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Introduction: Acute apnea evokes bradycardia and peripheral vasoconstriction in order 
to conserve oxygen, which is more pronounced with face immersion. This response is 
contrary to the tachycardia and increased blood flow to muscle tissue related to the higher 
oxygen consumption during exercise. The aim of this study was to investigate cardiovascular 
and metabolic responses of dynamic dry apnea (DRA) and face immersed apnea (FIA).

Methods: Ten female volunteers (17.1 ± 0.6 years old) naive to breath-hold-related sports, 
performed a series of seven dynamic 30 s breath-holds while cycling at 25% of their peak 
power output. This was performed in two separate conditions in a randomized order: FIA 
(15°C) and DRA. Heart rate and muscle tissue oxygenation through near-infrared 
spectroscopy were continuously measured to determine oxygenated (m[O2Hb]) and 
deoxygenated hemoglobin concentration (m[HHb]) and tissue oxygenation index (mTOI). 
Capillary blood lactate was measured 1 min after the first, third, fifth, and seventh 
breath-hold.

Results: Average duration of the seven breath-holds did not differ between conditions 
(25.3 s ± 1.4 s, p = 0.231). The apnea-induced bradycardia was stronger with FIA (from 
134 ± 4 to 85 ± 3 bpm) than DRA (from 134 ± 4 to 100 ± 5 bpm, p < 0.001). mTOI 
decreased significantly from 69.9 ± 0.9% to 63.0 ± 1.3% (p < 0.001) which is reflected 
in a steady decrease in m[O2Hb] (p < 0.001) and concomitant increase in m[HHb] 
(p = 0.001). However, this was similar in both conditions (0.121 < p < 0.542). Lactate was 
lower after the first apnea with FIA compared to DRA (p = 0.038), while no differences 
were observed in the other breath-holds.

Conclusion: Our data show strong decreases in heart rate and muscle tissue oxygenation 
during dynamic apneas. A stronger bradycardia was observed in FIA, while muscle 
oxygenation was not different, suggesting that FIA did not influence muscle oxygenation. 
An order of mechanisms was observed in which, after an initial tachycardia, heart rate 
starts to decrease after muscle tissue deoxygenation occurs, suggesting a role of peripheral 
vasoconstriction in the apnea-induced bradycardia. The apnea-induced increase in lactate 
was lower in FIA during the first apnea, probably caused by the stronger bradycardia.

Keywords: diving response, face immersion, dynamic apnea, near-infrared spectroscopy, bradycardia, peripheral 
oxygenation
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INTRODUCTION

Acute apnea or breath-holding is known to induce a series 
of physiological responses which are called the “diving response.” 
This response can be defined as a pattern of respiratory, cardiac, 
and vascular responses triggered by apnea (Gooden, 1994). 
The diving response is characterized by bradycardia, peripheral 
vasoconstriction, and an increase in blood pressure. It is believed 
to fulfill an oxygen conserving role (Schagatay et  al., 1999; 
Foster and Sheel, 2005) prioritizing O2 delivery to the vital 
organs, such as the heart and the brain. Indeed, acute breath-
holding is believed to reduce overall O2 demand (Gooden, 
1994; Foster and Sheel, 2005; Costalat et  al., 2017).

During exercise, however, the overall cardiovascular and 
metabolic demand increases, leading to an increased oxygen 
delivery to the working heart and skeletal muscles. During 
dynamic apnea, conflicting stimuli emerge simultaneously. At 
the cardiac level, the apnea-induced diving response elicits 
bradycardia through increased parasympathetic nerve 
stimulation, originating from the removal of the inspiratory-
induced phasic tachycardia and reduced parasympathetic 
stimulation of lung stretch receptors (Bain et  al., 2018). On 
the other hand, the exercise-induced sympathetic activity 
stimulates tachycardia to improve blood circulation to the 
working muscle. At the skeletal muscle level, increased muscle 
sympathetic nerve activity (MSNA) in response to apnea elicits 
peripheral vasoconstriction redistributing blood flow and 
prioritizing O2 delivery to the vital organs (Heistad et  al., 
1968; Leuenberger et  al., 2001), while exercise evokes local 
peripheral vasodilation which increases muscle blood flow. 
As face immersion is known to further enhance the diving 
response (Kawakami et al., 1967; Schuitema and Holm, 1988), 
dynamic apnea performed in an aquatic environment, such 
as practiced in synchronized swimming, underwater hockey, 
and dynamic apnea disciplines, can be  expected to enforce 
these conflicting responses (Bergman et  al., 1972; Hurwitz 
and Furedy, 1986).

The diving response has been shown to overrule the 
cardiovascular responses to exercise during dynamic apnea 
reaching heart rate values around and below resting heart 
rate (Scholander et  al., 1962; Asmussen and Kristiansson, 
1968; Bergman et  al., 1972; Butler and Woakes, 1987; Joulia 
et  al., 2009; Ichinose et  al., 2018). This is especially true 
when the face is immersed in cold water (Bergman et  al., 
1972; Andersson and Evaggelidis, 2009) and during light 
exercise, while the response is less apparent in more vigorous 
exercise (Asmussen and Kristiansson, 1968). A similar 
manifestation of the diving response overruling the 
cardiovascular response to exercise was observed for peripheral 
vasoconstriction. Leg blood flow decreases during dynamic 
dry apnea (DRA) reaching resting baseline values and as 
such, overriding the exercise induced response (Nishiyasu 
et  al., 2012; Ichinose et  al., 2018). This illustrates that 
peripheral vasoconstriction occurs not only in resting but 
also in exercising muscle tissue. The peripheral blood flow 
response also appears to be  related to the magnitude of 
bradycardia as a more pronounced decrease in leg blood 

flow was seen in the group of subjects with the strongest 
decrease in heart rate (Nishiyasu et  al., 2012).

The effect of limited peripheral blood flow on muscle tissue 
oxygenation has occasionally been studied in dry static apnea 
through NIRS measurements (Palada et  al., 2007; Eichhorn et  al., 
2015, 2017; Ratmanova et  al., 2016; Bouten et  al., 2020). These 
studies show a steady, continuous decrease in muscle tissue 
oxygenation starting within 10s after apnea onset and further 
developing throughout the breath-hold. This illustrates that the 
body is successful in maintaining cerebral oxygenation, only falling 
below resting value in the last part of the static breath-hold 
(Eichhorn et  al., 2015; Bouten et  al., 2020). However, only two 
studies reported muscle tissue oxygenation during either short 
DRAs at 60% VO2max (Kume et al., 2013) and maximal dynamic 
face immersed apnea (FIA) at 30% of peak power output (Costalat 
et al., 2013). Although direct comparison is difficult due to different 
methodologies, dynamic FIA appears to evoke stronger muscle 
deoxygenation than dry static apnea. Data comparing muscle 
oxygenation for DRAs with FIAs are currently missing.

Lower O2 supply to the working muscle due to a decrease 
in heart rate and peripheral vasoconstriction can also be expected 
to alter metabolic pathways during exercise from aerobic to 
more anaerobic energy delivery. Indeed, lactate has been observed 
to increase throughout series of apneas, with a stronger response 
in dynamic breath-holds (Elia et  al., 2021).

The aim of this study was to investigate cardiovascular and 
metabolic responses and their kinetics during short dynamic 
apnea and to examine the role of face immersion with cold 
water (15°C) in enhancing these responses. We  hypothesized 
that (1) face immersion augments the bradycardia which develops 
throughout the breath-hold and (2) face immersion augments 
muscle tissue deoxygenation due to peripheral vasoconstriction. 
We  also expect that (3) hemodynamic changes shortly before 
and at onset of apnea occur in a specific order. Additionally, 
we  hypothesized that (4) apnea-induced increases in lactate 
concentration can be  observed which are enforced with face 
immersion due to a more pronounced muscle deoxygenation.

MATERIALS AND METHODS

Ethical Approval
The protocol was approved by the Ethics Committee of the Ghent 
University Hospital (EC UZG 2016/0809). After verbally clarifying 
test procedures and potential risks involved, written informed 
consent was signed by all subjects. For subjects who were still 
a minor at the onset of testing, a parent or guardian signed the 
informed consent as well. All participants underwent a medical 
screening by a skilled physician before engaging any tests.

Population
Ten female subjects (17.1  ±  1.8  years old) volunteered to take 
part in this study. These subjects were unexperienced in apnea-
related sports, but were engaged in physical training for 
6.7  ±  4.2  h per week. All subjects were non-smokers and 
were declared to be in good general health. Subject characteristics 
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can be  seen in Table  1. All subjects were advised to avoid 
any vigorous activity 48  h prior to the test and instructed to 
eat and drink similarly and refrain from caffeinated and alcoholic 
beverages in the last 24  h before each test.

Procedures
The study consisted of three different testing days and  
took place in the Sport Science Laboratory Jacques Rogge  

(Ghent University, Belgium) at a constant ambient air temperature 
of 18°C and humidity of 45%. All tests were performed at 
least 1  week apart to avoid residual effects of the previous 
test day. During the first day, all participants were subjected 
to a medical screening with ECG analysis, anthropometric 
assessment, and pulmonary function testing. During this test, 
heart rate (HR), muscle tissue oxygenation, and blood lactate 
were measured. Additionally, subjects performed a series of 
five maximal dry static seated apneas with 2-min rest intervals. 
After 30  min of rest, subjects performed a maximal ramp 
incremental exercise test on a cycle ergometer. The incremental 
test started with 3  min of cycling at 30  W, followed by a 
continuously increasing power output (30  W. min−1). During 
this test, maximal power output, pulmonary gas exchange, and 
lactate 30  s post-exercise were measured.

The following two test days, the subjects performed the two 
dynamic constant load intermittent apnea tests, one with face 
immersion (FIA) and one dry (DRA) in a randomized order. 
The protocol for the apnea tests is summarized in Figure  1. The 
test started with 5  min of supine rest in an isolated and silent 
room to measure the resting HR. After 3  min of seated rest in 
order to stabilize HR and NIRS data, subjects cycled 34.5  min 
at a cadence between 60 and 70  rpm and a power output of 
25% of their peak power output obtained during the maximal 
incremental exercise test. During this period, subjects performed 
7 bouts of 30-s dynamic apnea intervals, interspersed with 4-min 
bouts of regular cycling. The first bout was performed after 4 min 
of cycling. After the seventh (final) bout, subjects cycled for 
another 4 min followed by 3 min of seated rest on the ergometer 
to obtain recovery measurements. Capillary blood was collected 
for blood (lactate) determination 1 min after the first, third, fifth, 
and seventh apnea. Subjects were notified 30  s before each apnea 
and verbally guided with a 10-s countdown. Subjects were instructed 
to take a deep but not maximal breath. During apnea, subjects 
were not allowed to exhale and were verbally noticed if cadence 
was not kept constant. During the FIA test, a container with 
water (15°C) was placed on the  steering wheel of the ergometer, 
positioned in a way that the subjects only had to bend the neck 
to submerge the face (Figure  1A). Subjects were instructed to 
submerge their face deeply, so the water contacted the skin in 
the regions surrounding the eyes, the forehead, the nose, and 
the mouth. After 30  s of apnea, the subjects lifted the head from 
the water and the face was dried with a towel. If the subjects 
were not able to sustain the 30-s apneas, breathing was resumed 
prematurely. During the 4-min breathing periods, the subjects’ 
head was positioned just above the water surface. This allowed 
minimal postural adjustments when starting or ending an apneic 
period. During DRA tests, the same procedure was repeated, but 
with an empty container placed on the ergometer’s steering wheel. 
All tests were performed at the same time of day for each 
participant to avoid bias by circadian rhythm.

Equipment and Measurements
Anthropometric Assessment
Weight and height were measured using a SECA scale and 
measure (model 708, Seca GmbH, Hamburg, Germany). Ten 

TABLE 1 | Anthropometric and training characteristics, lung function 
parameters, and maximal incremental test parameters (mean ± SE).

General characteristics

Age (years) 17.1 ± 0.6
Height (cm) 164.6 ± 1.7
Body mass (kg) 60.5 ± 1.6
Body fat (%) 19.5 ± 1.1
Max static apnea time (s) 118.2 ± 11.2

Exercise test results

Ppeak (W) 265.9 ± 10.7
HRpeak (bpm) 192.4 ± 2.7
VEpeak (L.min−1) 86.0 ± 5.2
VO2peak (mL.min−1.kg−1) 40.2 ± 1.4
[La]peak (mmol.L−1) 11.6 ± 1.1

Lung function parameters

FVC (L) 4.4 ± 0.2
FEV1 (L) 3.7 ± 0.2

P, power; HR, heart rate; VE, ventilation; VO2, oxygen uptake; La, lactate; FVC, forced 
vital capacity; and FEV1, forced expiratory volume in 1 s.

FIGURE 1 | Panel (A) shows an example of the experimental setup. Ambient 
air (AA) was set at 18°C, water temperature (WT) in the container for face 
immersed apneas (FIA) at 15°C. Panel (B) shows an overview of the protocol 
starting with 5 min of supine rest, 3 min of BL measurements while seated on 
the bike followed by 4 min dynamic BL at 25% PPO. Then, subjects 
performed seven bouts of 30 s-dynamic apnea (AP) interspersed with 4-min 
cycling intervals, followed by a 4-min dynamic and 3-min seated recovery.
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skinfolds were taken to estimate the body fat percentage (cheek, 
chin, thorax 1, thorax 2, triceps, subscapular, abdomen, supra-
iliac, thigh above the patella, and calf). All skinfolds were 
taken with a Harpenden skinfold caliper (Harpenden, West 
Sussex, United Kingdom) according to the ISAK (International 
Society for the Advancement of Kinanthropometry) guidelines. 
To avoid inter-observer variability, all skinfolds were taken by 
the same person (Fuller et  al., 1991). Body fat percentage was 
calculated with the equation of Parizkova et  al. (1961).

Incremental Exercise Test and Apnea Tests
All exercise tests were performed on an electrically braked 
cycling ergometer (Lode Excalibur Sport, Lode B.V., Groningen, 
Netherlands). A breath-by-breath gas analyzer (Jaeger Oxycon 
Pro, Viasys Healthcare GmbH, Höchberg, Germany) was used 
to perform lung function testing and measure gas exchange 
and ventilation during the incremental exercise test. Lactate 
was analyzed from a capillary blood sample collected from 
the right index finger (Radiometer ABL 90 Flex, Radiometer, 
Copenhagen, Denmark). Heart rate (HR) was recorded 
continuously (Polar HR monitor, Polar Electro, Kempele, Finland). 
After cleaning and shaving the skin, a near-infrared spectroscopy 
probe (NIRS; Oxiplex TS, ISS, Champaign, IL, United  States) 
was positioned over the muscle belly of the M. Vastus Lateralis 
of the right quadriceps muscle and aligned with its vertical 
axis. The probe was securely attached with Velcro straps and 
tape. Muscle oxyhemoglobin (m[O2Hb]), deoxyhemoglobin 
(m[HHb]), and tissue oxygenation index (mTOI) were 
continuously derived based on the absorption of infrared light 
emitted at different wavelengths (692 and 834 nm) and averaged 
into 1-s bins.

Data Analysis
Peak power output and peak HR were determined as the 
highest power output and HR reached during the incremental 
exercise test. The peak ventilation and peak oxygen uptake 
(VO2 peak) were defined as the highest 30-s average. The best 
single apneic performance out of the five static maximal apneas 
was set as the maximal static apnea time.

All time series (HR, m[O2Hb], m[HHb], and mTOI; 1  Hz) 
were synchronized. Baseline values for all four parameters were 
calculated for each apnea as the mean of the values between 
90 and 30 s before the start of apnea. Extreme values represent 
the highest or lowest value obtained near or at the end of 
apnea, or in the first 30  s after apnea. The minimal value 
reached during or in the first 30  s after each apnea was taken 
for HR, mTOI, and m[O2Hb]. For m[HHb], the extreme value 
was defined as the maximal value achieved in the same time 
interval. Overshoot values represent the opposite extreme while 
normalizing but before returning to the actual baseline and 
were calculated as the maximal value obtained in the first 
30  s following each apnea for HR, mTOI, and m[O2Hb]. For 
m[HHb], the minimal value was taken. Delta (∆) values for 
HR, mTOI, m[O2Hb], and m[HHb] were calculated as the 
difference between baseline and the extreme value for each 
apnea. For statistical analysis of the acute cardiovascular response, 

the average baseline values, values at −30, −25, −20, −15, 
−10, −5, 0, 5, 10, and 15  s after onset of apnea, extreme and 
overshoot values were calculated as the average of all seven 
apneas for each individual to obtain a general response for 
HR and NIRS values. Data at 20, 25, and 30 s are not presented 
because not all apneas were sustained for 20  s.

Statistical Analysis
Statistical analyses were performed with IBM SPSS 26. Statistical 
significance was set at p  <  0.05. Shapiro-Wilks tests were 
performed to check normality of the data. Sphericity was 
verified by Mauchly’s test of sphericity. When the assumption 
of sphericity was not met, the Greenhouse-Geisser correction 
was applied. Partial eta square ( hp

2 ) was used to indicate effect 
sizes for the RM MANOVA’s, while Cohen’s d was used to 
indicate effect sizes for pairwise comparisons. All data are 
presented as mean  ±  standard error.

Acute Cardiovascular Response
A 2  ×  13 within-subjects RM MANOVA (Condition × Time 
Point) was used to analyze the acute response of the measures 
HR, mTOI, m[O2Hb], and m[HHb] over 13 time points (baseline, 
−30  s, −25  s, −20  s, −15  s, −10  s, −5  s, 0  s, 5  s 10  s, 15  s, 
extreme value, and overshoot value) for two conditions (FIA 
and DRA). Pairwise comparisons (least square differences) were 
used as post-hoc analysis. When a significant interaction effect 
was found, time points were one by one excluded from the 
analysis to determine when this difference started to establish.

Longitudinal Analysis
Three 2 × 7 within-subjects RM MANOVAs (Condition × Apnea 
number) were used to analyze the pattern of HR, mTOI, 
m[O2Hb], and m[HHb] for baseline, extreme, and ∆ values 
throughout the seven apneas (apnea number 1 through 7) for 
two conditions (FIA and DRA). Pairwise comparisons (least 
square differences) were used as post-hoc analysis.

A 2  ×  4 within-subjects RM ANOVA (Condition  ×  Lactate 
measurement) was used to analyze the evolution of lactate 
throughout the apnea tests for the measurements after the 
first, third, fifth, and seventh apnea for both conditions (FIA 
vs. DRA).

RESULTS

Anthropometrics, Exercise, and Lung 
Function Tests
Subject characteristics are displayed in Table  1.

Apnea Tests
General
Two out of 10 subjects completed all 14 dynamic 30-s apnea 
bouts (both face immersed apneas, FIA, and dry apneas, DRA). 
Two of out 10 subjects failed to complete any 30-s apnea. 
Subjects completed 28 of 70 DRA bouts and 29 of 70 FIA 
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bouts without premature resumption of breathing. Incomplete 
apneas were sustained for 22  ±  1.4  s in both FIA and DRA, 
while total average apnea time for all apneas, complete and 
incomplete, was 25  ±  1.4  s in both conditions (p  =  0.231).

Acute Cardiovascular Response
The 2  ×  13 RM MANOVA (Condition  ×  Time point) only 
showed a significant interaction effect for condition  ×  time 
(F  =  8.205, p  <  0.001, hp

2   =  0.477) for HR. Significant main 
effects were found for mTOI (F = 77.041, p < 0.001, hp

2  = 0.895), 
m[O2Hb] (F  =  36.421, p  <  0.001, hp

2   =  0.802), and m[HHb] 
(F = 34.409, p < 0.001, hp

2  = 0.793) over time during acute apnea.
The interaction effect for HR revealed that the acute response 

in heart was more pronounced in FIA compared to DRA. 
This difference started to establish after 15  s (F  =  10.104, 
p  =  0.011, hp

2   =  0.317) and was most obvious at the minimal 
HR (F  =  15.391, p  =  0.003, Cohen’s d  =  1.20). Figure  2A 
shows that HR increased similarly from baseline to onset of 
apnea in both conditions (F  =  3.156, p  =  0.057, hp

2   =  0.260), 
from 134  ±  4  bpm to 147  ±  4  bpm in FIA (p  <  0.001, Cohen’s 
d  =  1.09) and from 134  ±  4  bpm to 145  ±  3  bpm in DRA 
(p  <  0.001, Cohen’s d  =  0.98). HR reached a maximum of 
148  ±  4  bpm in FIA and 147  ±  3  bpm in DRA 5  s after 
onset of apnea. From then on, HR started decreasing and did 
not reach values significantly below baseline in the first 15  s 
after onset of apnea (FIA: 130  ±  5  bpm, p  =  0.273, Cohen’s 
d  =  0.23; DRA: 136  ±  3  bpm, p  =  0.495, Cohen’s d  =  −0.17). 
Minimal HR fell significantly below baseline in both FIA 
(85  ±  3  bpm, p  <  0.001, Cohen’s d  =  4.62) and DRA 
(100  ±  5  bpm, p  <  0.001, Cohen’s d  =  2.7) and was reached 
after 30  ±  1  s in both conditions which is around 5  s after 
termination of apnea.

mTOI slightly increased from baseline to onset of apnea 
(69.9  ±  0.9% at baseline to 70.2  ±  0.9% at T0, p  =  0.003, 
Cohen’s d = −0.11) and immediately started decreasing after 
onset of apnea to 69.6  ±  0.9% at 5  s (p  <  0.001, Cohen’s 
d  =  0.21). mTOI reached values significantly below baseline 
after 10  s (69.2  ±  0.9%, p  =  0.017, Cohen’s d  =  0.20) and 
decreased even further till the minimum value (63.0 ± 1.3%, 
p  < 0.001, Cohen’s d  = 1.83) which was reached 30.5  ±  1.6  s 
after onset of apnea (Figure  2B). m[O2Hb] had already 
significantly decreased from 36.8  ±  2.7  μm at baseline to 
36.1  ±  2.7  μm after 5  s (p  <  0.001, Cohen’s d  =  0.21). 
Figure  2C illustrates that m[O2Hb] steadily decreased 
(35.9  ±  2.7  μm after 10  s, p  <  0.001, Cohen’s d  =  0.23 and 
35.4 ± 2.5.2 after 15 s, p = 0.001, Cohen’s d = 0.31) reaching 
an average minimum of 31.2  ±  1.9  μm (p  <  0.001, Cohen’s 
d  =  0.92) after 29.1  ±  2.0  s. m[HHb] decreased from 
15.9  ±  1.6  μm at baseline to 15.6  ±  1.6  μm at the start of 
apnea (p < 0.001, Cohen’s d = 0.06) and immediately started 
increasing when the breath-hold started (p  =  0.022, Cohen’s 
d  =  0.04). m[HHb] only reached values significantly above 
baseline after 15  s (16.5  ±  1.7  μm, p  <  0.001, Cohen’s 
d  =  0.49). m[HHb] reached an average maximum of 
18.7 ± 2.1 μm (p = 0.001, Cohen’s d = 0.13) after 32.0 ± 1.4 s 
(Figure  2D).

A

B

C

D

FIGURE 2 | The average pattern for heart rate (HR, panel A), tissue oxygenation 
index (mTOI, panel B), oxygenated (m[O2Hb], panel C), and deoxygenated 
hemoglobin concentration (m[HHb], panel D) during apnea (n = 10). Blue lines 
represent FIA, red lines represent dynamic dry apnea (DRA), and black lines 
represent the average of both conditions. * = statistically different from BL at 
p < 0.05; § = statistically different from the previous value at p < 0.05; and  
# = statistical time × condition interaction effect at p < 0.05.

https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


Bouten et al. Oxygenation During Dynamic Intermittent Breath-Holds

Frontiers in Physiology | www.frontiersin.org 6 July 2021 | Volume 12 | Article 712629

Longitudinal Analysis
The 2 × 7 RM MANOVA revealed that baseline values changed 
over time for all four parameters: Baseline HR (F = 8.414, p < 0.001, 
hp

2  = 0.483), baseline mTOI (F = 41.282, p < 0.001, hp
2  = 0.821), 

and baseline m[O2Hb] (F  =  52.373, p  <  0.001, hp
2   =  0.853) 

increased throughout the series of apneas, while m[HHb] decreased 
(F  =  17.594, p  <  0.001, hp

2   =  0.662). Similarly, the 2  ×  7 RM 
MANOVA main effects for time revealed differences for extreme 
values over time for mTOI, m[O2Hb], and m[HHb]. Minimal 
HR following apnea tended to increase during the series (F = 2.566, 
p  =  0.073, hp

2   =  0.22). The lowest mTOI value (F  =  33.830, 
p  <  0.001, hp

2   =  0.790) and m[O2Hb] (F  =  24.068, p  <  0.001, 
hp

2  = 0.728) increased from the first to last apnea, while maximal 
values for m[HHb] decreased (F = 14.610, p < 0.001, hp

2  = 0.619).
Baseline and extreme values evolved similarly over the time 

course of the apneas (Figure 3), as observed by the non-significant 
main effect for the delta values (∆HR: F  =  0.489, p  =  0.814, 
hp

2
  =  0.052; ∆mTOI: F  =  1.371, p  =  0.274, hp

2   =  0.132), ∆ 

FIGURE 4 | Evolution of lactate during the series of seven apneas 
(A1–A7 = measurement after the first–seventh apnea). The blue graph 
represents the average for FIA, while the red graph represents the average 
for DRA. * = significant difference between FIA and DRA at p < 0.05;  
§ = significantly different from BL for FIA; and # = significantly different 
from BL for DRA.

A

B

C

D

FIGURE 3 | Overview of the evolution of the baseline (diamond shapes) and extreme values (squares) throughout the series of seven apneas for heart rate (HR, 
panel A), tissue oxygenation index (mTOI, panel B), oxygenated (m[O2Hb], panel C), and deoxygenated hemoglobin concentration (m[HHb], panel D). * = statistically 
different from A1 at p < 0.05.
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m[O2Hb] (F  =  2.358, p  =  0.098, hp
2   =  0.208), and ∆ m[HHb] 

(F  =  2.292, p  =  0.231, hp
2   =  0.203).

Blood lactate values decreased over time from the value 
obtained 1  min after the first, to the value 1  min after the 
last apnea (F  =  19.392, p  <  0.001, hp

2   =  0.683). This decrease 
was more pronounced for DRA than FIA (F = 4.386, p = 0.012, 
hp

2   =  0.328; Figure  4); however, the blood lactate values at 
the respective time points only differed after the first breath-
hold (p  =  0.038, Cohen’s d  =  0.57).

DISCUSSION

This study was the first to compare both heart rate and muscle 
oxygenation kinetics during constant load exercise with 
intermittent dynamic apneas between FIA and DRA. The main 
findings were that these types of dynamic apneas in subjects 
naive to breath-holds induced (1) a stronger bradycardia in 
FIA compared to DRA and (2) a significant decrease in mTOI 
which was similar in both conditions. Additionally, (3) an 
order of events was observed during which all muscle oxygenation 
patterns immediately started to decrease, while bradycardia 
occurred later, possibly suggesting that peripheral 
vasoconstriction can facilitate bradycardia. Last, (4) a higher 
lactate concentration following apnea was seen in DRA compared 
to FIA, although this difference was only observed after the 
first apnea.

Despite the short duration of apneas (the target time was 
30  s, while actual time was on average 25  s), both FIA and 
DRA were successful in decreasing heart rate (HR) and muscle 
oxygenation. After an initial increase before and at onset of 
apnea, heart rate started to decrease after 5  s and did not fall 
below baseline in the first 15 s. Muscle oxygenation parameters 
changed immediately upon the onset of apnea. This is consistent 
with a quick onset of peripheral vasoconstriction and in line 
with the immediate increase in MSNA (Heusser et  al., 2009) 
limiting blood delivery to the working muscle. As the muscle 
needs to maintain the same workload, O2 is still needed and 
muscle oxygenation therefore decreases.

Contrary to most studies comparing baseline values with 
end-apnea values and specific relative time points during 
breath-hold, we  analyzed the data on an absolute time scale 
with short 5-s intervals. This allowed us to gain insight in 
the quick hemodynamic changes occurring before and at 
onset of breath-hold (Heusser et  al., 2009) and especially 
in the order of events to understand the interaction of 
changes in heart rate and oxygenation. Looking deeper into 
the order of the response, it appears that the first response 
is an increase in heart rate, which already occurs before 
onset of apnea and lasts till 5  s after apnea. Aside from 
mental arousal and preparation, two mechanisms can 
be  responsible for this increase in heart rate. First, the 
increase in lung stretch through deep inspiration stimulates 
the lung stretch receptors in the bronchi (Sroufe, 1971), 
which in their turn inhibit the cardiac vagal nerves and 
increase heart rate. Second, the deep inspiration at high 
lung volume is suggested to increase intrathoracic pressure 

which limits venous return and stroke volume and causes 
a drop in blood pressure and an increase in heart rate 
(Andersson and Schagatay, 1997; Schipke et  al., 2019). This 
drop in blood pressure has been observed before in trained 
breath-hold divers (Schagatay et al., 1999; Sivieri et al., 2015; 
Ratmanova et al., 2016). Indeed, Heusser et al. (2009) showed 
that responses in blood pressure (MAP) and MSNA in the 
first 15–20  s of apnea closely resemble the responses of a 
Valsalva maneuver. This drop in blood pressure then increases 
peripheral resistance and leads to peripheral vasoconstriction, 
improving venous return. This quick vasoconstriction is 
consistent with our data showing an immediate decrease 
in m[O2Hb] and mTOI, and allows the heart rate to decrease 
and blood pressure to normalize. The order of mechanisms 
suggested above is consistent with our data in naive subjects 
showing that the onset of bradycardia is observed after the 
changes in muscle oxygenation, both in dynamic apnea (DRA 
and FIA) but also in dry static breath-hold (Bouten et  al., 
2020). These initial hemodynamic changes are mechanical 
and neural in nature and are therefore able to elicit the 
rapid changes observed in the short period before and 
immediately after onset of apnea. These initial reflexes are 
supported by chemical responses to hypoxia later in the 
apnea. For example, a chemoreflex-induced MSNA increase 
leads to sustained and/or increased peripheral vasoconstriction 
(Leuenberger et  al., 2001; Heusser et  al., 2009; Badrov et  al., 
2017). The origin of increasing MSNA during apnea is still 
debated and might be more related to the lack of ventilation 
than the chemoreflex (Badrov et  al., 2017). However, the 
duration of breath-holds in this study is too short for these 
responses to elicit.

In accordance with previous studies for static apneas (Bergman 
et  al., 1972; Andersson et  al., 2002, 2004), the bradycardic 
response was more pronounced with FIA compared to DRA. 
This difference, however, only tended to manifest after 10  s 
and did not reach statistical significance in the first 15  s. 
Heart rate dropped significantly from 134  ±  3  bpm during 
cycling at baseline to a minimal value of 100  ±  5  bpm in 
DRA and to 85  ±  3  bpm in FIA. Our data suggest that 
stimulation of the trigeminal nerve does not alter the initial 
reflexes eliciting an increase in heart rate, but influences 
the pattern only when these initial reflexes, increasing heart 
rate, are overruled. Additionally, due to the practical setup, 
subjects immersed their face after deep preparatory inspirations 
and onset of apnea, causing a latency period between onset 
of apnea and face immersion. The response to face immersion 
therefore occurs later than the immediate respiratory-induced 
reflexes. Contrary, muscle oxygenation was similar in both 
conditions. This suggests that face immersion did not impact 
peripheral vasoconstriction in our study. A likely explanation 
would be  that, while face immersion triggers the trigeminal 
nerve which regulates vagal activity and thus improves 
bradycardia (Lemaitre and Schaller, 2015), peripheral 
vasoconstriction results from sympathetic activation 
(Leuenberger et al., 2001) and would therefore be independent 
from face immersion. This is however in contrast with the 
observations of stronger increases in MSNA in short FIA 

https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


Bouten et al. Oxygenation During Dynamic Intermittent Breath-Holds

Frontiers in Physiology | www.frontiersin.org 8 July 2021 | Volume 12 | Article 712629

compared to DRA (Fagius and Sundlöf, 1986) and greater 
increases in MAP during short dynamic FIA compared to 
DRA (Andersson et al., 2002), both supporting an enhanced 
sympathetic activation in response to face immersion (Heindl 
et  al., 2004). This discrepancy in results might be  related 
to differences in methodology. First, the short duration of 
the apneas in our study might be  insufficient to develop a 
full dive response and differences might occur late in the 
apneas. However, increased MSNA (Fagius and Sundlöf, 
1986) and increases in MAP and decreases in finger and 
forearm blood flow (Heistad et al., 1968) have been reported 
in apneas as short as 12 and 30s. Second, our subjects were 
inexperienced in breath-holding, while training is known 
to improve dive responses (Engan et  al., 2013). A third 
consideration is that ambient air temperature (18°C) in our 
study was a lot lower than other studies and the difference 
between ambient air and water temperature (15°C) was only 
small. Indeed, Andersson et  al. (2002) reported a water 
temperature of 10°C and ambient air temperature of 24°, 
while Fagius and Sundlöf (1986) showed the strongest increase 
in MSNA at the lowest water temperature (9°C) at an ambient 
temperature of 24°C. As cold air of 18°C already evokes 
noticeable increases in MSNA compared to 22°C (Fagius 
and Kay, 1991), it is possible that cold receptors stimulating 
MSNA were also partially stimulated without face immersion, 
making it more difficult to observe differences between FIA 
and DRA. A last consideration is that we  only measured 
oxygenation in the working muscle. It is possible that 
perfusion to the working muscles is maintained to a certain 
level, while vasoconstriction appears to be  more intense in 
inactive muscle tissues (Nishiyasu et al., 2012). Simultaneous 
oxygenation measurements of active and non-active muscles 
during dynamic apnea would be  interesting to give more 
insight into this discussion.

When looking at the evolution of the baseline parameters 
during the prolonged constant load cycling at 25% of peak 
power output, we  see that heart rate, mTOI, and m[O2Hb] 
gradually increase during the test. We  hypothesize that this 
response can be  explained by the interaction of the breath-
holds, exercise, and thermoregulatory mechanisms, termed 
cardiovascular drift (Coyle and González-Alonso, 2001). Extreme 
values changed similarly to baseline values, indicating that the 
amplitude of the response did not change throughout the series 
of breath-holds. Indeed, this is reflected by the observation 
that all delta values were similar during the series, indicating 
that the response did not improve from the first to last apnea. 
This is probably due to the short nature of the apneas in this 
study. As the maximum of the breath-holds was set at 30  s, 
breath-hold time did not increase significantly throughout 
the series.

Blood lactate decreases during the series of apnea in 
both conditions. As blood lactate concentration is the net 
result of lactate production, diffusion to the blood, and 
elimination, a decrease is caused by either a lower lactate 
production during apnea, a higher lactate elimination rate 
during both apnea and cycling intervals, or a combination 
of both. As the magnitude of the response for both heart 

rate and muscle oxygenation is similar throughout the entire 
protocol, we  do not expect lactate production to change. 
Improved lactate elimination on the other hand is a logical 
explanation as the continued exercise leads to better muscle 
oxygenation observed throughout the protocol, facilitating 
a better lactate clearance. Lactate concentration was 
significantly higher after the first apnea in DRA than FIA. 
The observation that peripheral oxygenation was similar 
during apnea in both conditions suggests similar local oxygen 
supply, while heart rate decreases less in the dry condition 
which could indicate that the overall metabolic demand 
reduces less in DRA. This might lead to a greater reliance 
on the anaerobic system to meet the demand in the dry 
apneas, leading to a higher lactate production, which might 
be  reflected by a higher lactate concentration. However, this 
was only seen in the first apnea. Later in the protocol, 
when lactate elimination is expected to be  enhanced due 
to prolonged exercise in the moderate intensity domain, 
the duration of the apneas is most likely too short to observe 
differences between the conditions.

CONCLUSION

Our data show strong decreases in heart rate and muscle 
tissue oxygenation during short dynamic apneas in young 
female individuals naive to breath-holding. Contrary to 
previous research, only the response in heart rate was enforced 
through facial immersion, while muscle oxygenation was 
unaltered. This might indicate that the influence of face 
immersion on peripheral vasoconstriction is not a general 
response but only apparent in specific conditions and/or 
specific populations. Additionally, analyses of our data on 
a 5  s basis suggest an order of mechanisms through which 
heart rate increases due to inspiratory mechanical and neural 
mechanisms, followed by a quick onset of peripheral 
vasoconstriction as illustrated by rapid changes in muscle 
oxygen kinetics. Heart rate only starts to decrease after 
muscle tissue deoxygenation has started to establish, suggesting 
a role of peripheral vasoconstriction in the apnea 
induced bradycardia.
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