 ± 10 mmHg; diastolic = 60 ± 9 mmHg) and from oxygen (systolic = 117 ± 16 mmHg; 

mean arterial = 77 ± 11 mmHg; diastolic = 60 ± 12 mmHg). 

3.3.1.1 Metabolic rate immediately following breakpoint  

Following breath-hold from air, metabolic rate overshoots average resting metabolic 

rate in air and oxygen (days 1 – 3) by 199 ± 132 millilitres oxygen · minute-1 STPD (p < 

0.001). This overshoot when breath-holding from oxygen was significantly greater than 

average resting metabolic rate (p < 0.001) and greater than when breath-holding from air (p < 

0.001) (Figure 10). 
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3.3.2 Recovery  

 In the following 5 minute period following breath-holding from air, minute ventilation 

(10 ± 2 litre · minute-1 BTPS) fell to average resting minute ventilation in air and oxygen 

(days 1-3). But, remained slightly elevated when breath-holding from oxygen (13 ± 3 litre · 

minute-1 BTPS) (p < 0.01).  

Average resting heart rate in air and oxygen (days 1-3) was not different from when 

breath-holding from air (63 ± 9 beats · minute-1) and from oxygen (64 ± 8 beats · minute-1). 

3.3.2.1 Metabolic rate during recovery   

In the following 5 minutes, metabolic rate was not different from the average resting 

values from air and oxygen (days 1-3) when breath-holding from air. But, remained elevated 

above averaged resting metabolic rate from air and oxygen (days 1-3) (p < 0.001) (Figure 10). 
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Figure 10 – Average resting rate of oxygen consumption from air and oxygen (days 1-3) falls when breath-holding from air (day 2) (p < 0.001) and 

oxygen (day 3) (p < 0.001) and the fall in metabolic rate is greater in the oxygen breath-hold (p <0.001).  It is then elevated, above resting values in 

the 5 breaths in both air (p < 0.001) and oxygen (p < 0.001) breath-holds and this rise was significantly greater when breath-holding from oxygen (p 

< 0.001) (†). In the 5 minutes following this, metabolic rate only remained elevated following breath-holding from oxygen (p < 0.001). Room air 

represented by ♦, oxygen by o, and combined average from air and oxygen represented by ■. *** denotes p < 0.001 vs average resting value from 

air and oxygen (days 1-3). † denotes p < 0.001 vs when breath-holding from air.   
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4. Discussion 

This study’s key aim was to determine, in a credible number of participants, what 

happens to metabolic rate over breath-holding after estimating the total oxygen consumed by 

the body. This includes oxygen consumed from the lungs measured via Douglas bags, as well 

as previously overlooked 1) oxygen consumed from the blood which was calculated by 

measuring SpO2 (in air breath-holds) or prevented altogether (in oxygen breath-holds), and 2) 

additional estimated oxygen supplied to the blood from contraction of the spleen. Our results 

show that metabolic rate falls when breath-holding and such reductions are accentuated when 

breath-holds are prolonged with pre-oxygenation. 

This study also aimed to examine if any reductions in metabolic rate could be 

explained by the removal of the metabolic cost of breathing during breath-holding. We 

quantified this in 10 participants by measuring metabolic rate during passive mechanical 

ventilation. As expected, metabolic rate fell when these participants were passively ventilated. 

However, such reductions could not fully explain the extent of the reduction in metabolic rate 

when breath-holding.   

4.1 Metabolic rate at rest 

We were consistently able to measure resting metabolic rate on different experimental 

days within the expected range of 200 – 250 millimetres oxygen minute-1 (Aub and Du, 1917; 

Harris and Benedict, 1918; Ferraro et al., 1992; Haugen et al., 2003). This occurred despite 

not controlling for factors known to influence resting metabolic rate, such as caffeine, energy 

intake, prior exercise, menstrual cycle, sleep (Sandiford and Wheeler, 1924; Horst et al., 

1936; Solomon et al., 1982; Molé, 1990; Arciero et al., 1993; Speakman and Selman, 2003; 

Spaeth et al., 2015).  

Provision of 60% oxygen did not alter resting metabolic rate. Welch and Pedersen 

(1981) demonstrated similar findings at rest and during submaximal exercise when providing 

participants with 60% oxygen. Mean resting metabolic rate from air was 560 ± 20 (± SD) 
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millilitres oxygen · minute-1, which was not altered with provision of oxygen (580 ± 50 (± 

SD) millilitres oxygen · minute-1).  At rest, their values were somewhat elevated, likely as 

they were placed on a cycle ergometer, had performed previous exercise, and measurements 

were taken immediately prior to the onset of a graded exercise test. 

Additionally, we confirmed that measuring resting metabolic rate from one single 

normal sized breath (day 1) is comparable to measuring resting metabolic rate over a 5 minute 

period. Therefore, measurement of metabolic rate from one single breath when breath-holding 

is considered valid. As it is possible to breath-hold for longer durations when the lungs are 

maximally inflated (Flume et al., 1996), all breath-holds were made following a maximal 

inhalation. Although we expected that this would slightly elevate metabolic rate simply 

because of the greater effort required, the duration of this breath (8 ± 2 seconds) is much 

shorter than the time taken for oxygen to travel through the circulatory system (lung to lung 

circulation time is 55 seconds in healthy individuals) (Morris et al., 2009). Therefore, we 

anticipate that this apparent rise may be a result of increased recruitment and distention of 

pulmonary capillaries, resultant from large lung volume, as opposed to a true net increase in 

oxygen uptake by all tissues.  

4.2 The metabolic cost of breathing 

We expected a slight decrease in metabolic rate when breath-holding because of the 

net loss of respiratory muscle activity. We measured the metabolic cost of breathing to be 29 

± 8% of resting metabolic rate in 10 experienced participants. Previous research estimates the 

metabolic cost of breathing to account for a much lower percentage (~ 10%) of metabolic rate 

(Bevegaard and Shepherd, 1966; Harms et al., 1998; Ishii et al., 2018). However, these 

measurements were made when participants were maximally exercising, and when metabolic 

rate is elevated, rather than at rest.  

 We excluded data from the 10 inexperienced participants because we were unable to 

successfully mechanically ventilate them. These participants actively breathed with the 
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ventilator, preventing the examination of metabolic rate without the associated metabolic cost 

of breathing. Subsequently they showed no measurable reduction in metabolic rate during 

mechanical ventilation. 

4.3 Metabolic rate when breath-holding  

This is the first study to demonstrate that metabolic rate falls during breath-holding. 

Metabolic rate fell below resting values when breath-holding in all 20 participants and on all 

occasions it was measured. This reduction was present even after accounting for oxygen 

consumed from the blood and additional oxygen supplied to the blood by contraction of the 

spleen. Extension of breath-holds by providing oxygen resulted in a greater reduction in 

metabolic rate when breath-holding.  

In the 10 experienced participants we have shown that when breath-holding from air, 

metabolic rate fell slightly more (an additional 9 ± 36 millilitres oxygen · minute-1 STPD) 

than during mechanical ventilation when the metabolic cost of breathing was removed. Such 

reduction was accentuated when these 10 participants held their breath with oxygen, and 

metabolic rate fell further (an additional 119 ± 49 millilitres oxygen · minute-1 STPD) than 

during mechanical ventilation when the metabolic cost of breathing was removed.  

These findings contradict experiments carried out ~ 50 years ago which concluded that 

there was no net decrease in metabolic rate when breath-holding (Stevens et al., 1946; Klocke 

and Rahn, 1959; Hong et al., 1971). However, these experiments had inadequate resting 

measurements to compare to metabolic rate over breath-holding and insufficient participant 

numbers. Here we have made careful measurement of resting metabolic rate, both over 5 

minutes and single breaths, to compare breath-hold values to and have done so in 20 

individuals. These experiments also did not sufficiently account for oxygen consumed from 

the blood during breath-holding, nor did they consider additional oxygen supplied to the 

blood via contraction of the spleen (Hurford et al., 1990; Schagatay et al., 2001; Espersen et 

al., 2002; Palada et al., 2008).  
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4.3.1 Accounting for arterial desaturation 

Indirect calorimetry assumes arterial oxygen remains stable (Dempsey and Wagner, 

1999) and that all metabolised oxygen is from the lungs. In lieu of direct, invasive arterial 

blood sampling and direct measurement of blood gas composition during breath-holding, we 

used non-invasive finger pulse oximetry to determine any changes in arterial saturation levels. 

As pulse oximetry has an inherent time delay (Andersson and Schagatay, 1998; Parkes et al., 

2014), we measured the peak trough in arterial desaturation seen following break point. This 

was a conservative measure chosen to ensure we did not underestimate the amount of oxygen 

additionally consumed from the blood. We detected a small amount of arterial desaturation (2 

± 4%) comparable to levels of desaturation seen in previous studies of similar breath-hold 

durations. Hong et al. (1971) measured a 3.5% reduction during fixed 2 minute breath-holds. 

As arterial saturation levels are a function of breath-hold duration (Hong et al., 1971; Sasse et 

al., 1996), larger reductions in arterial saturation (15%) by Pingitore et al. (2008) is expected 

because mean breath-hold duration was 3.7 ± 0.15 minutes. 

As calculating oxygen content for corresponding oxygen saturation values are 

provided per litre of blood, it was necessary to estimate blood volume. This was done using 

Nadler’s equation (Nadler et al., 1962) which requires participant’s height and weight to be 

factored into calculations. For this we used self-reported values from which there is bound to 

be a small margin of error (Gorber et al., 2007).  

Albeit indirectly, we have accounted for arterial desaturation during breath-holds in air 

for 20 participants. We also performed prolonged breath-holds in oxygen, omitting this 

complication, but also measuring and confirming that arterial desaturation did not fall. This is 

an improvement on previous studies which assess metabolic rate and either made no attempt 

to account for this (Stevens et al., 1946), performed breath-holds with pre-oxygenation but did 

not confirm arterial desaturation did not occur (Klocke and Rahn, 1959) or only did so in 2 

participants (Hong et al., 1971). 
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4.3.2     Accounting for contraction of the spleen 

To account for additional oxygen supplied to the circulation from contraction of the 

spleen, we added 80 millilitres oxygen STPD to measurements of metabolic rate over breath-

holds from air and oxygen using Fitz-Clarke’s (2018) calculation. This is based on 

measurements of a ~ 5% increase in haematocrit during breath-holds with immersion or facial 

immersion (Hurford et al., 1990; Schagatay et al., 2001; Palada et al., 2008). Therefore, the 

supposition that the spleen contracts to the same extent from breath-holding alone was made. 

Espersen et al. (2002) demonstrated that this is not the case by examining changes in spleen 

size in breath-holds and breath-holds combined with facial immersion in cold (10oC) water. 

The reduction in splenic area measured via ultrasound following 30 seconds of breath-holding 

was 13% compared to 27% with facial immersion. Similarly, the reduction in spleen 

erythrocyte content was reduced by 15% compared with 29% with facial immersion. 

Therefore, it is possible that the 80 millilitres of oxygen added to measured rates of oxygen 

consumption might be an overestimation of this value.  

Hypoxia is a stimulus for spleen contraction (Stewart et al., 2003) and elevating 

arterial desaturation by performing repeated breath-holds results in a progressive reduction in 

spleen volume (Schagatay et al., 2001). Therefore, preventing arterial desaturation during 

breath-holds with pre-oxygenation will likely impair spleen contraction. Richardson et al. 

(2009) demonstrated this after providing oxygen prior to breath-holding, which resulted in an 

offset of reductions in arterial saturation (by 16.8%), blunted elevations in haemoglobin (by 

2.4%), and reduced the elevation in haematocrit (by 1.7%) when compared to breath-holds of 

the same length from air. Subsequently, the oxygen added to the circulation from contraction 

of the spleen during breath-holds from pre-oxygenation in our protocol may slightly exceed 

the true value.  
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4.4 Metabolic rate following breakpoint  

In the first 5 breaths immediately following the breakpoint of breath-holding with air, 

metabolic rate increased from resting values by 88 ± 52%. The magnitude of this immediate 

overshoot was greater (by 185 ± 98%) when the reductions in metabolic rate when breath-

holding were accentuated by prolonging breath-holds with oxygen. From such breath-holds, 

this elevation above resting values was also prolonged, as over a 5 minute period metabolic 

rate remained slightly elevated. The manipulation of reductions in metabolic rate when 

breath-holding, and subsequently measured elevations following breath-holding, in a 

predictable fashion indicate such reductions are genuine. Metabolic rate in the period 

following breath-holding has not before been examined in humans. Scholander (1940) 

described the subsequent rise in metabolic rate following forced submersions as being a 

consequent compensatory effect to repay oxygen debt. It is possible that such elevations occur 

following breath-holds in humans to also be a compensatory effect for reductions in metabolic 

rate.  

4.5 Potential mechanisms for the observed reduction in metabolic rate when breath-

holding in humans  

The simplest explanation for the observed reduction in metabolic rate robustly 

observed here when breath-holding reaffirms, and potentially strengthens, the notion of a dive 

response in humans (Scholander et al., 1962; Irving, 1963; Heistad et al., 1968; Gooden, 

1994; Andersson and Schagatay, 1998). Thereby, it is necessary to assess the presence of 

underlying physiological reflexive responses that underpin this response in diving mammals. 

The principal oxygen conserving mechanism of diving mammals is their ability to 

redistribute cardiac output, completely shutting down muscle blood flow and driving a rise in 

lactate concentration (Scholander, 1940; Zapol et al., 1979) and reviewed in section 4.7.2.2 

Reduced metabolic rate.  
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The assessment of such peripheral vasoconstriction has been previously assessed in 

humans during breath-holding alone (1.2.2.1 No evidence of organ blood flow shut down). 

Heistad et al. (1968) observed a slight reduction in skin blood flow using plethysmography in 

finger blood flow (21 vs 14 millilitres · minute-1) but no change in forearm blood flow 

following a 30 second breath-hold in 18 volunteers. Whilst similar has been found by others 

(Andersson and Schagatay, 1998), the indirect assessment of skin blood flow of just one 

finger does not provide robust evidence to indicate the presence of substantial organ blood 

flow reduction. 

Assessment of changes in lactate concentration in humans indicate that profound 

vasoconstriction of skeletal musculature does not occur. Hong et al., (1971) assessed 

alterations in blood lactate 20 seconds following a 2 minute breath-hold from room air in 9 

volunteers and found a slight rise (of 0.8 mM). Further to this, elite breath-holders who can 

withstand breathing for more than 6 minutes show a modest rise in circulating lactate of ~ 0.3 

mM litre-1 (Bain et al., 2016; Bain et al., 2017). Furthermore, even when breath-holds are 

combined with physical exercise (cycling at 80 Watts) Andersson et al. (2004) measured an 

11% rise in plasma lactate concentration in 15 trained breath-holders following a 40 second 

breath-hold when cycling at 80 Watts (resting plasma lactate was 1.1 ± 0.1 mM litre-1 with no 

absolute post breath-hold value reported).  

It may be argued that the progressive rise in blood pressure observed here, and by 

others in humans (Hong et al., 1971; Parkes et al., 2014), could be indicative of some 

peripheral vasoconstriction occurring with no reduction in cardiac output. This would seem 

fitting with the no observed changes in heart rate seen here, or by others who have correctly 

measured heart rate previously without the exaggerating the decline seen due to breathing 

motions at the start of breath-holding (Hong et al,, 1971; Parkes, 2012; Parkes et al., 2014; 

Bain et al., 2018). But without assessment of stroke volume, it cannot be certainly inferred 

that this is the case. Prior assessment of cardiac output during breath-holding indicates that 
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there is no associated reduction with breath-holding below resting values of ~ 6 litre · minute-

1 (1.2.2.2 No fall in cardiac output or heart rate) (Hong et al., 1971; Pingitore et al., 2008; 

Heusser et al., 2010). However, if this was indeed the case it may then be expected that the 

total increase in blood pressure would be exaggerated when breath-holding with oxygen than 

with air as a  greater reduction in metabolic rate is observed. However, this does not occur 

here.  

A direct assessment of organ blood flow during breath-holding in humans would be 

welcomed to definitively confirm if such, regardless of magnitude, a redistribution of cardiac 

output does occur. Without this clarification, it is not possible to determine this from indirect 

measures of skin blood flow, changes in lactate concentration, or increases in blood pressure. 

It cannot for certain be ruled out. However, if the fundamental components of the dive 

response, namely a reduction in heart rate and cardiac output, are not observed would it be 

accurate to use this term in humans even to describe even a rudimentary response. 

4.6 Effect of facial immersion  

It would be anticipated that the measured decline in metabolic rate from breath-

holding alone would be exaggerated if breath-holding was combined with facial immersion in 

cold water and full immersion but this is further complicated with changes in pressure (Fitz-

Clarke, 2018) and the cold shock response (Tipton, 1989). Blunted arterial desaturation 

during breath-holding with facial immersion supports the notion that metabolic rate is 

suppressed. Andersson and Schagatay (1998) performed breath-holds and breath-holds with 

facial immersion (in water of 10 oC) in 21 participants. Arterial saturation fell significantly 

more following 2-minute breath-holds alone (- 2.7 %), than following breath-holds with facial 

immersion (- 1.4 %). Others have reported similar results both at rest and during steady state 

exercise (Lindholm et al., 1999; Andersson et al., 2002; Stewart et al., 2005; Andersson and 

Evaggelidis, 2009).  
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Elements of the dive response appear to be somewhat potentiated when breath-holding 

with facial immersion. During breath-holding alone, Heistad et al. (1968) measured a 

reduction in mean finger blood flow (from 21.0 to 12.4 millilitres · minute-1 per 100 

millilitres), but no reduction in forearm blood flow.  Conversely, combining breath-holding 

with facial immersion in water (20 – 25 oC) resulted in a reduction in finger blood flow (from 

18.2 to 11.7 millilitres · minute-1 per 100 millilitres) and a reduction in forearm blood flow 

(from 3.4  to 2.5 millilitres · minute-1 per 100 millilitres). Similarly, Andersson and Schagatay 

(1998) observed a reduction in skin blood flow of the thumb (38 %) when breath-holding, but 

a greater decrease (56 %) when breath-holding with facial immersion.  

Studies have also established that some mild bradycardia may occur with facial 

immersion. Heistad et al. (1968) observed that heart rate does not change from mean resting 

values (69  beats · minute-1) but falls slightly (from 71 to 55 beats · minute-1) when combined 

with facial immersion (20 – 25oC). Similarly, Andersson and Schagatay (1998) observed 

greater percentage reductions (no absolute values were reported) in heart rate when breath-

holding was combined with facial immersion (10oC). They measured an 8 % reduction in 

heart rate with breath-holding alone, but a larger 14 % reduction when breath-holding was 

combined with facial immersion. Others have shown similar reductions (Craig, 1963; Brick, 

1966), as well as a small (6%) reduction in cardiac output (Sterba and Lundgren, 1988). More 

extreme reports of decreases in heart rate exist, with heart rate being reported to fall as low as 

~ 20 to 30 beats · minute-1 (in 25oC water) in trained divers (n = 2) during simulated dives in a 

pressure chamber (Ferrigno et al., 1997).  

Despite this, the physiological relevance of a dive response even when breath-holding 

is combined with facial immersion is not likely to be meaningful, as breath-holding duration 

is not prolonged extensively, if at all. Whilst trained individuals can breath-hold with facial 

immersion for up to 11.6 minutes (world record static breath-hold without supplemented 

oxygen set by Stephane Misfud in 2009), they do so whilst hyperventilating.  Limited data 
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comparing breath-holding to breath-holding with facial immersion without hyperventilation 

exists. However, studies that have examined this show breath-holding is not implicitly 

prolonged more than the typical ~ 1 minute room air breath-hold in untrained non-

hyperventilating participants (Schneider, 1930; Norfleet and Bradley, 1987; Flume et al., 

1994; Flume et al., 1996; Parkes et al., 2014; Trembach and Zabolotskikh, 2017). Andersson 

and Schagatay (1998) reported that breath-hold duration was not prolonged with facial 

immersion (10oC water) (mean duration of both 2.1 ± 0.1 (± SE) minutes). Similarly, Sterba 

and Lundgren (1988) reported no difference in breath-hold duration compared with breath-

holding with facial immersion (20oC water) (mean duration of both was 1.55 ± 0.1 (± SE) 

minutes). As with breath-holding alone, clearly establishing if peripheral vasoconstriction 

occurs is difficult because detailed assessment of organ blood flow does not exist during 

breath-holding with facial immersion. Additionally, it is likely that even the greatest measured 

reductions in heart rate down to ~20 – 30 beats · minute-1 are not of great relevance. Complete 

cessation of heart rate would only reduce metabolic rate by ~ 14% (Parkes, 2012), as the 

human heart only consumes ~ 35 millilitres oxygen · minute-1 STPD at rest (Takaoka et al., 

1992).  

4.7 Diving mammals  

 As we have found a fall in metabolic rate when breath-holding in humans and 

suggestions of the dive response re-emerge, we are obliged to discuss evidence concerning 

diving mammals. The following sections compare and contrast findings in humans with the 

extreme proficiencies diving mammals to survive underwater without oxygen for extended 

periods of time. 

4.7.1 Greater oxygen stores 

 In his 1962 Harvey Lecture, Scholander aptly said: ‘The simplest way to conceive why 

these animals are capable for diving for so long is that they have both greater oxygen stores 

and buffering capacity’. Relative to size, diving mammals have ~ double the total body 
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oxygen storage of humans, this is highlighted in Table 3. Furthermore, the distribution of 

oxygen between the lungs, blood and peripheral tissues differs between humans and 

mammals. Humans store most of their total body oxygen within the lungs, whereas diving 

mammals favour oxygen storage within the blood and peripheral tissues. Table 3 also shows 

that this is indeed the case, and demonstrates the stark contrast between humans and select 

diving mammals. A number of physiological adaptations explain why diving mammals can 

store greater amounts of oxygen within the blood and peripheral tissues. The following two 

sections discuss these.   
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Table 3 – Size and distribution of the total body oxygen stores of humans and select diving mammals.  

   Distribution of oxygen stores 

 Body mass 

(kilograms) 

Total body oxygen store 

(millilitres oxygen kilogram-1) 

Lungs 

(%) 

Blood 

(%) 

Tissue 

(%) 

Human 70 38 51 35 14 

Californian sea lion (Zalophus californianus) 35 39 21 45 34 

Northern elephant seal (Callorhinus ursinus) 400 97 4 71 25 

Harbour seal (Phoca vitulina) 24 57 13 54 33 

Weddell seal (Leptonychotes weddellii) 400 87 5 66 29 

Hooded seal (Cystophora cristata) 252 90 7 51 42 

Sperm whale (Physerter macrocephalus) 10000 68 4 38 58 

Human total body oxygen store calculated by Irving (1939) and distribution of oxygen stores reported by  (Kooyman, 1985). 

Values for Californian sea lion from Ponganis et al. (1997);  Northern elephant seal, Weddell seal, and Sperm whale from 

Kooyman and Ponganis (1998); Hooded seal from Burns et al. (2007); Harbour seals from Lenfant et al. (1970). 
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4.7.1.1 Blood stores 

Diving mammals have a greater total blood volume relative to their size in comparison 

to their terrestrial counterparts. This allows them to store more oxygen in the blood. French 

physiologist Paul Bert was the first to show this in 1870, when using the Weckler method, 

which involved the complete bleeding of an animal. Bert found that the total blood volume of 

ducks (Anas platyrhynchos) accounted for 8.6% of their body weight, but only accounted for 

3.9% of hens (Gallus gallus domesticus) total body weight (Bert, 1870). Similarly, Table 4 

highlights that relative to size, diving mammals have substantially greater blood volumes than 

humans.  

 Secondary to this, diving mammals’ blood has a greater capacity to carry oxygen as 

they have a higher concentration of haemoglobin. Irving (1939) and Scholander (1940) both 

noted that diving mammals’ blood was ‘deeply pigmented’, suggested this colouration was a 

result a high haemoglobin concentration. This was associated with superior oxygen carrying 

capacity. Haemoglobin concentration is largely affected by factors such as age and sex, but 

human blood typically has a haemoglobin concentration of ~ 15 grams decilitre-1 (Lentner, 

1984). Table 4 also shows that diving mammals, particularly pinnipeds, have a much greater 

concentration of haemoglobin than the typical human values.  

Despite the higher concentration of haemoglobin per unit of blood, diving mammals’ 

haemoglobin proteins do not have significantly a greater oxygen binding ability. The P50 (7.4) 

value (the partial pressure of oxygen corresponding to 50% oxygen saturation at a pH of 7.4) 

ranged from 29.7 to 34.4 mmHg in adult pinnipeds (Lenfant et al., 1970). Whereas in humans, 

the P50 (7.4) value of blood is typically 26 mmHg (at 37oC and pH 7.4) (Horvath et al., 1977).  
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Table 4 – Total blood volume and haemoglobin concentrations of the blood in humans and select diving mammals.  

 Total blood volume 

(millilitres blood kilogram-1) 

Haemoglobin concentration 

(grams decilitre-1) 

Human 71 15 

Californian sea lion (Zalophus californianus) 120 18 

Northern elephant seal (Callorhinus ursinus) 216 25 

Harbour seal (Phoca vitulina) 132 21 

Weddell seal (Leptonychotes weddellii) 210 26 

Hooded seal (Cystophora cristata) 106 23 

Sperm whale (Physerter macrocephalus) 200 22 

Human total blood volume calculation from (Irving, 1939) and haemoglobin concentrations from (Lentner, 1984). Values for Californian sea 

lion from Ponganis et al. (1997); Northern elephant seal from Simpson et al. (1970); Harbour seal from Burns et al. (2005); Weddell seal from 

Ponganis et al. (1993); Hooded seal from Burns et al. (2007); Sperm whale from (Ridgway, 1986).  
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4.7.1.2 Peripheral tissue stores 

 Diving mammals are able to store large amounts of oxygen in peripheral muscles as 

they have between ~ 10 – 30 times more myoglobin than humans (Panneton, 2013). The 

variation between human values and diving mammals can be seen in Table 5. Diving 

mammals which are capable of spending the longest periods underwater appear to have the 

greatest levels of myoglobin content (Snyder, 1983; Kooyman and Ponganis, 1998). 

However, similar to that of haemoglobin, the affinity of myoglobin for oxygen does not 

appear to be superior to terrestrial mammals (Nichols and Weber, 1989).  

 Diving mammals also have large spleens which act as a reservoir for oxygenated red 

blood cells. Weddell seals (Leptonychotes weddelli) store 20 litres of blood and ~ 75% of total 

haemoglobin content in their spleen (Qvist et al., 1986). However, humans have a comparably 

smaller spleen containing only 200 – 250 millilitres of blood. This, accounts for ~ 8% of the 

total red blood cell content (Koga, 1979). During periods of stress, the spleen releases its 

contents into circulation, and elevates oxygen transport. This promotes aerobic metabolism by 

increasing oxygen availability whilst the mammal is spending prolonged periods underwater 

(Stewart et al., 2003).. Immediately following a voluntary dive, spleen size was observed to 

be reduced by 71% in Weddell seals (Leptonychotes weddelli), which increased haemoglobin 

concentration by 18 grams decilitre-1 and haematocrit from 44 to 55% (Hurford et al., 1996). 

Similarly, collection of aortic blood samples by a microprocessor-controlled sampling system 

showed that Weddell seals (Leptonychotes weddelli) increase circulating haemoglobin 

concentration by 60% during the initial 12 minutes of immersion (Qvist et al., 1986). 
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Table 5 - Myoglobin content of muscle in humans and select diving mammals 

 Myoglobin content 

(grams kilogram-1) 

Human 6 

Californian sea lion (Zalophus californianus) 27 

Northern elephant seal (Callorhinus ursinus) 65 

Harbour seal (Phoca vitulina) 55 

Weddell seal (Leptonychotes weddellii) 54 

Hooded seal (Cystophora cristata) 96 

Sperm whale (Physerter macrocephalus) 54 

Human value from Andersen (1966). Values for Californian sea lion from Ponganis et al. (1997); Northern elephant seal from 

Bryden (1972); Harbour seals from Lenfant et al. (1970); Weddell seals from Ponganis et al. (1993); Hooded seal from Burns et al. 

(2007); Sperm whale from Lockyer (1976).  
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4.7.2 Management of oxygen store 

4.7.2.1 Behaviour  

 Behaviour can aid the conservation of oxygen. In early studies using birds, Bert 

(1870) highlighted the difference between ducks (Uria triole) and hens (Gallus gallus 

domesticus) during forced submersion. Ducks could remain submerged for ~ 15 minutes 

(before drowning) whilst remaining relaxed whereas hens survived only for a ~ 3 minutes and 

struggled violently when underwater. Diving mammals, such as Weddell seals (Leptonychotes 

weddellii), can change their behaviour to conserve oxygen. They alter movement kinetics to 

reduce oxygen demand by performing periods of prolonged gliding, and during descents 

exceeding 80 metres this can reduce oxygen requirements by up to a 59.6% (Williams et al., 

2000). In depth reviews of this are available from Butler and Jones (1997) and (Kooyman and 

Ponganis, 1998). 

4.7.2.2 Reduced metabolic rate 

 Elevated oxygen stores and behaviour alone are insufficient to account for the diving 

capacity of diving mammals. A pioneer of the oxygen conserving dive response was Per 

Scholander, who conducted experiments on seals in the early 1940s. However, as early as 

1870 Bert demonstrated this by replacing half of the duck’s (Uria troile) blood with saline 

(and thereby largely reducing oxygen stores), and showing that diving capacity of the animals 

was not impaired. Similarly, Richet (1899) concluded that ducks (Uria troile) must be able to 

reduce the rate at which they consumed oxygen during dives because their total body oxygen 

stores could not sustain resting metabolic rate for the ~ 20 minutes they could remain 

submerged for. Total body oxygen stores of a 1.5 kilogram duck (Uria troile) was calculated 

to be 90 millilitres and resting metabolic rate was measured to be 29.1 millilitres oxygen · 

minute-1. This oxygen store  would be depleted in ~ 3 minutes.  Both Irving (1939) and 
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Scholander (1940) agreed that normal metabolism could not be maintained throughout these 

dives in the seals they studied. Scholander (1940) calculated the total oxygen store of a 29 

kilogram hooded seal (Crystophra cristata) to be 1520 millilitres and resting metabolic rate to 

be ~ 200 – 300 millilitres oxygen · minute-1, which would only permit dives of 5 – 6 minutes 

in length before oxygen stores were depleted. However, these seals regularly spend upwards 

of 20 minutes submerged. Establishing metabolic rate over breath-holds in seals is 

methodologically challenging. However, Scholander (1940) did in fact measure oxygen 

consumption at rest, throughout and following submersion. Figure 5 of his paper shows these 

measurements, with the graph trend line showing a reduction in oxygen consumption from 

rest during the dive, followed by an immediate rise in oxygen consumption that surpassed 

resting values. However, no numerical or statistical analysis was performed. Measurement’s 

made during voluntary dives by (Kooyman et al., 1980) supports this. These measurements 

were made possible by taking 5 Weddell seals (Leptonychotes weddelli) to a secluded ice-

covered area, with the exception of a man-made hole, in Antarctica. Mean resting rate of 

oxygen consumption was 309 millilitres oxygen kilogram-1 hour -1 (mean weight 425 

kilograms = 2189 309 millilitres oxygen · minute-1) but whilst diving, oxygen consumption 

fell to 254 309 millilitres oxygen kilograms-1 hour -1 (1799 millilitres oxygen · minute-1).   

 Despite not reporting key values of oxygen consumption when breath-holding, 

Scholander (1940) measured a marked reduction in heart rate; the ‘hallmark feature’ of the 

diving response. Scholander (1940) found that seals (Leptonychotes weddellii) fell from 100 

to 10 beats · minute-1 within one cardiac cycle. This reduction in heart rate was also present 

when the seal reacted to a threatening stimulus such as a loud noise (Scholander, 1940). This 

reduction was also present with breath-holding alone Kaczmarek et al. (2018), albeit a weaker 

response. Similarly, in freely diving seals (Leptonychotes weddelli), reductions in heart rates 
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are seen in the longest dives (> 5 minutes, heart rate fell as low as 16 beats · minute-1 even 

whilst swimming), though in shorter dives the reductions in heart rates were less severe (< 5 

minute, heart rate averaged 36 beats · minute-1) (Kooyman and Campbell, 1972). 

 Scholander also demonstrated that widespread peripheral vasoconstriction of skeletal 

muscle occurred during forced submersion, as when the seal’s fin was cut it did not bleed. 

During forced submersion, Scholander (1940) also showed that blood flow to skeletal muscle 

was impaired by measuring lactate within the muscle and within the blood. Muscle lactate 

was measured to be 44 mM litre-1, whilst blood lactate levels did not increase above 4 mM 

litre-1. However immediately following resurfacing, perfusion to these tissues is restored and 

washout occurs, elevating blood lactate levels to 14 mM litre-1.  

  Zapol and colleagues (1979) further examined the dive response in Weddell seals 

(Leptonychotes weddelli). They quantified the reduction in heart rate, which fell from 52 to 15 

beats · minute-1, and cardiac output, which fell from 40 to 6 litre · minute-1.  Table 6 reports 

the reduction recorded by Zapol et al. (1979) in organ blood flow in these 6 Weddell seals 

(Leptonychotes weddelli). Blood flow was reduced to 0 millilitres gram · minute-1 (0.08 ± 0.06 

to 0.0 ± 0.0 millilitres gram · minute-1) in skeletal muscle (the psoas) as it had Scholander’s 

(1940) experiment where the seal’s fin did not bleed. Blood flow was also reduced in cardiac 

muscles, the spleen and other organs, such as the kidney and skin. In contrast, blood flow to 

the brain and central nervous system was maintained.  Therefore, this indicates a selective 

gross redistribution of blood flow, prioritising oxygen rich blood to organs such as the brain 

and central nervous system which depend on continuous oxygen delivery.  
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Table 6 – Blood flow to organs at rest and during an 8 – 12 minute forced submersion in 

6 Weddell seals as measured by (Zapol et al., 1979) 

 Blood flow 

(millilitres gram · minute-1) 

 At rest During submersion 

Brain   

Cerebral cortex 0.60 ± 0.15 0.65 ± 0.23 

Cerebellum 0.60 ± 0.18  0.56 ± 0.19 

Hypothalamus 0.52 ± 0.16 0.60 ± 0.20 

Thalamus 0.44 ± 0.13 0.49 ± 0.14 

Medulla 0.45 ± 0.08    0.60 ± 0.09 * 

Skeletal muscle   

Psoas 0.08 ± 0.06   0.00 ± 0.00 * 

Cardiac muscle   

Atria 0.29 ± 0.10   0.05 ± 0.04 * 

Right ventricle 0.55 ± 0.22   0.06 ± 0.13 * 

Left ventricle 0.8 ± 0.4   0.1 ± 0.1 * 

Kidney 3.05 ± 1.60   0.35 ± 0.33 * 

Spleen 1.83 ± 1.28   0.03 ± 0.03 * 

Skin 0.03 ± 0.02  0.01 ± 0.01 * 

Values are means ± SD for 6. * indicates p < 0.05 value differs from at rest. 
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4.8 Overall conclusion 

  

This is the first study to show that metabolic rate falls over breath-holding. We believe 

the reduction in metabolic rate observed when breath-holding to be an accurate for the 

following reasons: 

 

➢ We could successfully measure metabolic rate from one single breath 

➢ We could detect an expected increase in metabolic rate following the act of maximal 

lung inflation 

➢ The reduction in metabolic rate exceeded the net loss of the metabolic cost of 

breathing (n = 10) 

➢ The reduction in metabolic rate was detectable: 

▪ In each of our 20 participants on all occasions it was measured 

▪ After allowance was made for arterial desaturation  

▪ After allowance was made for any increased oxygen availability from contraction 

of the spleen 

➢ The reduction in metabolic rate was potentiated when breath-holds are prolonged with 

oxygen 

➢ Metabolic rate was elevated immediately following breath-holding 

➢ The immediate increase in metabolic rate to surpass resting values was greater and 

more prolonged when reductions in metabolic rate were accentuated with prolonged 

breath-holds with oxygen.  
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The most convenient explanation for the observed reduction in metabolic rate is that 

humans possess a dive response. However, we confirmed that heart rate does not fall when 

breath-holding and others have shown that cardiac output does not fall below resting values of 

~ 6 litre · minute-1. Whilst it is possible that some peripheral vasoconstriction may occur and 

account for the small reduction in metabolic rate that we observed, further investigation into 

organ blood flow is required.   

Unlike diving mammals, humans do not rely on the dive response for survival, and 

subsequently it could be argued that the relative magnitude of such responses should not be 

expected to be equal. Confirming this, the close examination of diving mammals reveals that 

human’s breath-hold capabilities are unremarkable. Humans are unable to store as much 

oxygen and do not appear to possess physiological reflexes of the same magnitude, if any at 

all, to limit metabolic rate. Whilst we would anticipate reductions in metabolic rate when 

breath-holding to be exaggerated with facial immersion, it is still unlikely to result in 

comparable responses to diving mammals. Even with facial immersion, humans cannot spend 

periods of up to 1 hour underwater, reduce their heart rate by a factor of 10, reduce their 

cardiac output by ~ 85%, or completely cease blood flow to non-essential organs. Therefore, 

conclusively defining observed reductions in metabolic rate when breath-holding as evidence 

of the dive response cannot be made without the exploration of further physiological 

mechanisms, namely organ blood flow, to establish similar origins.  

 

 

 

 



 
 

85 

5 References 

Agostoni, E. (1963) 'Diaphragm activity during breath holding: factors related to its 

onset', Journal of applied physiology, 18(1), pp. 30-36. 

Alboni, P., Alboni, M. and Gianfranchi, L. (2011) 'Diving bradycardia: a mechanism 

of defence against hypoxic damage', Journal of Cardiovascular Medicine, 12(6), pp. 422-427. 

Alpher, V. S., Nelson, R. B. and Blanton, R. L. (1986) 'Effects of cognitive and 

psychomotor tasks on breath-holding span', Journal of Applied Physiology, 61, pp. 1149-

1152. 

Andersen, H. T. (1966) 'Physiological adaptations in diving vertebrates', Physiological 

Reviews, 46(2), pp. 212-243. 

Andersson, J. and Evaggelidis, L. (2009) 'Arterial oxygen saturation and diving 

response during dynamic apneas in breath‐hold divers', Scandinavian journal of medicine & 

science in sports, 19(1), pp. 87-91. 

Andersson, J. and Schagatay, E. (1998) 'Arterial oxygen desaturation during apnea in 

humans', Undersea & hyperbaric medicine, 25(1), p. 21. 

Andersson, J., Schagatay, E., Gislén, A. and Holm, B. (2000) 'Cardiovascular 

responses to cold-water immersions of the forearm and face, and their relationship to apnoea', 

European journal of applied physiology, 83(6), pp. 566-572. 

Andersson, J. P., Linér, M. H., Runow, E. and Schagatay, E. K. (2002) 'Diving 

response and arterial oxygen saturation during apnea and exercise in breath-hold divers', 

Journal of Applied Physiology, 93(3), pp. 882-886. 



 
 

86 

Andersson, J. P. A., Linér, M. H., Fredsted, A. and Schagatay, E. K. A. (2004) 

'Cardiovascular and respiratory responses to apneas with and without face immersion in 

exercising humans', Journal of Applied Physiology, 96(3), pp. 1005-1010. 

Angelone, A., Coulter, J. and Norman, A. (1964) 'Respiratory sinus arrhythmia: a 

frequency dependent phenomenon', Journal of Applied Physiology, 19(3), pp. 479-482. 

Arciero, P. J., Goran, M. I. and Poehlman, E. T. (1993) 'Resting metabolic rate is lower 

in women than in men', Journal of applied physiology, 75(6), pp. 2514-2520. 

Aub, J. C. and Du, B. E. (1917) 'Clinical calorimetry: Nineteenth paper the basal 

metabolism of old men', Archives of Internal Medicine, XIX(5_II), pp. 823-831. 

Bain, A. R., Ainslie, P. N., Barak, O. F., Hoiland, R. L., Drvis, I., Mijacika, T., Bailey, 

D. M., Santoro, A., DeMasi, D. K. and Dujic, Z. (2017) 'Hypercapnia is essential to reduce 

the cerebral oxidative metabolism during extreme apnea in humans', Journal of Cerebral 

Blood Flow & Metabolism, 37(9), pp. 3231-3242. 

Bain, A. R., Ainslie, P. N., Hoiland, R. L., Barak, O. F., Cavar, M., Drvis, I., 

Stembridge, M., MacLeod, D. M., Bailey, D. M. and Dujic, Z. (2016) 'Cerebral oxidative 

metabolism is decreased with extreme apnoea in humans; impact of hypercapnia', The Journal 

of physiology, 594(18), pp. 5317-5328. 

Bain, A. R., Drvis, I., Dujic, Z., MacLeod, D. B. and Ainslie, P. N. (2018) 'Physiology 

of static breath holding in elite apneists', Experimental Physiology, 103(5), pp. 635-651. 

Bartlett, D. (1977) 'Effects of Valsalva and Mueller maneuvers on breath-holding time', 

Journal of Applied Physiology, 42, pp. 717-721. 

Bert, P. (1870) Leçons sur la physiologie comparée de la respiration professées au 

Muséum d'histoire naturelle. 



 
 

87 

Bevegaard, B. S. and Shepherd, J. T. (1966) 'Reaction in man of resistance and 

capacity vessels in forearm and hand to leg exercise', Journal of applied physiology, 21(1), 

pp. 123-132. 

Brick, I. (1966) 'Circulatory responses to immersing the face in water', Journal of 

Applied Physiology, 21(1), pp. 33-36. 

Bryden, M. (1972) 'Body size and composition of elephant seals (Mirounga leonine): 

absolute measurements and estimates from bone dimensions', Journal of Zoology, 167(3), pp. 

265-276. 

Burns, J., Costa, D., Frost, K. and Harvey, J. (2005) 'Development of body oxygen 

stores in harbor seals: effects of age, mass, and body composition', Physiological and 

Biochemical Zoology, 78(6), pp. 1057-1068. 

Burns, J., Lestyk, K., Folkow, L., Hammill, M. and Blix, A. (2007) 'Size and 

distribution of oxygen stores in harp and hooded seals from birth to maturity', Journal of 

Comparative Physiology B, 177(6), pp. 687-700. 

Burton, M., G., M. D. and P., S. J. (1997) 'Breath-holding in healthy and pulmonary-

compromised populations: Effects of hyperventilation and oxygen inspiration', Journal of 

Magnetic Resonance Imaging, 7(3), pp. 595-597. 

Butler and Jones (1997) 'Physiology of diving of birds and mammals', Physiological 

reviews, 77(3), pp. 837-899. 

Carter, J. and Jeukendrup, A. E. (2002) 'Validity and reliability of three commercially 

available breath-by-breath respiratory systems', Eur J Appl Physiol, 86(5), pp. 435-41. 

Castellini, M. A. and Somero, G. N. (1981) 'Buffering capacity of vertebrate muscle: 

correlations with potentials for anaerobic function', Journal of Comparative Physiology, 

143(2), pp. 191-198. 



 
 

88 

Cherouveim, E. D., Botonis, P. G., Koskolou, M. D. and Geladas, N. D. (2013) 'Effect 

of gender on maximal breath-hold time', European Journal of Applied Physiology, 113(5), pp. 

1321-1330. 

Cooper, H. E., Clutton-Brock, T. H. and Parkes, M. J. (2003) 'Contribution of the 

respiratory rhythm to sinus arrhythmia in normal unanesthetized subjects during positive-

pressure mechanical hyperventilation', American Journal of Physiology - Heart and 

Circulatory Physiology, 286(1), p. H402. 

Cooper, H. E., Parkes, M. J. and Clutton-Brock, T. H. (2004) 'CO2 dependent 

components of sinus arrhythmia from the start of  breath holding in humans', American 

Journal of Physiology - Heart and Circulatory Physiology, 285, pp. H841-H848. 

Craig, A. B. (1963) 'Heart rate responses to apneic underwater diving and to breath 

holding in man', Journal of Applied Physiology, 18(5), pp. 854-862. 

Davis, R., Fuiman, L., Williams, T., Collier, S., Hagey, W., Kanatous, S., Kohin, S. 

and Horning, M. (1999) 'Hunting behavior of a marine mammal beneath the Antarctic fast 

ice', Science, 283(5404), pp. 993-996. 

Dempsey, J. A. and Wagner, P. D. (1999) 'Exercise-induced arterial hypoxemia', 

Journal of Applied Physiology, 87(6), pp. 1997-2006. 

Engan, H., Richardson, M., Lodin‐Sundström, A., Van Beekvelt, M. and Schagatay, E. 

(2013) 'Effects of two weeks of daily apnea training on diving response, spleen contraction, 

and erythropoiesis in novel subjects', Scandinavian journal of medicine & science in sports, 

23(3), pp. 340-348. 

Engel, G. L., Ferris, E. B., Webb, J. P. and Stevens, C. D. (1946) 'Voluntary 

Breathholding II', The Journal of Clinical Investigation, 25(5), pp. 729-733. 



 
 

89 

Espersen, K., Frandsen, H., Lorentzen, T., Kanstrup, I.-L. and Christensen, N. J. (2002) 

'The human spleen as an erythrocyte reservoir in diving-related interventions', Journal of 

Applied Physiology, 92(5), pp. 2071-2079. 

Ferraro, R., Lillioja, S., Fontvieille, A.-M., Rising, R., Bogardus, C. and Ravussin, E. 

(1992) 'Lower sedentary metabolic rate in women compared with men', Journal of Clinical 

Investigation, 90(3), p. 780. 

Ferrigno, M., Ferretti, G., Ellis, A., Warkander, D., Costa, M., Cerretelli, P. and 

Lundgren, C. E. G. (1997) 'Cardiovascular changes during deep breath-hold dives in a 

pressure chamber', Journal of Applied Physiology, 83(4), pp. 1282-1290. 

Ferris, E. B., Engel, G. L., Stevens, C. D. and Webb, J. (1946) 'Voluntary 

breathholding III. The relation of the maximum time of breathholding to the oxygen and 

carbon dioxide tensions of arterial blood, with a note on its clincial and physiological 

significance.', Journal of Clinical Investigation, 25(5), pp. 734-743. 

Fitz-Clarke, J. R. (2018) 'Breath-hold diving', Comprehensive physiology, 8(2), pp. 

585-630. 

Flume, P. A., Eldridge, F. L., Edwards, L. J. and Houser, L. M. (1994) 'The Fowler 

breathholding study revisited: continuous rating of respiratory sensation', Respiration 

Physiology, 95(1), pp. 53-66. 

Flume, P. A., Eldridge, F. L., Edwards, L. J. and Mattison, L. E. (1996) 'Relief of the 

‘air hunger’ of breathholding. A role for pulmonary stretch receptors', Respiration 

Physiology, 103(3), pp. 221-232. 

Foster, G. and Sheel, A. (2005) 'The human diving response, its function, and its 

control', Scandinavian journal of medicine & science in sports, 15(1), pp. 3-12. 



 
 

90 

Godfrey, S. and Campbell, E. J. M. (1969) 'Mechanical and chemical control of breath 

holding', Quarterly Journal of Experimental Physiology and Cognate Medical Sciences, 

54(2), pp. 117-128. 

Gooden, B. A. (1994) 'Mechanism of the human diving response', Integrative 

Physiological and Behavioral Science, 29(1), pp. 6-16. 

Gorber, C. S., Tremblay, M., Moher, D. and Gorber, B. (2007) 'A comparison of direct 

vs. self-report measures for assessing height, weight and body mass index: a systematic 

review', Obes Rev, 8(4), pp. 307-26. 

Harms, C. A., Wetter, T. J., McClaran, S. R., Pegelow, D. F., Nickele, G. A., Nelson, 

W. B., Hanson, P. and Dempsey, J. A. (1998) 'Effects of respiratory muscle work on cardiac 

output and its distribution during maximal exercise', J Appl Physiol (1985), 85(2), pp. 609-18. 

Harris, J. A. and Benedict, F. G. (1918) 'A biometric study of human basal 

metabolism', Proceedings of the National Academy of Sciences, 4(12), pp. 370-373. 

Harty, H. R., Mummery, C. J., Adams, L., Banzett, R. B., Wright, I. G., Banner, N. R., 

Yacoub, M. H. and Guz, A. (1996) 'Ventilatory relief of the sensation of the urge to breathe in 

humans: are pulmonary receptors important?', The Journal of Physiology, 490(Pt 3), pp. 805-

815. 

Haugen, Chan, L.-N. and Li, F. (2007) Indirect Calorimetry: A Practical Guide for 

Clinicians. 

Haugen, Melanson, E. L., Tran, Z. V., Kearney, J. T. and Hill, J. O. (2003) 'Variability 

of measured resting metabolic rate', The American journal of clinical nutrition, 78(6), pp. 

1141-1145. 

Heistad, D., Abbound, F. and Eckstein, J. (1968) 'Vasoconstrictor response to 

simulated diving in man', Journal of Applied Physiology, 25(5), pp. 542-549. 



 
 

91 

Heusser, K., Dzamonja, G., Breskovic, T., Steinback, C. D., Diedrich, A., Tank, J., 

Jordan, J. and Dujic, Z. (2010) 'Sympathetic and cardiovascular responses to 

glossopharyngeal insufflation in trained apnea divers', Journal of Applied Physiology, 109(6), 

p. 1728. 

Hill, L. and Flack, M. (1908) 'The effect of excess of carbon dioxide and of want of 

oxygen upon the respiration and the circulation', The Journal of Physiology, 37(2), pp. 77-

111. 

Hill, P. M. (1973) 'Hyperventilation, breath holding and alveolar oxygen tensions at the 

breaking point1', Respiration Physiology, 19(2), pp. 201-209. 

Hong, S. K., Lin, Y. C., Lally, D. A., Yim, B. J., Kominami, N., Hong, P. W. and 

Moore, T. O. (1971) 'Alveolar gas exchanges and cardiovascular functions during breath 

holding with air', Journal of Applied Physiology, 30(4), p. 540. 

Horst, K., Willson, R. J. and Smith, R. G. (1936) 'The effect of coffee and decaffinated 

coffee on oxygen consumption, pulse rate and blood pressure', Journal of Pharmacology and 

Experimental Therapeutics, 58(3), p. 294. 

Horvath, S. M., Malenfant, A., Rossi, F. and Rossi‐Bernardi, L. (1977) 'The oxygen 

affinity of concentrated human hemoglobin solutions and human blood', American journal of 

hematology, 2(4), pp. 343-354. 

Hurford, W. E., Hochachka, P. W., Schneider, R. C., Guyton, G. P., Stanek, K. S., 

Zapol, D. G., Liggins, G. C. and Zapol, W. M. (1996) 'Splenic contraction, catecholamine 

release, and blood volume redistribution during diving in the Weddell seal', Journal of 

Applied Physiology, 80(1), pp. 298-306. 



 
 

92 

Hurford, W. E., Hong, S., Park, Y. S., Ahn, D., Shiraki, K., Mohri, M. and Zapol, W. 

M. (1990) 'Splenic contraction during breath-hold diving in the Korean ama', Journal of 

Applied Physiology, 69(3), pp. 932-936. 

Irving, L. (1939) 'Respiration in diving mammals', Physiological Reviews, 19(1), pp. 

112-134. 

Irving, L. (1963) 'Bradycardia in human divers', Journal of Applied Physiology, 18(3), 

pp. 489-491. 

Ishii, N., Tomita, K., Suetake, S., Okuno, Y., Kawamura, K., Takeshima, R., Ohse, H. 

and Imura, S. (2018) 'Oxygen cost of thoracic and diaphragmatic breathing during 

hyperventilation in healthy males', Journal of physical therapy science, 30(2), pp. 238-241. 

Kaczmarek, J., Reichmuth, C., McDonald, B. I., Kristensen, J. H., Larson, J., 

Johansson, F., Sullivan, J. L. and Madsen, P. T. (2018) 'Drivers of the dive response in 

pinnipeds; apnea, submergence or temperature?', The Journal of Experimental Biology, 

221(13). 

Kelman, G. and Wann, K. (1971) 'Mechanical and chemical control of breath holding', 

Quarterly journal of experimental physiology and cognate medical sciences, 56(2), pp. 92-

100. 

Klocke, F. J. and Rahn, H. (1959) 'Breath holding after breathing of oxygen', Journal 

of Applied Physiology, 14(5), p. 689. 

Koga, T. (1979) 'Correlation between sectional area of the spleen by ultrasonic 

tomography and actual volume of the removed spleen', Journal of Clinical Ultrasound, 7(2), 

pp. 119-120. 

Kooyman (1985) 'Physiology without restraint in diving mammals', Marine Mammal 

Science, 1(2), pp. 166-178. 



 
 

93 

Kooyman and Campbell (1972) 'Heart rates in freely diving Weddell Seals, 

Leptonychotes weddelli', Comp Biochem Physiol A Comp Physiol, 43(1), pp. 31-6. 

Kooyman and Ponganis (1998) 'The physiological basis of diving to depth: birds and 

mammals', Annual Review of Physiology, 60(1), pp. 19-32. 

Kooyman, Wahrenbrock, E., Castellini, M., Davis, R. and Sinnett, E. (1980) 'Aerobic 

and anaerobic metabolism during voluntary diving in Weddell seals: Evidence of preferred 

pathways from blood chemsitry and behavior', Journal of Comparative Physiology B: 

Biochemical, Systemic, and Environmental Physiology, 138(4), pp. 335-346. 

Lemaître, F., Buchheit, M., Joulia, F., Fontanari, P. and Tourny-Chollet, C. (2008) 

'Static apnea effect on heart rate and its variability in elite breath-hold divers', Aviation, space, 

and environmental medicine, 79(2), pp. 99-104. 

Lenfant, C., Johansen, K. and Torrance, J. D. (1970) 'Gas transport and oxygen storage 

capacity in some pinnipeds and the sea otter', Respiration physiology, 9(2), pp. 277-286. 

Lentner, C. (1984) 'Geigy scientific tables. Vol.3, Physical chemistry, composition of 

blood, hematology, somatometric data' 8th ed rev and enl, edited by C. Lentner. Basle: Basle : 

Ciba-Geigy. 

Lin, Y.-C. (1982) 'Breath-hold diving in terrestrial mammals', Exercise and sport 

sciences reviews, 10(1), pp. 270-307. 

Lin, Y. C., Lally, D. A., Moore, T. O. and Hong, S. K. (1974) 'Physiological and 

conventional breath-hold breaking points', Journal of Applied Physiology, 37(3), p. 291. 

Lindholm, Conniff, M., Gennser, M., Pendergast, D. and Lundgren, C. (2007) 'Effects 

of fasting and carbohydrate consumption on voluntary resting apnea duration', European 

Journal of Applied Physiology, 100(4), pp. 417-425. 



 
 

94 

Lindholm, P. and Lundgren, C. (2006) 'Alveolar gas composition before and after 

maximal breath-holds in competitive divers', Undersea & Hyperbaric Medicine, 33(6), p. 

463. 

Lindholm, P., Sundblad, P. and Linnarsson, D. (1999) 'Oxygen-conserving effects of 

apnea in exercising men', Journal of applied physiology, 87(6), pp. 2122-2127. 

Lockyer, C. (1976) 'Body weights of some species of large whales', ICES Journal of 

Marine Science, 36(3), pp. 259-273. 

Manzotti, M. (1958) 'The effect of some respiratory manoeuvres on the heart rate', The 

Journal of physiology, 144(3), pp. 541-557. 

McLoughlin, P. and Drummond, G. (2017) 'Publishing replication studies to support 

excellence in physiological research', Experimental Physiology, 102(9), pp. 1041-1043. 

Molé, P. A. (1990) 'Impact of energy intake and exercise on resting metabolic rate', 

Sports Medicine, 10(2), pp. 72-87. 

Morris, N. R., Snyder, E. M., Beck, K. C. and Johnson, B. D. (2009) 'Lung-to-lung 

circulation times during exercise in heart failure', European Journal of Applied Physiology, 

106(4), pp. 621-627. 

Nadler, S. B., Hidalgo, J. U. and Bloch, T. (1962) 'Prediction of blood volume in 

normal human adults', Surgery, 51(2), pp. 224-232. 

Nichols, J. W. and Weber, L. J. (1989) 'Oxidation of cardiac myoglobin in vivo by 

sodium nitrite or hydroxylamine', Archives of toxicology, 63(6), pp. 484-488. 

Norfleet, W. and Bradley, C. (1987) 'Can eucapnic hyperventilation prolong a 

subsequent breath-hold?', Respiration physiology, 70(3), pp. 369-376. 

Palada, I., Bakovic, D., Valic, Z., Obad, A., Ivancev, V., Eterovic, D., Shoemaker, J. 

K. and Dujic, Z. (2008) 'Restoration of hemodynamics in apnea struggle phase in association 



 
 

95 

with involuntary breathing movements', Respiratory physiology & neurobiology, 161(2), pp. 

174-181. 

Panneton, W. M. (2013) 'The mammalian diving response: an enigmatic reflex to 

preserve life?', Physiology (Bethesda), 28(5), pp. 284-97. 

Parkes, Green, S., Stevens, A. M., Parveen, S., Stephens, R. and Clutton-Brock, T. H. 

(2016a) 'Reducing the within-patient variability of breathing for radiotherapy delivery in 

conscious, unsedated cancer patients using a mechanical ventilator', The British Journal of 

Radiology, 89(1062), p. 20150741. 

Parkes, Green, S., Stevens, A. M., Parveen, S., Stephens, R. and Clutton-Brock, T. H. 

(2016b) 'Safely prolonging single breath-holds to> 5 min in patients with cancer; feasibility 

and applications for radiotherapy', The British journal of radiology, 89(1063), p. 20160194. 

Parkes, M. (2012) 'Do humans really prolong breathhold duration by lowering heart 

rate to reduce metabolic rate', Physiol News, 88, pp. 33-6. 

Parkes, M. J. (2006) 'Breath-holding and its breakpoint', Experimental Physiology, 

91(1), pp. 1-15. 

Parkes, M. J., Green, S., Stevens, A. M. and Clutton-Brock, T. H. (2014) 'Assessing 

and ensuring patient safety during breath-holding for radiotherapy', The British Journal of 

Radiology, 87(1043), p. 20140454. 

Perini, R., Tironi, A., Gheza, A., Butti, F., Moia, C. and Ferretti, G. (2008) 'Heart rate 

and blood pressure time courses during prolonged dry apnoea in breath-hold divers', 

European journal of applied physiology, 104(1), pp. 1-7. 

Pingitore, A., Gemignani, A., Menicucci, D., Di Bella, G., De Marchi, D., Passera, M., 

Bedini, R., Ghelarducci, B. and L'Abbate, A. (2008) 'Cardiovascular response to acute 



 
 

96 

hypoxemia induced by prolonged breath holding in air', American Journal of Physiology-

Heart and Circulatory Physiology, 294(1), pp. H449-H455. 

Ponganis, P., Kooyman, G., Winter, L. and Starke, L. (1997) 'Heart rate and plasma 

lactate responses during submerged swimming and trained diving in California sea lions, 

Zalophus californianus', Journal of Comparative Physiology B, 167(1), pp. 9-16. 

Ponganis, P. J., Kooyman, G. L. and Castellini, M. A. (1993) 'Determinants of the 

Aerobic Dive Limit of Weddell Seals: Analysis of Diving Metabolic Rates, Postdive End 

Tidal Po₂'s, and Blood and Muscle Oxygen Stores', Physiological Zoology, 66(5), pp. 732-

749. 

Qvist, J., Hill, R. D., Schneider, R. C., Falke, K. J., Liggins, G. C., Guppy, M., Elliot, 

R. L., Hochachka, P. W. and Zapol, W. M. (1986) 'Hemoglobin concentrations and blood gas 

tensions of free-diving Weddell seals', Journal of Applied Physiology, 61(4), pp. 1560-1569. 

Richardson, M. X., de Bruijn, R. and Schagatay, E. (2009) 'Hypoxia augments apnea-

induced increase in hemoglobin concentration and hematocrit', Eur J Appl Physiol, 105(1), 

pp. 63-8. 

Richet, C. (1899) 'De la resistance des canards a l'asphyxie', J. physiol. pathol. Gén, 1, 

pp. 641-650. 

Ridgway, S. H. (1986) 'Diving by cetaceans', Diving in animals and man, pp. 33-62. 

Sandiford, I. and Wheeler, T. (1924) 'The basal metabolism before, during and after 

pregnancy', The Journal of Biological Chemistry 62, pp. 329-352. 

Sasse, S. A., Berry, R. B., Nguyen, T. K., Light, R. W. and Mahutte, C. K. (1996) 

'Arterial blood gas changes during breath-holding from functional residual capacity', Chest, 

110(4), pp. 958-964. 



 
 

97 

Schagatay, E. (2012) 'Size Matters: Spleen and Lung Volumes Predict Performance in 

Human Apneic Divers', Frontiers in Physiology, 3(173). 

Schagatay, E. (2014) 'Human breath-hold diving ability and the underlying 

physiology', Human Evolution, 29(1-3), pp. 125-140. 

Schagatay, E. and Andersson, J. (1998) 'Diving response and apneic time in humans', 

Undersea & hyperbaric medicine, 25(1), p. 13. 

Schagatay, E., Andersson, J. P. A., Hallén, M. and Pålsson, B. (2001) 'Selected 

Contribution: Role of spleen emptying in prolonging apneas in humans', Journal of Applied 

Physiology, 90(4), pp. 1623-1629. 

Schagatay, E. and Lodin-Sundström, A. (2014) 'Fasting improves static apnea 

performance in elite divers without enhanced risk of syncope', European journal of sport 

science, 14(sup1), pp. S157-S164. 

Schneider, E. C. (1930) 'Obserservations on holding the breath', American Journal of 

Physiology -- Legacy Content, 94(2), p. 464. 

Scholander, Hammel, H., LeMessurier, H., Hemmingsen, E. and Garey, W. (1962) 

'Circulatory adjustment in pearl divers', Journal of Applied Physiology, 17(2), pp. 184-190. 

Scholander, P. F. (1940) 'Experimental investigations on the respiratory function in 

diving mammals and birds', Hvalradets Skrifter: Norske Videnskpas-Akad 22, pp. 1-131. 

Scholander, P. F. (1962a) 'Physiological adaptation to diving in animals and man', Harvey 

Lecture Series, 57, pp. 93-110. 

Simpson, J. G., Gilmartin, W. G. and Ridgway, S. H. (1970) 'Blood volume and other 

hematologic values in young elephant seals (Mirounga angustirostris)', American journal of 

veterinary research, 31, pp. 1449-1452. 



 
 

98 

Snyder, G. K. (1983) 'Respiratory adaptations in diving mammals', Respiration 

physiology, 54(3), pp. 269-294. 

Solomon, S. J., Kurzer, M. S. and Calloway, D. H. (1982) 'Menstrual cycle and basal 

metabolic rate in women', The American journal of clinical nutrition, 36(4), pp. 611-616. 

Spaeth, A. M., Dinges, D. F. and Goel, N. (2015) 'Resting metabolic rate varies by 

race and by sleep duration', Obesity, 23(12), pp. 2349-2356. 

Speakman, J. R. and Selman, C. (2003) 'Physical activity and resting metabolic rate', 

Proceedings of the Nutrition Society, 62(3), pp. 621-634. 

Sterba, J. and Lundgren, C. (1988) 'Breath-hold duration in man and the diving 

response induced by face immersion', Undersea biomedical research, 15(5), pp. 361-375. 

Stevens, C. D., Ferris, E. B., Webb, J. P., Engel, G. L. and Logan, M. (1946) 

'Voluntary breathholding. I. Pulmonary gas exchange during breathholding', Journal of 

Clinical Investigation, 25(5), pp. 723-728. 

Stewart, I. B., Bulmer, A. C., Sharman, J. E. and Ridgway, L. (2005) 'Arterial oxygen 

desaturation kinetics during apnea', Medicine and science in sports and exercise, 37(11), pp. 

1871-1876. 

Stewart, I. B., Warburton, D. E., Hodges, A. N., Lyster, D. M. and McKenzie, D. C. 

(2003) 'Cardiovascular and splenic responses to exercise in humans', Journal of Applied 

Physiology, 94(4), pp. 1619-1626. 

Takaoka, H., Takeuchi, M., Odake, M. and Yokoyama, M. (1992) 'Assessment of 

myocardial oxygen consumption and systolic pressure–volume area (PVA) in human hearts', 

European Heart Journal, 13(suppl E), p. 85. 

Tipton, M. J. (1989) 'The initial responses to cold-water immersion in man', Clin Sci 

(Lond), 77(6), pp. 581-8. 



 
 

99 

Trembach, N. and Zabolotskikh, I. (2017) 'The Influence of Age on Interaction 

between Breath-Holding Test and Single-Breath Carbon Dioxide Test', BioMed Research 

International, 2017, p. 1010289. 

Ward, S. A., Macias, D. and Whipp, B. J. (2001) 'Is breath-hold time an objective 

index of exertional dyspnoea in humans?', European journal of applied physiology, 85(3-4), 

pp. 272-279. 

Watwood, S. L., Miller, P. J., Johnson, M., Madsen, P. T. and Tyack, P. L. (2006) 

'Deep‐diving foraging behaviour of sperm whales (Physeter macrocephalus)', Journal of 

Animal Ecology, 75(3), pp. 814-825. 

Welch, H. G. and Pedersen, P. K. (1981) 'Measurement of metabolic rate in 

hyperoxia', Journal of Applied Physiology, 51(3), pp. 725-731. 

Williams, T. M., Davis, R., Fuiman, L., Francis, J., Le, B., Horning, M., 

Calambokidis, J. and Croll, D. (2000) 'Sink or swim: strategies for cost-efficient diving by 

marine mammals', Science, 288(5463), pp. 133-136. 

Zapol, W. M. (1987) 'Diving adaptations of the Weddell seal', Scientific American, 

256(6), pp. 100-107. 

Zapol, W. M., Liggins, G. C., Schneider, R. C., Qvist, J., Snider, M. T., Creasy, R. K. 

and Hochachka, P. W. (1979) 'Regional blood flow during simulated diving in the conscious 

Weddell seal', Journal of Applied Physiology, 47(5), pp. 968-973. 

 

 



 
 

100 

6 Appendix 

6.1 Participant information sheet  

Study title: Measurement of metabolic rate during breath-holding in healthy volunteers. 

LREC reference 05/Q2708/53 RRK 3310 

Investigators: Principal Investigator: Dr M J Parkes, School of Sports, Exercise and 

Rehabilitation Sciences, m.j.parkes@bham.ac.uk, 0121 414 6977. 

Co- investigators: Chloe Davis (BSc), School of Sports, Exercise and Rehabilitation Sciences, 

.  

Invitation: 

You are being invited to take part in a research study.  Before you decide it is 

important for you to understand why the research is being carried out and what it will involve. 

Please take time to read the following information carefully and discuss it with others if you 

wish. Ask us if there is anything that is not clear or if you would like more information. Take 

time to decide whether or not you wish to take part. 

What is the purpose of the study? 

It remains unclear what happens to metabolic rate during breath-holding in humans. 

We wish to investigate this with simple non-invasive experiments.  

Why have you been chosen? 

We invite a number of normal, healthy volunteers to take part to provide basic 

information on what measurements can be made successfully in normal subjects. 

Do I have to take part?  

It is up to you to decide whether or not to take part.  If you do decide to take part you 

will be given this information sheet to keep and be asked to sign a consent form. If you decide 

to take part you are still free to withdraw at any time and without giving a reason.  A decision 
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to withdraw at any time, or a decision not to take part, will not affect the standard of care you 

receive nor the conduct of the University towards you nor your degree marks nor progress 

within the University. 

What will happen to me if I take part? What do I have to do? 

Our experiments take place in the Wellcome Trust Clinical Research Facility at the 

Queen Elizabeth Hospital.  You may attend our experiments in the morning or afternoon. You 

can follow your normal lifestyle on the day of the experiment. You need not make any special 

preparations before arrival and wearing some loose, fitting clothes (so that the leads from 

ECG electrodes on your chest can be easily led to our equipment). 

When you arrive, we will demonstrate the ventilation equipment to you. We will 

answer any questions that you may have about the experiment before we start. 

Throughout the experiments you may listen to music via headphones and you may 

bring your own music if you wish. We will ask you to lie as still as comfortably possible, but 

it does not matter if you occasionally make some movements. 

We will ask you to lie on a comfortable bed with your head propped up with pillows 

and when you are comfortable we will attach three self-adhesive ECG electrodes to your 

upper chest for heart rate analysis. We will attach a standard blood pressure cuff and a small 

clip to your finger to measure the saturation of your arterial blood (these are standard clinical 

monitors). At first, we will let you breathe through a mouthpiece, 3-way valve, airflow meter 

and carbon dioxide sensor and collecting your expired gas samples so that we can measure 

your normal breathing pattern and establish your resting metabolic rate. 

What experimental procedure is involved? 

We will ask you to wear a disposable facemask secured behind your head with a small 

strap.  You may wear this mask for some time and we will take great care to make it as 
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comfortable as possible.  The mask may make your mouth feel a little dry at first, but this is 

usually a very minor problem.  You may remove the mask at any time if it is uncomfortable 

or you do not feel happy with the experiment.  We would rather that you did not talk with the 

mask on and we will teach you to communicate with us with agreed and simple hand signals 

(e.g. thumbs up or down). We will attach the mask to a standard patient ventilator through a 

sterile bacterial and viral filter.  

We will also ask you to hold your breath so that we can make the same measurements 

at rest. One some occasions we may ask you to breathe gas mixtures high in oxygen. We may 

also perform an experiment in which a mechanical ventilator breathes for you at your normal 

depth and frequency. This is a little strange and may take a few tries before you are 

comfortable.  We will encourage you to practice this on a number of separate occasions until 

you are entirely comfortable with it. Most people find it a quite restful and not unpleasant nor 

uncomfortable experience. 

What are the side effects of this procedure? 

There are no associated side effects anticipated with this procedure. 

What are the possible disadvantages and risks of taking part?  What if something goes 

wrong? 

To the best of our knowledge the experiment is entirely safe and the investigators 

themselves have taken part as experimental subjects on many previous occasions. There are 

no known risks of taking part. 

 If during the course of the experiment, we think we might have detected any medical 

condition of which you were not aware, a clinical doctor will speak to you about it.  

 If for any other reason you felt unwell during this study, there are nursing and medical 

staff available for you to talk to. 
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What are the possible benefits of taking part? 

 There are no obvious benefits in taking part in this study. Undergraduate students 

within the School will be awarded research credits for their contribution.  

How much time will my involvement in this experiment take? 

 We anticipate that 4.5 hours of time will be necessary to complete this study: one 

training visit of approximately 1.5 hours and three experiments visits of approximately 1 hour 

each. 

Will my participation be confidential? 

Yes. The records we keep are your name, the dates of the experiments and the 

physiological data that we record. You will not be identified by name in any publication of 

the data. 

What will happen to the results of this study? 

We intend to publish these results in refereed scientific papers and you make have a 

copy of the papers when they are published. 

Who is organising and funding this research? 

This research is forms part of an MSc by Research project within The School of Sport 

Exercise and Rehabilitation Sciences at The University of Birmingham.  

Who has reviewed this research? 

This research has been reviewed by Walsall Local Research Ethics Committee. In 

addition to The University of Birmingham Ethics Committee (reference: ERN_16-0767). 

At any time if you have any questions about this study you may contact Dr Parkes in the 

School of Sport & Exercise Sciences on 0121 414 6977 or Chloe Davis (BSc) at 

.  

You may keep a copy of this information sheet and a copy of the signed consent form. 
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6.2 Participant health check form  

Please answer the following questions: 

Name:                          

Date of Birth: 

Height (centimetres):                                            

Weight (kilograms): 

Are you now, or have you in the past ever suffered from any of the following? 

1. Asthma 

2. Epilepsy 

3. Coronary Artery Disease (Angina etc.) 

4. Hypertension (Raised blood pressure) 

5. Diabetes 

6. Renal failure 

7. Morbid Obesity 

8. Latex Allergy 

NO: □ 

 

IF THE ANSWER TO ANY OF THE ABOVE IS YES THEN YOU MAY NOT TAKE 

PART IN THE STUDY. 

 

Are you currently taking any medicines (other than the contraceptive pill)  

NO: □ 
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Have you had any of the following within the last 7 days? 

1. A cold, ‘Flu, Sore Throat etc. 

2. A blocked nose 

3. A nose bleed 

4. Earache 

NO: □ 

IF THE ANSWER TO ANY OF THE ABOVE IS YES, A DOCTOR WILL CONSIDER 

YOUR ANSWERS MORE FULLY AND IN CONFIDENCE BEFORE YOU 

PROCEED WITH THIS STUDY. 

 

Signature: ……………………………………….……Date:………………………….. 
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6.3 Participant consent form  

Title of Project: Measurement of metabolic rate during breath-holding in healthy volunteers.  

Senior Investigator: Dr M.J.Parkes, School of Sport, Exercise and Rehabilitation Sciences 

Co investigators Chloe Davis (BSc), School of Sport, Exercise and Rehabilitation Sciences 

Please initial box 

1. I confirm that I have read and understand the Participant information sheet for the above 

study, that I have had the opportunity to consider the information, ask questions and that 

I understand that mechanical ventilation, non-invasive measurements (including 

EEG) and venepuncture may be undertaken.  

2. I understand that my participation is voluntary and that I am free to withdraw at any 

time, without giving any reason, without my medical care or legal rights being 

affected. 

3. I understand that sections of any of my hospital medical notes may be looked at by 

responsible individuals from the Wellcome Trust Clinical Research Facility or from 

regulatory authorities where it is relevant to my taking part in research.  I give 

permission for these individuals to have access to my records. 

4. I agree to take part in the above study.  

________________________ ________________ ____________________ 

Name of participant Date Signature 

_________________________ ________________ ____________________ 

Name of person taking consent Date Signature 

_________________________ ________________ ____________________ 

Researcher Date Signature 




