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Abstract
Cardiovascular responses to diving are characterized by two opposing responses: tachycardia resulting from exercise and 
bradycardia resulting from the apnea. The convergence of bradycardia and tachycardia may determine the cardiovascular 
responses to diving. The purpose of this study was to investigate the interaction of breath holding and muscle mechanoreflex 
on cardiovascular responses in breath-hold divers (BHDs) and non-BHDs. We compared the cardiovascular responses to 
combined apnea and the mechanoreflex in BHDs and non-BHDs. All participants undertook three trials—apnea, passive 
leg cycling (PLC), and combined trials—for 30 s after rest. Cardiovascular variables were measured continuously. Nine 
BHD (male:female, 4:5; [means ± SD] age, 35 ± 6 years; height, 168.6 ± 4.6 cm; body mass, 58.4 ± 5.9 kg) and eight non-
BHD (male:female, 4:4; [means ± SD] age, 35 ± 7 years; height, 163.9 ± 9.1 cm; body mass, 55.6 ± 7.2 kg) participants 
were included. Compared to the resting baseline, heart rate (HR) and cardiac output (CO) significantly decreased during 
the combined trial in the BHD group, while they significantly increased during the combined trials in the non-BHD group 
(P < 0.05). Changes in the HR and CO were significantly lower in the BHD group than in the non-BHD group in the com-
bined trial (P < 0.05). These results suggest that bradycardia with apnea in BHDs is prioritized over tachycardia with the 
mechanoreflex, whereas that in non-BHDs is not. This finding implies that diving training changes the interaction between 
apnea and the mechanoreflex in cardiovascular control.
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Abbreviations
A/D	� Analog/digital
ANOVA	� Analysis of variance
BHD	� Breath-holding divers
BRS	� Baroreflex sensitivity
CO	� Cardiac output
ECG	� Electrocardiogram
EMG	� Electromyography
EPR	� Exercise pressor reflex
HR	� Heart rate
HRV	� Heart rate variability

IBM	� Involuntary breathing movement
MAP	� Mean arterial pressure
MSNA	� Muscle sympathetic nerve activity
PLC	� Passive leg cycle
RMSSD	� Root mean square of standard deviation of R-R 

intervals
SV	� Stroke volume
TPR	� Total peripheral resistance

Introduction

Cardiovascular responses to breath holding are characterized 
by bradycardia and peripheral vasoconstriction (Lemaître et al. 
2008). This response plays an important role in preserving 
the oxygen supply to vital organs such as the heart and brain 
(Nishiyasu et al. 2012; Vestergaard and Larsson 2019) and 
cardiovascular responses induced by the breath-holding reflex 
may extend the maximal apnea time (Ferretti 2001). Breath-
hold divers (BHDs) have a greater bradycardia with apnea and 
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longer maximal apnea time than healthy age-matched non-
breath-hold divers (non-BHDs) (Joulia et al. 2009; Peng et al. 
2022). The greater bradycardic response to apnea in BHDs 
may be related to the divers swimming deeper and/or for 
longer without breathing.

Divers simultaneously perform exercise and apnea during 
competitive free diving. Cardiovascular responses to diving 
are characterized by two opposing responses: tachycardia 
resulting from the physical activity and bradycardia resulting 
from the apnea. The magnitude of these opposing responses 
in freediving differ between BHDs and non-BHDs (Hoffmann 
et al. 2005; Tocco et al. 2012; Fico et al. 2022). Previous stud-
ies have suggested that bradycardia resulting from the apnea 
was predominant over cardiovascular responses resulting 
from dynamic apnea, that is, freediving, in BHDs (Tocco 
et al. 2012), whereas tachycardia resulting from exercise was 
predominant in non-BHDs (Hoffmann et al. 2005; Fico et al. 
2022). The interaction of the apnea and exercise on the car-
diovascular response and the differences in the interaction 
between BHDs and non-BHDs require elucidation.

Cardiovascular responses to exercise are influenced by the 
exercise pressor reflex (EPR), a feedback mechanism resulting 
from receptors in exercising skeletal muscles (Gallagher et al. 
2006). The EPR is induced by two stimuli: the mechanore-
flex originating from physical changes of exercising muscles 
(Nóbrega et al. 1994; Gladwell and Coote 2002; Tokizawa 
et al. 2004b; Drew et al. 2008, 2017; Kruse et al. 2016; Lis 
et al. 2020; Nakamura et al. 2022) and the metaboreflex origi-
nating from chemical changes in muscles (Scherrer et al. 1990; 
Tokizawa et al. 2004a; Ichinose et al. 2006, 2008; Crisafulli 
et al. 2015).

No study has investigated the interaction of the mechanore-
flex and apnea, though the effect of the metaboreflex on the 
apnea has been investigated in both BHDs (Di Giacomo et al. 
2021) and non-BHDs (Ichinose et al. 2018). The metaboreflex 
mainly affects peripheral vascular tone during dynamic apnea 
(Ichinose et al. 2018; Di Giacomo et al. 2021). In turn, the 
extent of convergence of bradycardia associated with apnea 
and tachycardia associated with the mechanoreflex is respon-
sible for the cardiac response, as the mechanoreflex in humans 
primarily contributes to the cardioacceleration during exercise. 
Thus, the present study aimed to compare the cardiovascular 
responses in BHDs and non-BHDs to investigate the interac-
tion of the effects of apnea and mechanoreflex on cardiovas-
cular responses. Passive leg cycling (PLC) was used to induce 
the mechanoreflex (Nóbrega et al. 1994; Lis et al. 2020).

Materials and mthods

Participants

We recruited nine BHD (male:female, 4:5; age, 35 ± 6 yr; 
height, 168.6 ± 4.6 cm; body mass, 58.4 ± 5.9 kg; body 
mass index [BMI], 20.5 ± 1.2  kg/m2; relative body 
fat, 19.2 ± 5.1; means ± standard deviation [SD]) and 
eight non-divers (male:female, 4:4; age, 35 ± 7  yr; 
height, 163.9 ± 9.1  cm; body mass, 55.6 ± 7.2  kg; 
BMI, 20.6 ± 1.0 kg/m2; relative body fat, 24.3 ± 6.3%; 
means ± SD) in this study. The BHDs had personal best 
of static apnea ≥ 300 s and dynamic with fins ≥ 100 m or 
constant weight ≥ 40 m. Non-BHDs had not performed 
habitual aquatic activities and exercise. None of all par-
ticipants had hypertension (≤ 140/90 mmHg), were smok-
ers, or had cardiovascular disease or diabetes, as assessed 
by medical history. All participants received verbal and 
written explanations of the objectives, measurement tech-
niques, and risks and benefits associated with the study 
and then provided written informed consent to participate 
before the start of this study. The purpose, procedures, and 
risks involved in this study were reviewed and approved 
by the Human Research Committee of Waseda University 
(approval No. 2021–286). This study was conducted in 
accordance with the guidelines of the Declaration of Hel-
sinki (1975).

Protocol

Participants attended the measurement having abstained 
from strenuous exercise and alcohol for at least 24 h, caf-
feine for at least 10 h, and food for at least 3 h.

All participants were equipped with measuring devices 
and rested in a semi-recumbent position for at least 15 min 
before beginning the protocol (Fig. 1a). The participants 
undertook the following three trials (Fig. 1b); apnea, pas-
sive leg cycling (PLC), and combined trials. The order of 
the trials was randomized to avoid order effects. Trials 
were separated by a 3 min rest period. One of the investi-
gators was responsible for the randomization to define the 
order of three trials. The randomization list was created by 
function of random number generation using spreadsheet 
software (Microsoft Excel, Microsoft, WA, USA). The 
randomized crossover trial was performed in open label.

In the apnea trial, participants performed voluntary 
apnea with functional residual capacity (FRC) for 30 s. In 
the PLC trial, passive leg cycling was performed at 60 rpm 
using automatic cycle ergometer in the semi-recumbent 
position (AFB3022, Alinco, Osaka, Japan) for 30 s as 
the mechanoreflex stimulation. Before the PLC trial, the 
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investigator instructed participants to relax to prevent vol-
untary leg cycling and minimize the unknown effects of 
other factors such as central command during PLC. No 
respiratory control was performed during PLC. In the 
combined trial, participants simultaneously performed 
apnea and PLC for 30 s. We confirmed breath-holding 
in the apnea and combined trials using a respiratory gas 
analyzer (AE-310S, Minato Medical Science Co, Osaka, 
Japan) with breath-by-breath method. We explained to 
all participants that FRC is the volume remaining in the 
lungs after a normal, passive exhalation before the start of 
the three trials. All participants were instructed to exhale 
slowly and hold their breath when they reached FRC in 
apnea and combined trials. All participants familiarized 
voluntary apnea with FRC and passive leg cycling before 
beginning the 15 min rest. All measurements were con-
ducted under comfortable laboratory conditions between 
14:00 and 18:00.

In an additional experiment on two participants (one 
BHD and one non-BHD), surface electromyography (EMG) 
of and vastus lateralis muscles during PLC was recorded to 
confirm voluntary movement during passive cycle. Signals 
were amplified by a bioelectric amplifier (MEG-2100, Nihon 
Kohden, Tokyo, Japan) equipped with input box (JB-210 J, 
Nihon Kohden, Tokyo, Japan) and obtained at a sampling 
rate of 1000 Hz through an analog/digital (A/D) converter 
(PowerLab/16SP, AD Instruments, New South Wales, Aus-
tralia) and recorded in a device connected to a personal com-
puter (Macbook Pro, Apple, CA, USA).

Body composition

Body composition was measured using bioelectrical imped-
ance analysis (InBody 720; InBody Japan Inc., Tokyo, 
Japan) with the participant in the upright position.

Cardiovascular variables

The HR and beat-to-beat arterial blood pressure waveforms 
were monitored using a three-lead electrocardiogram (ECG) 
(BSM-2401, Nihon Kohden, Tokyo, Japan) and finger pho-
toplethysmography (Finometer MIDI, Finapres Medical Sys-
tems, Amsterdam, The Netherlands), respectively. The probe 
of the latter was attached to the middle finger of the left hand 
which was located at heart level (Fig. 1b). Stroke volume 
(SV) was calculated based on the obtained arterial blood 
pressure waveform using the model flow method (Wesseling 
et al. 1993), which incorporates age, height, and body mass, 
and simulates aortic flow waveforms from an arterial pres-
sure signal using a non-linear three-element model of the 
aortic input impedance (Beatscope, version 1.1, Finapres 
Medical Systems, Amsterdam, The Netherlands). CO and 
total peripheral resistance (TPR) were then calculated as 
SV × HR and mean arterial pressure (MAP) / CO, respec-
tively. All hemodynamic measurements at rest were deter-
mined by averaging the values during the last 15 s before the 
start of each trial. All hemodynamic data were also averaged 
per 5 s during each trial. The recovery data for 60 s were 
also determined by averaging the values during the last 15 s.

Heart rate variability

We calculated the HR variability (HRV) to evaluate the car-
diac parasympathetic activity. Previous study has reported 
that the cardiac parasympathetic activity was reflected by 
the root mean square of standard deviation of R-R inter-
vals (RMSSD) from short-term variation of HR (Task 
Force of the European Society of Cardiology and the North 
American Society of Pacing and Electrophysiology 1996). 
The ECG waveform was obtained at a sampling rate of 
1000 Hz through an A/D converter (PowerLab/16SP, AD 

a b

Rest Recovery

Apnea

Rest Recovery

Apnea + Passive leg cycle 

Rest Recovery

Passive leg cycle 

0’00 3’00 3’30 6’30

Apnea trial

PLC trial

Combined trial
Electrocardiogram Respiratory gas

analyzer

Finger photoplethysmography

Automatic cycle ergometer

A/D converter with
personal computer 

Fig. 1   Schematic diagram of the experimental setup (a) and overview of the experimental protocol (b). Dotted line between heart and finger in 
panel (a) indicates that finger photoplethysmography is located at heart level. PLC passive leg cycling
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Instruments, New South Wales, Australia) and recorded in 
a device connected to a personal computer (Macbook Pro, 
Apple, CA, USA). Then, the RMSSD were calculated using 
an analysis software (LabChart8 & MLS 370, AD Instru-
ments, New South Wales, Australia). The RMSSD analysis 
was conducted by using the last 30 s before the start of trials 
for the value at rest and the whole 30 s of the trial period.

Statistical analysis

All data are expressed as the mean ± SD. Statistical analyses 
were performed using IBM SPSS Statistics for Windows 
version 27.0 (IBM Corp., Armonk, NY, USA). The effects of 
time and groups were examined using a two-way repeated-
measures ANOVA (time × groups). Significant F values were 
analyzed using Bonferroni’s post hoc test. The changes (Δ) 
in the HR and CO were calculated as the difference between 
the 30 s into the trial and the baseline. The mean differences 
in the characteristics of the participants and the ΔHR and 
ΔCO between the two groups were examined using the Stu-
dent’s unpaired t test. The sum of the changes in the apnea 
and PLC trials was calculated to provide an estimated com-
bined response to compare with the actual response in the 
combined trial: estimated versus actual responses of conver-
gence of the two inputs from apnea and mechanoreflex. In all 
of the analyses, the level of significance for all comparisons 
was set at P < 0.05.

Results

One participant in the BHD group was excluded from this 
analysis because their ABP waveform was not successfully 
measured. The results were obtained from the remaining 
eight participants in the BHD group.

EMG of vastus lateralis muscles showed no obvious 
activities in the muscle (Fig. 2).

Characteristics of the participants

Table 1 presents the characteristics of the participants. No 
significant difference was observed in all characteristics of 
the participants.

Cardiovascular responses

Figure  3 shows the time course of all cardiovascular 
responses to the apnea and PLC trials compared between 
the two groups. Two-way analysis of variance revealed a sig-
nificant interaction between time and group on HR, CO, and 
TPR in the apnea trial (P < 0.05; Fig. 3b, c, and d). The HR 
and CO during the apnea trial in the BHD group decreased 
significantly at 25 and 30 s (P < 0.05). The TPR during the 
apnea trial in both groups increased significantly at 25 and 
30 s (P < 0.05). The HR during the apnea trial was signifi-
cantly lower in the BHD group than in the non-BHD group 
at 25 and 30 s (P < 0.05). In the PLC trial, the HR and CO in 
both groups increased significantly at 25 and 30 s (P < 0.05; 
Fig. 3f and g), while the TPR decreased significantly at 25 
and 30 s (P < 0.05; Fig. 3h).

Figure 4 shows the cardiovascular responses to the com-
bined trials in the two groups. Two-way ANOVA revealed 
significant interactions between time and group for HR 
and CO (P < 0.05; Fig. 4b and c). A significant reduction 
in HR during the combined trial was observed at 20 to 
30 s compared with that at baseline in the BHD group, 
whereas an increase in HR in the non-BHD group at the 
same time point (P < 0.05); this indicated a significantly 
different response between the groups (P < 0.05). The CO 
during the combined trial decreased significantly at 25 and 

Fig. 2   Electromyography recordings of vastus lateralis muscle during passive leg cycling in two subjects; non-BHD (a) and BHD (b). BHD;= 
breath-holding divers

Content courtesy of Springer Nature, terms of use apply. Rights reserved.



2187European Journal of Applied Physiology (2024) 124:2183–2192	

30 s (P < 0.05), whereas an increase in CO in the non-BHD 
group at the same time point (P < 0.05). The CO during the 
combined trial was significantly lower in the BHD group 
than in the non-BHD group at 25 and 30 s (P < 0.05). The 
MAP and TPR during the combined trial in both groups 
increased significantly at 25 and 30 s (P < 0.05; Fig. 4a 
and d).

Changes in RMSSD

Table 2 shows the RMSSD for all trials. No significant dif-
ferences were observed between the two groups at baseline. 
Two-way ANOVA revealed a significant interaction between 
time and group on RMSSD during the apnea and combined 
trials (P < 0.05). A significant increase in the RMSSD was 
observed during the apnea and combined trials in the BHD 
group. The RMSSD during the apnea and combined tri-
als were greater in the BHD group than non-BHD group 
(P < 0.05). A significant reduction in the RMSSD was also 
observed during the PLC trial (P < 0.05).

Changes in heart rate and cardiac output

The ΔHR and ΔCO responses are shown in Fig. 5. The ΔHR 
and ΔCO were significantly lower in the BHD group than 
in the non-BHD group in the apnea and combined trials 
(P < 0.05). The estimated responses tended to be positive. 
In the combined trial, ΔCO was significantly greater in the 
estimated response than in the actual response (P < 0.05; 
Fig. 5b).

Discussion

The major findings in the present study were that, during 
the combined trial, BHDs showed reductions in their HR 
and CO, whereas non-BHDs showed increases in these 
measurements. In the BHD group, ΔHR and ΔCO of the 
combined trial were similar to those in the apnea trial 
but not the PLC trial; in turn, in the non-BHD group, 
the ΔHR and ΔCO of the combined trial were similar to 
those in the PLC trial, despite similar responses in the 

Table 1   Characteristics of the 
breath-hold diver and non-
breath-hold diver groups

Values are presented as mean ± standard deviation. BMI body mass index; BHD breath-hold diver; STA 
static apnea; DYN dynamic with fins; CWT​ constant weight

Variables Non-BHD (n = 8) BHD (n = 8) P value

Age, yrs 35  ±  7 35  ±  6 0.879
Height, cm 164  ±  9 169  ±  5 0.197
Body mass, kg 56  ±  7 58  ±  6 0.392
BMI, kg/m2 21  ±  1 21  ±  1 0.888
Relative fat, % 24.3  ±  6.3 19.2  ±  5.1 0.084
Personal best STA, s 353  ±  45
Personal best DYN, m 168  ±  37
Personal best CWT, m 53  ±  23
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Fig. 3   Time course of mean arterial pressure, cardiac output, heart 
rate, and total peripheral resistance during the apnea (a–d) and pas-
sive leg cycling (e–h) trials in the non-BHD (●) and BHD (○) 
groups. B baseline; R recovery; CO cardiac output; HR heart rate; 

MAP mean arterial pressure; TPR total peripheral resistance. Data 
are presented as mean ± standard deviation. *Significantly different 
(P < 0.05) compared with baseline. †Significantly different (P < 0.05) 
compared with non-BHD group
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apnea and PLC trials in both groups (Figs. 3, 4 and 5). 
These results suggest that the bradycardia with apnea is 
prioritized over tachycardia with mechanoreflex solely in 
BHDs. ΔHR and ΔCO of the combined trial were similar 
to the summation of responses in the apnea and PLC tri-
als—that is, estimated ΔHR and ΔCO—in non-BHDs, 
whereas they were significantly different from estimated 

ΔHR and ΔCO in BHDs. The specific regulation in 
BHDs may result from adaptation for diving deeper and/
or longer.
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Fig. 4   Time course of mean arterial pressure (a), heart rate (b), 
cardiac output (c), and total peripheral resistance (d) during the 
combined trial in the non-BHD (●) and BHD (○) groups. B base-
line; R recovery; CO cardiac output; HR heart rate; MAP mean arte-

rial pressure; TPR total peripheral resistance. Data are presented as 
mean ± standard deviation. *Significantly different (P < 0.05) com-
pared with baseline. †Significantly different (P < 0.05) compared with 
non-BHD group

Table 2   Responses in RMSSD 
to all trials

Values are presented as mean ± standard deviation. BHD breath-hold diver; RMSSD root mean square of 
standard deviation of R-R intervals; *Significantly different (P < 0.05) compared with baseline. †Signifi-
cantly different (P < 0.05) compared with non-BHD group

RMSSD, ms2 Baseline During trial P value

Apnea trial Interaction = 0.032
 Non-BHD 40  ±  22 54  ±  18 Time = 0.118
 BHD 44  ±  17 72  ±  24*† Group = 0.140

PLC trial Interaction = 0.819
 Non-BHD 44  ±  17 30  ±  8* Time = 0.022
 BHD 46  ±  17 31  ±  14* Group = 0.775

Combined trial Interaction = 0.003
 Non-BHD 43  ±  21 30  ±  19* Time = 0.051
 BHD 42  ±  21 63  ±  23*† Group = 0.140
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Cardiovascular responses to apnea and passive leg 
cycling

Divers showed stronger response to apnea than non-divers. 
HR and CO were lower in the BHD group than in the non-
BHD group (Fig. 3b and c). Previous studies have shown 
that bradycardia and peripheral vasoconstriction are greater 
in BHDs than in non-BHDs (Joulia et al. 2009; Peng et al. 
2022). A strong bradycardia with apnea is considered a 
consequence of adaptation to diving and it may extend the 
breath-holding duration (Schagatay and Andersson 1998).

Cardiovascular response to apnea is mediated by the auto-
nomic nervous system and includes vagally mediated brady-
cardia and simultaneous increases in sympathetic mediated 
peripheral vasoconstriction (Hayashi et al. 1997). A previous 
study indicated that apnea increases cardiac vagal activity 
(Lemaître et al. 2008), a finding which—as the RMSSD of 
HR is an indicator of cardiac vagal activity (Task Force of 
the European Society of Cardiology and the North Ameri-
can Society of Pacing and Electrophysiology 1996)—is 

supported by the present result of a greater RMSSD response 
in the BHD group.

Increases in HR and CO during the PLC trial indicated 
successful stimulation of the mechanoreflex in both groups 
(Figs. 2, 3f and g). The cardiac response to PLC was prob-
ably mainly a consequence of mechanoreflex and of cardiac 
vagal activity since no obvious voluntary muscular activity 
was observed and reduction of RMSSD was observed in the 
present study. Gladwell and Coote (2002) have suggested 
that passive stretch selectivity suppresses the cardiac para-
sympathetic activity and increases HR in human study.

The mechanism behind the different cardiac responses 
to apnea in BHDs and non-BHDs in the present study is 
unclear. We can only speculate about the possible role of 
cardiovagal baroreflex sensitivity (BRS). Because the arte-
rial baroreceptors primarily sense the deformation of the 
arterial wall rather than intraarterial pressure changes (Aars 
1969), the cardiovagal BRS is correlated with central arte-
rial mechanical properties such as stiffness and compliance 
where the baroreceptors are located (the carotid artery and 

Fig. 5   Changes in heart rate 
(a) and cardiac output (b) in 
the apnea, passive leg cycling, 
and combined trials and the 
estimated combined trial in the 
two groups. These data repre-
sent individual changes that are 
underrepresented in Table 2 
and Fig. 2. Jitter plots in each 
bar show individual’s data. CO 
cardiac output; HR heart rate; 
PLC passive leg cycling. Data 
are presented as mean ± stand-
ard deviation. *Significantly 
different (P < 0.05)
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the aortic arch) (Monahan et al. 2001; Mattace-Raso et al. 
2007). Lifelong Japanese female divers demonstrate greater 
reduction in arterial stiffness than age-matched non-divers 
(Tanaka et al. 2016). The study might suggest that long-term 
apneic training decreases the arterial stiffness. Thus, BHDs 
might have had lower arterial stiffness and greater cardiova-
gal BRS than non-BHDs, resulting in greater bradycardia as 
a pressor response during apnea. Further studies are needed 
to investigate the mechanism of how long-term apneic train-
ing in BHDs could have contributed to the hemodynamic 
differences noted compared to those in non-BHDs.

MAP and TPR response to apnea and combined trials 
were similar between groups (Figs. 3a, d, 4a, d). A study 
suggested that pressor response during apnea is mainly 
caused by an increase in TPR (Heusser et al. 2009). There 
was a greater increase in muscle sympathetic nerve activ-
ity (MSNA) at the end of apnea with FRC in BHDs than in 
non-BHDs (Breskovic et al. 2011). The study also indicated 
that the augmented sympathetic drive during breath holds 
was related to chemoreflex stress. FRC breath-hold dura-
tion (non-BHD group: 27.7 [22.2–33.2] s, BHD group: 60.4 
[34.3–86.5] s) was significantly longer in BHDs, resulting 
in a higher level of chemoreflex stress. Notably, the slope 
of the change in total MSNA relative to apnea duration was 
almost identical between groups, confirming that periph-
eral and central chemoreflex sensitivity is similar in BHDs 
and non-BHDs (Dujic et al. 2008; Breskovic et al. 2010), as 
shown previously, and that different sympathetic responses 
between groups were due to variations in apnea duration. If 
BHDs performed apnea at the FRC for the same duration as 
non-BHDs, the TPR and MAP responses may not have been 
different, as in the present study.

Cardiovascular responses to a combination of apnea 
and mechanoreflex

In the combined trial, the bradycardia with apnea was par-
tially retained in the BHD group, whereas tachycardia was 
solely observed in the non-BHD group (Fig. 4b). Similarly, 
HR and CO during the combined trial were suppressed in 
the BHD group but increased in the non-BHD group. The 
estimated combined responses of ΔCO differed from the 
actual responses in the combined trial in the BHD group 
(Fig. 5b). The ΔCO in the combined trial was similar (that 
is, negative) to that in the apnea trial. These results indicate 
that the responses are mainly influenced by the inhibitory 
effect of apnea on the heart solely in BHDs during combined 
responses.

The difference in the cardiac response to the combined 
trial between groups was mainly influenced by the response 
to apnea and/or the combination of PLC and apnea since 
the response to PLC was similar. The cardiac response of 
BHDs in the combined trial may indicate vagally mediated 

bradycardia with apnea in surplus sympathetically medi-
ated tachycardia with PLC. This is partially supported by 
the RMSSD, which is an index of cardiac parasympathetic 
activity, that increased in the BHD group in the combined 
trial while it decreased in the non-BHD group (Table 2). It is 
unclear the mechanisms of how to decide which to prize in 
the antagonistic regulation between vagally mediated brady-
cardia with apnea and sympathetically mediated tachycardia 
with the mechanoreflex.

Limitations

This study had some limitations. First, the generalizability of 
our findings to other populations is limited because the sam-
ple size was small. Second, the present study does not reflect 
actual diving state such as immersed body. Further studies 
need to investigate the interaction of apnea and mechanore-
flex in real diving condition. Third, we did not evaluate mus-
cle activation across all participants and trials. It is important 
to conform the absence of active leg cycling during PLC. 
Fourth, although breathing rate and depth influence HRV 
analysis (Hirsch and Bishop 1981), we did not regulate the 
respiratory variables; rather, we only assessed short-term 
RMSSD (30 s). A study showed that recording RMSSD for 
at least 240 s and 60 s is required to produce good between- 
and within-day reliability, respectively (Burma et al. 2021). 
Thus, care must be taken in proving the involvement of para-
sympathetic activity in the present study. Fifth, we did not 
monitor diaphragmatic oscillation to evaluate involuntary 
breathing movements (IBM). The apnea at FRC would have 
led to stronger hypoxemic/hypercapnic stress, concurrently 
increasing the likelihood of IBM occurring. Previous studies 
have reported the influence of IBM on hemodynamics (Pal-
ada et al. 2008; Dujic et al. 2009; Stembridge et al. 2017).

Conclusions

This is the first study to reveal that the bradycardia with 
apnea in BHDs is prioritized over tachycardia with the 
mechanoreflex, whereas the non-BHDs mainly reflects 
a mechanoreflex-induced response. In the discipline of 
dynamic apnea, this specific regulation in divers may explain 
their ability to dive for longer and/or deeper.
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