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Abstract
Purpose  Acute breath-holding deprives the human body from oxygen. In an effort to protect the brain, the diving response 
is initiated, coupling several physiological responses. The aim of this study was to describe the physiological responses to 
apnea at the cardiac, peripheral and cerebral level.
Methods  31 physically active subjects (17 male, 14 female, 23.3 ± 1.8 years old) performed a maximal static breath-hold in 
a seated position. Heart rate (HR), muscle and cerebral oxygenation (by means of near-infrared spectroscopy, NIRS) were 
continuously measured. RM MANOVA’s were used to identify changes in HR, peripheral (mTOI) and cerebral (cTOI) tissue 
oxygenation and oxygenated (O2Hb) and deoxygenated (HHb) hemoglobin during apnea.
Results  Average apnea duration was 157 ± 41 s. HR started decreasing after 10 s (p < 0.001) and dropped on average by 
27 ± 14 bpm from baseline (p < 0.001). mTOI started decreasing 10 s after apnea (p < 0.001) and fell by 8.6 ± 4.0% (p < 0.001). 
Following an immediate drop after 5 s (p < 0.001), cTOI increased continuously, reaching a maximal increase of 3.7 ± 2.4% 
followed by a steady decrease until the end of apnea. cTOI fell on average 5.4 ± 8.3% below baseline (p < 0.001).
Conclusion  During apnea, the human body elicits several protective mechanisms to protect itself against the deprivation of 
oxygen. HR slows down, decreasing O2 demand of the cardiac muscle. The decrease in mTOI and increase in cTOI imply 
a redistribution of blood flow prioritizing the brain. However, this mechanism is not sufficient to maintain cTOI until the 
end of apnea.

Keywords  Breath-holding · Diving response · NIRS · Cerebral oxygenation · Peripheral oxygenation · Syncope

Abbreviations
bpm	� Beats per minute
c[HHb]	� Deoxygenated cerebral hemoglobin 

concentration
c[O2 Hb]	� Oxygenated cerebral hemoglobin 

concentration
cTOI	� Cerebral tissue oxygenation index
HR	� Heart rate
µM	� Micro mol. L−1

Manova	� Multivariate analysis of variance
m[HHb]	� Deoxygenated muscle hemoglobin 

concentration
m[O2 Hb]	� Oxygenated muscle hemoglobin concentration
mTOI	� Muscle tissue oxygenation index
O2	� Oxygen

Introduction

Oxygen (O2) is crucial for all living cells. The brain is espe-
cially vulnerable to a lack of O2 as it uses up to 20% of the 
total body O2 metabolism at rest (Madsen et al. 1993). This 
is illustrated by the evidence that, following sudden circula-
tory arrest, syncope occurs within 30 s (Shemie and Gar-
diner 2018) and damage is considered irreversible between 2 
and 10 min following arrest (Dhanani et al. 2012). However, 
elite apneists can easily hold their breath for over 5 min, 
with the current world record set at 11 min 35 s (AIDA 
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International 2020), which indicates that the human body 
is capable of ensuring O2 delivery to the brain under apneic 
conditions.

Indeed, in an effort to protect the brain during apnea, 
the body elicits a series of physiological responses called 
the diving response. This response is initiated by apnea and 
enhanced by stimulation of the facial cold receptors (Fos-
ter and Sheel 2005), reduces overall O2 demand, conserves 
intrinsic oxygen stores (Gooden 1994; Foster and Sheel 
2005; Costalat et al. 2017) and prioritizes O2 delivery to 
the brain. Irving (Irving 1934, 1935) already hypothesized 
the existence of a mechanism composed of bradycardia 
combined with a redistribution of blood flow consisting 
of peripheral vasoconstriction to protect the brain. These 
responses have been well established since the 60s for both 
diving mammals (Scholander et al. 1962; Irving 1963) and 
humans (Heistad et al. 1968; Campbell et al. 1969). Brady-
cardia develops through increased parasympathetic nerve 
activity induced by reduced pulmonary stretch and removal 
of the inspiratory induced phasic tachycardia (Bain et al. 
2018), while peripheral vasoconstriction originates from 
increased sympathetic activity (Heistad et al. 1968). Con-
traction of the spleen, which acts as a reservoir for red blood 
cells (Espersen et al. 2002), has also been linked to the div-
ing response. In response to apnea and mediated by alpha-
adrenoreceptors (Fredén et al. 1978), the spleen actively 
contracts, releasing red blood cells and thus increasing 
hemoglobin concentration by 2–5% (Schagatay et al. 2001; 
Richardson et al. 2005; Bouten et al. 2019). This increases 
the O2 content in the blood and therefore allows for longer 
breath-hold times (Schagatay et al. 2001).

The protective role of the diving response is clearly 
observed in studies showing increased cerebral blood flow 
during dry static apnea compared to rest in trained apneists 
(Joulia et al. 2009; Willie et al. 2015; Bain et al. 2016), 
although this response was less present in endurance trained 
athletes with no experience in breath-holding (Joulia et al. 
2009). In addition, next to this preserved O2 delivery to the 
brain, Bain et al. (2016) also found that the brain had the 
capacity to decrease its metabolism, as calculated from cer-
ebral blood flow and radial artery–jugular venous O2 con-
tent difference, in trained apneists, as such further protecting 
the brain from deoxygenating. Eichhorn et al. (2015, 2017) 
examined both cerebral and peripheral tissue oxygenation 
through NIRS technology during apnea. Consistent with 
increases in cerebral blood flow, cerebral tissue oxygena-
tion index (cTOI) showed an increase by 10%, starting to 
decrease after 3 min and only reaching values below baseline 
at the very end of maximal static apnea, while peripheral tis-
sue oxygenation started decreasing immediately after onset 
of apnea (Eichhorn et al. 2015, 2017).

The studies mentioned above all indicate the role of the 
diving response as a protective mechanism for the brain. 

However, most of these studies include elite or trained 
breath-hold divers while breath-holding has also been sug-
gested (Lemaître et al. 2010) and applied (Woorons et al. 
2008, 2016, 2019; Fornasier-Santos et al. 2018) as a train-
ing method to improve sports performance. From a safety 
perspective, the need therefore arises to obtain insight into 
the physiological responses to an acute bout of apnea in non-
apnea trained individuals. More specifically, it is important 
to know if the diving response is also successful in protect-
ing the brain against the apnea-induced hypoxia in these 
naïve subjects. Whereas cerebral and peripheral oxygenation 
has been documented (Palada et al. 2007; Eichhorn et al. 
2015; Ratmanova et al. 2016), research on the factors under-
pinning this profile, i.e., the changes in peripheral and cer-
ebral oxygenated and deoxygenated hemoglobin (O2Hb and 
HHb), especially in untrained subjects, is scarce. In addi-
tion, all studies cited above analyzed the values on respective 
intervals on a relative time scale (i.e., as a percentage of total 
apnea duration). Although this solves the issue of individual 
differences in apnea duration and gives valuable information 
on the general profile, a lot of information is lost, especially 
on the absolute timing of the fast onset of the mechanisms 
at the very beginning of breath-hold, and also the changes 
at the very end of the breath-hold.

The purpose of this study was therefore to quantitatively 
investigate the physiological responses to voluntary breath-
holding at the cardiac, peripheral and cerebral level and their 
respective time course in naïve subjects on an absolute time 
scale. We hypothesize that naïve subjects will show a rapid 
bradycardia and peripheral tissue deoxygenation to maintain 
cerebral oxygenation.

Methods

Ethical approval

All procedures were conform to the Declaration of Helsinki 
and approved by the local ethical committee of the Ghent 
University Hospital (EC UZG 2016/1148). Each subject was 
informed about the procedure and the aim of the study and 
gave their written informed consent. A medical history ques-
tionnaire was completed prior to the study. All volunteers 
were declared to be in good health.

Subjects

Thirty-one healthy subjects (17 males and 14 females) 
naïve to breath-holding participated in this study. Inclusion 
criteria for selection were age (18- to 30-year old), being 
physically active and being in good general health. Smokers 
were excluded from the test. All participants were physi-
cally active and performed recreational physical exercise 
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on a weekly basis and none of them were trained in breath-
holding. Selected subjects were 23.3 ± 1.8 (male: 23.6 ± 1.7, 
female: 22.9 ± 1.9) years of age and had an average length 
of 175.4 ± 8.4 cm (male: 180.4 ± 6.2, female: 169.4 ± 6.8, 
p < 0.001) and weight of 68.6 ± 8.1 kg (male: 74.2 ± 4.8, 
female: 61.8 ± 5.7, p < 0.001). Subjects were instructed to 
refrain from caffeine, alcohol and physical activity 24 h 
before the test.

Experimental design

Protocol

Subjects visited the Sport Science Laboratory Jacques 
Rogge (Ghent University, sea level) with a constant ambient 
air temperature of 18 °C and humidity of 45%. First, subjects 
filled out a medical questionnaire and the PAR-Q test (Pes-
catello et al. 2013). Second, an anthropometrical assessment 
was performed. Third, after a 3-min seated baseline, subjects 
performed a series of three maximal static apneas in a seated 
position, interspersed with 2-min recovery intervals. Sub-
jects were notified 30 s prior to each apnea and started the 
attempt after a 10-s countdown. All apneas were preceded 
by a deep, but not maximal inspiration. During the breath-
holds, participants were motivated with verbal time cues and 
strong verbal encouragement. No hyperventilation prior to 
the breath-holding was allowed to standardize the response 
and to avoid hypoxic syncope. Apneic times were recorded 
using a chronometer.

Measures

Both heart rate (HR) and muscle and cerebral oxygenation 
were measured continuously, starting from a 3-min base-
line before the first apnea until 3 min after the last apnea. 
HR was registered continuously on a beat-by-beat basis 
(Polar H7 sensor, Polar, Kempele, Finland). Subjects were 
monitored for muscle and cerebral oxygenation using near-
infrared spectroscopy (NIRO-200NX, Hamamatsu Photo-
tonics, Hamamatsu, Japan). The NIRO-200NX registered 
at 1 Hz and detects changes [expressed in μmol. L−1 (µM)] 
in oxygenated (O2Hb) and deoxygenated (HHb) hemoglobin 
compared to baseline using the modified Beer Lambert law 
(Pellicer and Bravo 2011). Tissue oxygenation index (TOI) 
was registered based on spatially resolved spectroscopy and 
calculated as O2Hb/(O2Hb + HHb) × 100 (Pellicer and Bravo 
2011). After shaving and disinfecting, the probe for periph-
eral (muscle) oxygenation was placed longitudinally on the 
distal area of the muscle belly of right M Vastus Lateralis. 
The probe for cerebral oxygenation was placed on the right 
prefrontal cortex located between Fp2 and F4 in compliance 
with the modified international EEG 10-20 system (Klem 
et al. 1999). For safety reasons, subjects were instructed 

to resume breathing if absolute cerebral tissue O2 index 
fell below 50% or decreased by 20% compared to baseline 
(Edmonds et al. 2004).

Data analysis

Because the length of apneas increases during a series 
of breath-holds (Schagatay et al. 1999) which allows the 
responses to develop more fully, only data from the third and 
last apnea were used for analysis. Both HR and oxygenation 
were analyzed: the first and last 60 s of apnea and the 30 s 
before and after apnea were filtered for each individual and 
5-s values were selected for analysis.

Drop in HR, peripheral and cerebral oxygenation (mTOI 
and cTOI) and oxyhemoglobin (m[O2Hb] and c[O2Hb]) was 
calculated by subtracting the lowest value observed during 
the breath-hold and the first 30 s of recovery from the value 
at time 0 (= onset of breath-hold). Increase in peripheral 
and cerebral deoxyhemoglobin (m[HHb] and c[HHb]) was 
calculated by subtracting the baseline value from the maxi-
mal value achieved during the breath-hold and the first 30 s 
of recovery.

For [O2Hb] and [HHb], all values are set at zero at base-
line. This was done by taking the mean of the last 30 s before 
onset of apnea and setting this as zero. This means that val-
ues express changes in (de)oxygenation expressed as ∆ µM. 
For HR and TOI, absolute values were used.

Statistical analysis

All data were expressed as mean ± SD. IBM SPSS statistics 
24 package was used for statistical analysis. Shapiro Wilk 
test was used to control for normal distribution of the data 
and Levene’s test for the homogeneity in variances, while 
Mauchly’s Test of Sphericity indicated that sphericity was 
not violated. Statistical significance was set at p < 0.05 for 
all statistical tests.

A one-way Manova was used to identify differences 
between males and females for the depending variables age, 
length, weight and apnea duration.

Patterns in physiological responses were analyzed using 
Repeated Measures Manova for 7 parameters: HR, mTOI 
and cTOI, and peripheral and cerebral [O2Hb] (m[O2Hb] 
and c[O2Hb]) and [HHb] (m[HHb] and m[HHb]). 5-s time 
points for these parameters were used as repeated measures. 
Pairwise comparisons were made using the Least Square 
Difference method.

To examine the link between apnea duration and the mag-
nitude of the responses, correlations between apnea duration 
on the one hand, and drop in HR, mTOI, m[O2Hb], cTOI, 
c[O2Hb] and the increase in m[HHb] and c[HHb] on the 
other, were analyzed using Pearson correlation.
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Results

General

Subjects were able to hold their breath on average for 
157 ± 41 s, ranging from 96 to 244 s. Although male sub-
jects tended to hold their breath longer than females, this was 
not statistically significant (male: 170 ± 47, female: 142 ± 25, 
F = 3.611, p = 0.067). Data from 2 subjects were not included 
in the analysis because they showed signs of dizziness and 
syncope. Their patterns are illustrated with separate graphs 
and will be discussed in the discussion section.

Heart rate

The heart rate response is depicted in Fig. 1. Heart rate 
starts to increase 15 s prior to apnea (p = 0.001), reaching 
87 ± 17 bpm at onset of apnea. HR starts decreasing 10 s 
after the start of apnea (p < 0.001) reaching values below 
onset values after 15 s (p = 0.003) and reaching minimal val-
ues of 60 ± 11 bpm after 83 ± 58 s. HR dropped on average 
by 27 ± 14 bpm (30 ± 13%) from the start (p < 0.001). HR 
strongly increases immediately post-apnea (p < 0.001). The 
difference between the value at onset and lowest HR tended 
to correlate (R = 0.352, p = 0.057) with apnea duration.

Oxygenation

Peripheral oxygenation

Tissue oxygenation index

Figure 2a illustrates that mTOI fell on average by 8.6 ± 4% 
from 72.1 ± 4.5% at baseline to 63.6 ± 5.5% (Table  1, 

p < 0.001) within 5 s post-apnea. mTOI started decreasing 
10 s after onset of apnea (p < 0.001), resulting in values sig-
nificantly below baseline after 15 s (p = 0.042). mTOI con-
tinuously decreased, reaching minimal values 5 s post-apnea 
and returning to baseline only 30 s post-apnea (p = 0.347). 
The decrease in mTOI correlated significantly with apnea 
duration (R = 0.484, p = 0.007).

∆[O2Hb] and ∆[HHb]

m[O2Hb] started to decrease 10 s (p < 0.010) after the onset 
of apnea, reaching values significantly below baseline 
(BL = − 0.52 ± 1.29 µM) after 30 s of apnea (p = 0.025) and 
kept decreasing to a minimum 5 s after the end of apnea 
(Fig. 2b, − 8.28 ± 5.15 µM). m[O2Hb] started to increase 
again 5 s after breathing was resumed (p < 0.001), reaching 
baseline 25 s post-apnea (p = 0.184, Fig. 2b). Concurrently, 
m[HHb] started to increase 5 s after the onset of apnea 
(p < 0.001), reaching values significantly above baseline after 
15 s (BL = − 0.38 ± 1.09, p = 0.003, Fig. 2c). m[HHb] kept 
increasing until the end of the breath-hold (6.53 ± 5.64 µM) 
from when it slowly started to decrease again, but still 
remained elevated 30  s post-apnea (2.20 ± 3.00  µM, 
p = 0.001). Both decrease in m[O2Hb] (R = 0.362, p = 0.049), 
and the increase in m[HHb] (R = 0.500, p = 0.005) were sig-
nificantly correlated with apnea duration.

Cerebral oxygenation

Tissue oxygenation index

Following an immediate drop 5 s (p < 0.001) after the onset 
of apnea, cTOI recovered and increased continuously, reach-
ing a maximal increase of 3.7 ± 2.4% compared to baseline 
(p < 0.001) after 74 ± 27 s (Table 1). From then on, cTOI 

Fig. 1   The heart rate response 
for the first and last 60 s of 
apnea. The grey area represents 
the breath-hold. The blue graph 
indicates the average of all 
subjects except two individuals 
who (nearly) fainted, those are 
depicted as dotted red graphs 
(ID1 and ID2). The blue beam 
indicates 95% confidence inter-
vals while error bars indicate 
standard deviations. *Statistical 
differences compared to base-
line (time = 0) at p < 0.05
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steadily decreased until the end of apnea significantly fall-
ing below baseline already 15 s before the end of apnea 
(p = 0.032, Fig. 3a). cTOI fell on average 5.4 ± 8.3% from 
a baseline of 67.9 ± 8.0% to minimal values of 62.6 ± 8.1% 

at the very end of apnea, with individual decreases up to 
25%. cTOI increased immediately after apnea, already 
reaching baseline 10 s post-apnea (p = 0.811). The drop in 

Fig. 2   Peripheral oxygenation for the first and last 60  s of apnea. a 
Muscle tissue oxygenation (mTOI). b Changes in oxygenated muscle 
hemoglobin (m[O2Hb]). c Changes in  deoxygenated muscle hemo-
globin (m[HHb]). The grey area represents the breath-hold. The blue 
graph indicates the average of all subjects except two individuals who 

(nearly) fainted, those are depicted as dotted red graphs (ID1 and 
ID2). The blue beam indicates 95% confidence intervals while error 
bars indicate standard deviations. *Statistical differences compared to 
baseline (time = 0) at p < 0.05

Table 1   Overview of the values at onset (start) and breakpoint (end) 
of apnea and the extreme values observed at or immediately follow-
ing breakpoint for peripheral and cerebral tissue oxygenation index 

(TOI) and changes in oxygenated and deoxygenated hemoglobin con-
centrations (∆[O2Hb] and ∆[HHb])

For cerebral oxygenation, the timing (TMax) of, and the maximal values (maximum) reached before TOI and ∆[O2Hb] start decreasing are also 
mentioned
* Statistically significant from the start of apnea at p 0.05

Peripheral oxygenation Cerebral oxygenation

Start End Min/max Start Maximum Tmax (s) End Min/max

TOI (%) 71.9 ± 4.0 64.0 ± 5.6* 63.3 ± 5.6* 67.9 ± 78.0 71.6 ± 7.6* 74 ± 27 s 62.8 ± 8.1* 61.1 ± 7.45*
∆[O2Hb] (µM) − 0.52 ± 1.29 − 8.09 ± 5.02* − 9.06 ± 4.93* − 0.83 ± 1.57 5.60 ± 5.07* 99 ± 44 s − 1.31 ± 9.71* − 4.00 ± 7.43*
∆[HHb] (µM) − 0.38 ± 1.09 5.75 ± 5.75* 7.65 ± 5.68* − 0.49 ± 090 –- –- 10.87 ± 8.88* 11.74 ± 9.27*
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cTOI correlated significantly with apnea duration (R = 0.684, 
p < 0.001).

∆[O2Hb] and ∆[HHb]

Figure  3b shows that c[O2Hb] started to increase 10  s 
after the onset of apnea (p < 0.001) reaching values above 
baseline (BL = − 0.83 ± 1.57 µM) after 30 s (p = 0.015). 
c[O2Hb] increases on average by 6.42 µM which is reached 
after 99 ± 44 s (Table 1). After the maximal value, c[O2Hb] 
decreases, but never reached values below baseline on 
a group level. Following an initial small but significant 
increase from − 0.49 ± 0.90 at BL to 0.05 ± 1.28 µM, in the 
first 15 s (p = 0.003), c[HHb] returns to baseline and remains 
relatively constant (Fig. 3c). c[HHb] is increased after 60 s 
of breath-hold (0.135 ± 1.78 µM, p = 0.044) and contin-
ues to increase until the end of apnea (10.89 ± 8.89 µM, 
p < 0.001). c[HHb] starts decreasing toward baseline 5 s 

after cessation of apnea (p < 0.001) not reaching baseline 
after 30 s (p = 0.001). Both the amplitude of the increase 
in c[HHb] (R = 0.547, p = 0.002) and decrease in c[O2Hb] 
(R = 0.655, p < 0.001) correlated significantly with apnea 
duration.

Discussion

This study quantifies heart rate and both peripheral and cere-
bral oxygenation during apnea in naïve subjects. It is the first 
to look into the effects on changes in peripheral and cerebral 
TOI, [O2Hb] and [HHb] in response to acute dry static apnea 
on an absolute time scale. Our data show an almost immedi-
ate strong decrease in peripheral oxygenation (mTOI) com-
bined with acute reduction in heart rate. By considering the 
first and last minute of breath-hold, our data revealed an 
initial drop in cerebral oxygenation (cTOI) in the first 10 s 

Fig. 3   Cerebral oxygenation for the first and last 60 s of apnea. a Cer-
ebral tissue oxygenation (cTOI). b Changes in oxygenated  cerebral 
hemoglobin (c[O2Hb]).  c Changes in  deoxygenated cerebral hemo-
globin (c[HHb]). The grey area represents the breath-hold. The blue 
graph indicates the average of all subjects except two individuals who 

(nearly) fainted, those are depicted as dotted red graphs (ID1 and 
ID2). The blue beam indicates 95% confidence intervals while error 
bars indicate standard deviations. *Statistical differences compared to 
baseline (time = 0) at p < 0.05
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of apnea. This was quickly reversed and cerebral oxygena-
tion (cTOI) was maintained and even increased above rest-
ing values and only decreased below baseline at the very 
end, confirming the protective role of the diving response 
toward the brain. During the experiments 2 of the 31 sub-
jects experienced syncopal symptoms and abruptly stopped 
the apnea, which represents the first observation of cerebral 
and peripheral oxygenation for healthy subjects performing 
voluntary breath-hold until (near) syncope. These subjects 
showed strongly divergent patterns in peripheral and/or cer-
ebral oxygenation indicating that the diving response insuf-
ficiently preserved O2 delivery to the brain.

Heart rate shows an initial increase prior to apnea until 
the first 5 s of apnea. This is most likely induced by antici-
patory respiratory behavior as subjects were notified 30 and 
10 s before the onset of apnea. The greater pulmonary stretch 
during the deeper breathing and inspiration (Sroufe 1971) 
before breath-hold could explain this increase as well as pos-
sible mental arousal. In addition, increased HR at onset of 
apnea has also been suggested to compensate for reduced 
stroke volume through reduced venous return caused by 
increased intrathoracic pressure (Ferrigno et al. 1986; Sivieri 
et al. 2015). Opposed to data in elite breath-hold divers who 
obtain minimal heart rates between 30 and 60 s after apnea 
onset (Ferretti 2014), our subjects reached minimal heart 
rates after 83 ± 58 s showing very large inter-individual vari-
ation. However, the strongest decrease is also seen in the first 
30 s with seven subjects already reaching 90% or more of the 
maximal decrease. Decreased lung stretch and the removal 
of the phasic tachycardia induced during inspiration stimu-
late this parasympathetic nerve activity (Bain et al. 2018) 
and lead to bradycardia which develops during the breath-
hold as a part of the diving response. In the present study, 
HR dropped on average by 27 bpm, varying between 9 and 
53. This is in line with the 30–50 bpm decreases which are 
often reported for static apneas in elite breath-hold divers 
(Bain et al. 2018).

mTOI shows a steady, quasi-linear decrease (8.6 ± 4.0%) 
from the beginning of the apnea until 10  s post-apnea. 
m[O2Hb] shows a steady decrease from 10 s after onset 
until 5 s post-cessation of apnea while m[HHb] shows the 
opposite pattern. Physiologically, this indicates that the 
peripheral vasoconstriction occurs within the first 10 s and 
leads to limited blood flow and thus O2 delivery. This is in 
accordance with peripheral vasoconstriction being known as 
a sympathetically induced response through an increase in 
sympathetic muscle nerve activity from either chemostress 
(Heusser et al. 2009) or the elimination of ventilatory inhibi-
tion of sympathetic activity (Badrov et al. 2017). As a con-
sequence, constant extraction of O2 on a smaller blood flow 
will lead to an increase in fractional O2 extraction, resulting 
in steadily decreasing m[O2Hb] and increasing m[HHb] until 
the end of the apnea. Indeed, in our study, apnea duration 

correlated significantly with the drop in mTOI and increase 
in m[HHb], indicating that the longer the breath-hold, the 
stronger the deoxygenation at muscular level. This is most 
likely due to the continued effect of peripheral vasocon-
striction in deoxygenating the muscle tissue. In the present 
study, the drop in mTOI is less pronounced than in trained 
breath-hold divers (Eichhorn et al. 2015). This could eas-
ily be explained by breath-hold duration as the subjects in 
the study of Eichhorn et al. (2015) were trained breath-hold 
divers who held their breath on average for 284 s while our 
subjects ‘only’ reached 157 s on average. Indeed, Palada 
et al. (2007) also showed a stronger decrease in mTOI in 
breath-hold divers as compared to naïve subjects. Steady 
decreases in mTOI have also been observed in dynamic 
apneas, with attenuated O2 extraction as induced from 
attenuated m[HHb] and similar mTOI decreases, indicating 
better O2 conserving responses in trained breath-hold divers 
(Costalat et al. 2017).

On a cerebral level, we saw an immediate (in the first 
5 s following onset of breath-hold) and significant drop in 
cTOI by 1.4%. It is the first time that this immediate drop 
in cTOI has been reported. This could be related to the 
fact that the relative time scales by which cTOI has been 
reported in previous research are not sensitive to quick 
changes. This decrease can be explained by the initial drop 
in blood pressure observed for 5–6 s after onset of apnea 
(Sivieri et al. 2015) caused by the acute reduction of venous 
return through increased intrathoracic pressure (Andersson 
and Schagatay 1997). Blood pressure is known to play an 
important role in dynamic cerebral autoregulation in which 
decreased blood pressure leads to decreased cerebral blood 
flow and oxygenation (Lucas et al. 2010). This drop in cTOI 
is possibly aiding in the sympathetic stimulation, as these 
are tightly coupled (Winklewski and Frydrychowski 2013) 
triggering the peripheral response. Indeed, by comparing 
peripheral and cerebral data in the first 15 s of apnea, we 
observed that the initial drop in cTOI is quickly reversed and 
has fully recovered almost immediately after mTOI starts to 
decrease. Another explanation is that the deep breaths before 
apnea cause a mild hypocapnia (Cross et al. 2014) which 
might also lead to decreased cerebral blood flow (Kety 
and Schmidt 1948). Following this initial small decrease 
and concurrent with the increase in mTOI, cTOI stabilizes 
and progressively increases to finally exceed baseline by 
4.6 ± 3.0% at its maximal level. During this phase, c[O2Hb] 
slowly starts to increase while c[HHb] remains relatively 
constant. The combination of these data suggests a mod-
est increase in cerebral blood flow and shows that the div-
ing response is successful in protecting the brain, at least 
initially. This has also been observed in elite breath-hold 
divers (Eichhorn et al. 2015) although another study only 
found an increase in cTOI in naïve subjects but not in trained 
breath-hold divers (Palada et al. 2007). After reaching this 
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maximal level, cTOI starts decreasing already more than 
60 s before termination of breath-hold, with the average 
pattern eliciting values below baseline during the last 20 s 
of breath-hold. The average decrease in cTOI is 5.4 ± 8.3% 
below baseline with one individual going as low as 25% 
below baseline. c[O2Hb] not only starts to decrease later 
than cTOI, but also decreases until the end of apnea while 
the increase in c[HHb] develops at a much faster pace. This 
indicates that more hemoglobin is measured under the NIRS 
probe and thus suggests that blood flow is still increased 
at the end of apnea, which is supported by observations of 
increased cerebral blood flow in elite apneists (Bain et al. 
2016). Despite increased blood flow, the delivery of O2 to 
the brain is ultimately insufficient to keep c[O2Hb] and cTOI 
at baseline levels. A possible explanation is that a decrease 
in SaO2 at the end of apnea, and thus a lower percentage of 
oxygen-bound hemoglobin, causes a decrease in O2 delivery 
to the brain despite increased blood flow. Indeed, Eichhorn 
et al. (2015) observed that SaO2 decreased long before a 
decrease in cTOI was seen and that cTOI started to decline 
when SaO2 levels fell below 93 ± 3%. The average decrease 
in cTOI in this study appears to be less pronounced than in 
elite divers (Palada et al. 2007; Eichhorn et al. 2015). The 
difference in apnea duration could explain for this difference 
in the same way as it did for mTOI: elite apneists are able to 
hold their breath for a longer period of time and as such, the 
decrease in cTOI has more time to develop. Indeed, if we 
look at the cTOI value from the elite apneists for the time 
points similar to the average apnea duration in our study, 
a similar amplitude of the response is seen. The positive 
correlation found in our data between apnea duration and 
drop in cTOI also supports this hypothesis. This leads us to 
speculate that people who are able to hold their breath for a 
longer period of time are not necessarily better at maintain-
ing cerebral oxygenation, but can tolerate the urge to breathe 
longer and therefore seem to delay the stimulus to resume 
breathing. This then results in reaching a more severe state 
of cerebral deoxygenation. Research on cerebral oxygena-
tion is mainly restricted to static dry breath-holds. Although 
we expect the same series of physiological mechanisms to 
occur, altering apnea modalities is likely to affect the magni-
tude and the speed of development of these responses. Fur-
ther research is therefore needed to determine if these results 
also apply for other apnea modalities such as face immer-
sion or dynamic apnea. In addition, we only measured heart 
rate and peripheral and cerebral oxygenation. Simultaneous 
measurements of cerebral blood flow, blood pressure, car-
diac output and total peripheral resistance could contribute 
to a better understanding of the underpinning physiological 
mechanisms of the diving response.

During the test period, 2 subjects (ID1 and 2) showed 
symptoms of syncope: one subject fainted and one subject 
interrupted the apnea attempt prematurely because of feel-
ings of dizziness. These subjects were therefore withdrawn 
from the analysis to determine the average pattern and not 
included in Table 1. Their data are depicted individually 
in Figs. 1, 2 and 3. This is the first report of peripheral and 
cerebral oxygenation data during voluntary apneas lead-
ing to (near) syncope. Compared to the average pattern, we 
see a very similar response in heart rate (Fig. 1). Moreover, 
both subjects appeared to demonstrate a very strong brady-
cardic reflex which should protect them from syncope. cTOI 
(Fig. 3), however, shows a very strong deviation from the 
average pattern for both subjects. While in the average pat-
tern, a very modest yet significant initial drop of 1.4 ± 1.9% 
in cTOI is observed, the amplitude of this drop is as much 
as 8% in these subjects. cTOI appears to recover for both 
subjects, however, 30–40 s after the onset of apnea, cTOI 
rapidly falls again until the subjects either interrupted the 
apnea voluntarily because of feelings of dizziness (ID1) or 
fainted (ID2). Only looking at these values, the mechanisms 
for these two subjects appear very similar: despite a strong 
bradycardic response and apparent though less pronounced 
deoxygenation in mTOI (Fig. 2), cerebral tissue oxygena-
tion falls short, leading to problems at the cerebral level 
causing dizziness and syncope. However, when looking into 
these mechanisms in further detail, some differences can be 
observed. ID1 did show a decrease in m[O2Hb] and increase 
in m[HHb], indicating that, although smaller than average, 
peripheral vasoconstriction did occur. ID2, however, shows 
constant m[O2Hb] combined with increased m[HHb], sug-
gesting that peripheral vasoconstriction was impaired. The 
similar mTOI pattern in these subjects is thus obtained in 
two different ways. We hypothesize that for ID2, impaired 
peripheral vasoconstriction, as suggested by the m[O2Hb] 
and m[HHb] data, first leads to impaired redistribution of 
blood flow and as such hinders the possibility to increase 
cerebral blood flow and second, leads to a smaller decrease 
in muscle O2 consumption which makes SaO2 fall more 
quickly. Both effects should lead to a decrease in cerebral 
O2 delivery, leaving the brain short of O2. Indeed, the simul-
taneous strong decrease in c[O2Hb] and modest increase in 
c[HHb] at the end of the breath-hold suggest that cerebral 
blood flow had not increased and possibly even decreased. 
For ID1, peripheral oxygenation (m[O2Hb] and m[HHb]) 
shows a small albeit normal response. The mechanism for 
the fall in cTOI is therefore most likely different from ID2. 
Our data unfortunately cannot tell what caused the deviation 
in pattern, but only suggest that cerebral blood flow had, 
unlike the normal pattern, not increased either.
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Conclusion

This study is the first to examine both peripheral and cer-
ebral [O2Hb] and [HHb] adding insight into the underpin-
ning profile for TOI during breath-hold on an absolute time 
scale. This reveals an initial decrease in cerebral oxygenation 
which is quickly reversed following fast peripheral vaso-
constriction as suggested through decreasing mTOI. The 
results from this study therefore indicate that several mecha-
nisms protecting the brain, i.e., bradycardia and peripheral 
vasoconstriction with concurrent increase in cTOI through 
elevated cerebral blood flow, are successful in maintaining 
cerebral oxygenation in subjects naïve to breath-holding. 
Our data therefore indicate that apnea training can be rela-
tively safely applied in sports. However, these subjects also 
exhibit a modest decrease in cTOI at the end of breath-hold, 
with stronger decreases for longer breath-holds. As apnea 
training is effective in increasing apnea duration in naïve 
subjects (Bouten et al. 2019), we can expect this decrease 
to be more apparent and as such, caution is needed. In addi-
tion, impairment of the protective physiological mechanisms 
during apnea, as seen in ID1 and ID2, can lead to syncope in 
some individuals. It is therefore important that individuals 
wanting to perform apnea training have to learn the warn-
ing signs of syncope and adopt the habit of interrupting 
apneas when these signs occur as they might indicate that 
the O2 conserving mechanism protecting the brain is not 
functioning optimally and as such, they are at risk of hypoxic 
syncope. In addition, this type of training should never be 
performed alone.
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