
Vol:.(1234567890)

Pediatric Cardiology (2024) 45:314–322
https://doi.org/10.1007/s00246-023-03370-z

RESEARCH

First Real‑Life Data on the Diving Response in Healthy Children

Mareike Rixen1   · Johannes Weickmann1 · Roman Antonin Gebauer1 · Michael Weidenbach1 · Franziska Markel1 · 
Anna Michaelis1 · Ingo Dähnert1 · Jan Wüstenfeld2,3 · David Münch4 · Max Poschart5 · Arne Sieber6 · 
Erika Schagatay7 · Christian Paech1 

Received: 17 October 2023 / Accepted: 30 November 2023 / Published online: 4 January 2024 
© The Author(s), under exclusive licence to Springer Science+Business Media, LLC, part of Springer Nature 2024

Abstract
Swimming and diving are popular recreational activities, representing an effective option in maintaining and improving 
cardiovascular fitness in healthy people. To date, only little is known about the cardiovascular adaption to submersion in 
children. This study was conducted to improve an understanding thereof. We used a stepwise apnea protocol with apnea at 
rest, apnea with facial immersion, and at last apnea during whole body submersion. Continuous measurement of heart rate, 
oxygen saturation, and peripheral resistance index was done. Physiologic data and analysis of influencing factors on heart 
rate, oxygen saturation, and peripheral vascular tone response are reported. The current study presents the first data of physi-
ologic diving response in children. Data showed that facial or whole body submersion leads to a major drop in heart rate, 
and increase of peripheral resistance, while the oxygen saturation seems to be unaffected by static apnea in most children, 
with apnea times of up to 75 s without change in oxygen saturation.
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Introduction

Swimming and diving are popular recreational activities, 
representing an effective option in maintaining and improv-
ing cardiovascular fitness in healthy people. Additionally, 

both skills are essential in the prevention of drowning inci-
dents. Yet, immersion and especially submersion into the 
water confront the human body and cardiovascular system 
with several challenges. The pressure put on the body during 
immersion results in a rise of preload and afterload [1]. Ven-
tricular stroke volume increases due to the Starling mecha-
nism [1–3]. Simultaneously, heart rate drops [4]. Adaption to 
immersion and submersion has been well examined in adults 
[4–6]. In non-divers, the heart rate has been shown to drop 
by 10–20% from resting, while in trained divers, it may drop 
by 45% [7]. Peripheral blood flow is reduced in proportion 
with HR changes and results in an effective centralization 
of blood flow to the heart, lungs, and brain [8]. However, 
no studies have yet been conducted to investigate the diving 
response in children. To close this gap, this study aimed to 
assess the extent of the physiologic adaption to apnea and 
submersion in healthy children, since knowledge of a child’s 
normal physiologic adaption is crucial to interpret the physi-
ologic changes in pediatric patients.

Current medical recommendations are limiting patients 
with chronic diseases especially heart diseases, including 
pediatric patients, from aquatic activities. For example, the 
current ESC guideline on sports and cardiovascular disease 
states that aquatic exercise is not recommended in patients 
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with heart failure, and in everyday practice, there are still 
many doctors who prohibit patients from diving “for safety 
reasons” [9].

A rare yet interesting subset of cardiovascular patients 
are those with single ventricular physiology. These patients 
lack a prepulmonary heart chamber and were thought to be 
at high risk during diving as the volume shift and increase 
in pulmonary resistance were assumed to cause acute heart 
failure or even sudden cardiac death. As there have been no 
data on this topic at all, two recent studies by Paech et al. 
depict the first in man real-life data on this topic. Interest-
ingly, the authors did not find any detrimental effects. Yet, 
the lack of data in healthy children is a major current limit 
for the interpretation of these study data [10, 11].

Therefore, this study aimed to generate first real-life data 
on the diving response in healthy children of prepubertal 
age. In future studies, these data might then be used to com-
pare the physiologic reaction to the effects of the diving 
response in pediatric patients with severe congenital heart 
diseases or other chronic diseases to find reliable data pre-
dicting possible risk factors or underlining the safety of 
swimming and diving in these patients.

Methods

Participants

Healthy children were recruited from local swimming and 
sports clubs. Inclusion criteria were a prepubertal age of 
6–12 years, experience with swimming or diving, and the 
absence of cardiovascular disease in the patient history. 
Exclusion criteria were signs of reduced general condition 
and acute illness, signs of limitations of cardiopulmonary 
function, mental handicap, and genetic diseases. Subjects 
with common pre-existing respiratory conditions were 
included. The subjects and their legal guardians gave their 
informed consent. The study received ethical approval by the 
ethics committee University of Leipzig and is listed under 
the reference 549/19-ek.

Measurements

Anthropometric data including height and weight were 
measured on site. Data on potential medical history and 
medication were obtained from personal interviews. The 
apnea testing took place in a local public swimming hall. 
Water temperature was 28° C and ambient temperature was 
30° C. All tests were performed by a pediatric cardiologist 
and a study nurse.

Diving protocol: Prior to the start of the testing, the 
subjects were instructed to the following protocol including 
three phases of apnea:

1.	 2 min in a sitting position outside the pool, resting
2.	 Static apnea for maximal duration while sitting outside 

the pool in normal air
3.	 2 min in a sitting position outside the pool, resting
4.	 Static apnea with the face immersed in a bowl of water 

(same temperature as pool)
5.	 2 min rest and transition into the pool water. Beginning 

of step 6 after 20–30 s immersed.
6.	 Static apnea at a depth of 0.5–1 m while holding on an 

underwater bar.
7.	 1 min rest in the water after the static apnea (Fig. 1)

Transcutaneous oxygen saturation, heart rate, and perfu-
sion index (PI), as a surrogate of peripheral vascular tone 
[12, 13], were recorded for the whole testing period.

PI is derived from the photoelectric plethysmography sig-
nal of the pulse oximeter and calculated as the ratio between 
the pulsatile component and the non-pulsatile component of 
the light reaching the detector. As the change in peripheral 
perfusion leads to a change in the pulsatile (arterial) com-
ponent, the non-pulsatile part, which is determined by the 
tissue, does not change, and the ratio between both compo-
nents changes [14]. Thus, PI reflects peripheral vasomotor 
tone and is a surrogate for vasoconstriction or vasodilatation, 
promoting a volume shift. The perfusion index subsumes 
vascular tone and systemic blood flow, which is influenced 
by stroke volume [15].

Measurements were done using a Masimo Rad-97™ 
patient monitor and Masimo RD SET sensors (Masimo 
Corporation, Irvine, USA) protected from the water by 
hydrophobic coating with vaseline, which were placed on 
an index finger.

Statistical Analysis

For the statistical analysis, IBM SPSS Statistics for Win-
dows (V29) was used.

Apnea phases were compared regarding the percentage 
deviations resulting from the differences between maximum 
and minimum values in each apnea phase for heart rate and 
differences between first value and minimum value for per-
fusion index using the exact Wilcoxon test. Each apnea 
phase was compared to the other two apnea phases.

For analysis of changes in oxygen saturation, means and 
standard deviations of base value and minimal oxygen values 
were calculated.

The test population was divided into two groups to test 
whether differences in physiological parameters could be 
shown between fin swimmers, who train diving regularly, 
and healthy children only used to recreational swimming 
and diving. Analysis for differences between the two groups 
regarding percentage deviations of heart rate, perfusion 
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index, and differences in oxygen saturation was performed 
using Mann–Whitney U test.

Spearman’s correlation analysis was used to investigate 
possible influencing factors on the extent of changes during 
apnea.

To estimate the influence of the duration of apnea on the 
reduction in heart rate, a Spearman’s correlation analysis 
was also conducted.

Female and male test persons were compared using 
Mann–Whitney U-test.

Results

In this study, 25 healthy children were enrolled. Table 1 
shows the characteristics of the tested children. The row 
“subjects with pre-existing respiratory condition” includes 

all those who stated that they suffered from temporary 
respiratory problems due to asthma or allergic rhinitis 
(Table 1). Table 2 shows the apnea times reached in each 
phase. 

Fig. 1   Simplified illustration of the test procedure

Table 1   Subject characteristics Subject characteristics (n = 25) Median Range

Age (years) 10 6–12
Gender female = 21 / male = 4
Height (cm) 145 130–167
Weight (kg) 35 25–52.0
Sport (1 = Fin swimming/ 2 = Acrobatics / 3 = Athletics/ 

4 = Swimming / 5 = Judo / 6 = High diving / 7 = no sport)
1 = 40% / 2 = 28% / 3 = 12% / 

4 = 8% / 5 = 4% / 6 = 4% / 7 = 4%
Average duration of exercise per week (hours) 3.5 0–13.5
Subjects with pre-existing respiratory condition 4 (1 asthma, 3 allergic rhinitis)

Table 2   Apnea times

Length of apnea 
phases (seconds)

All apnea 
phases

Dry apnea Face immer-
sion apnea

Full 
body
submer-
sion 
apnea

Minimum 10 10 15 10
Maximum 75 60 60 75
Median 30 33 30 25
Mean 31 34 31.4 28.6
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Figure 2 shows the averaged course of heart rate, transcu-
taneous oxygen saturation, and perfusion index during apnea 
at rest and outside of the water, apnea, while face being 
immersed in water and apnea during full body submersion as 
well as resting periods in between. The primary axis shows 
values for heart rate and oxygen saturation, and the second-
ary axis shows values for perfusion index. The time axis 
shows intervals of 10 s in the apnea phases and intervals of 
20 s in the resting periods.

Physiologic data (oxygen saturation, heart rate, and perfu-
sion index) were first determined for the first resting phase. 
The absolute deviation and the percentage deviation of the 
heart rate and the perfusion index in the three apnea phases 
were then calculated. The results are seen in Figs. 3 and 4. 
Values of minimum oxygen saturation are shown in Fig. 5.

Figure 3 shows that heart rate was reduced by 15.7% 
during apnea outside the water, by 27.8% during face 
immersion apnea, and by 25.2% during full submersion 
apnea. Percentage heart rate reduction during face immer-
sion apnea compared to percentage heart rate reduction 
during dry apnea showed a significantly stronger heart rate 
reduction for face immersion (p < 0.001). Also, a signifi-
cantly stronger reduction in percentage heart rate during 
full body submersion apnea compared to the percentage 
heart rate reduction during dry apnea could be found 
(p = 0.007). However, the comparison of face immersion 
apnea to full body submersion apnea regarding percentage 

heart rate reduction showed no significant differences 
(p = 0.665).

Figure 4 shows that perfusion index was reduced by 
10.6% during apnea outside the water, by 20.5% during 
face immersion apnea and by 43% during full submersion 
apnea. Only the comparison of the dry apnea phase to 
the full body submersion apnea phase showed a signifi-
cant change in percent in the perfusion index (p = 0.018), 
whereby the Wilcoxon test comparing dry apnea with face 
immersion apnea regarding percentage perfusion index 
reduction (p = 0.546) and comparison of face immersion 
apnea and full body submersion apnea (p = 0.079) were 
not significant.

Figure 5 visualizes the children’s average minimal oxy-
gen values at baseline and during apnea phases. Oxygen 
saturation started with a base value of 96.7% and reached 
mean minimum values of 95.3% (dry apnea), 95.6% (face 
immersion apnea), and 94.5% (full body submersion 
apnea).

Figure 6 presents the course of heart rate, perfusion index, 
and transcutaneous oxygen saturation separately for both fin 
swimmers and subjects who perform other sports. Analysis 
for differences between the two groups regarding these three 
parameters resulted in following p values: p (HR) = 0.331, 
p (PI) = 0.673, and p (SpO2) = 0.387. There were no signifi-
cant differences in the diving response between trained (fin 
swimmers) and untrained children.

Fig. 2   Averaged time course of heart rate, perfusion index, and oxygen saturation (n = 25)
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Fig. 3   Mean ± SD (standard 
deviation) of total and relative 
heart rate reduction in each 
apnea phase. P values for 
comparison of relative heart rate 
reduction are shown. α = 0.05

Fig. 4   Mean ± SD of total and relative perfusion index reduction in each apnea phase. The results for comparison of relative perfusion index 
reduction are shown. α = 0.05
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Influencing Factors

Possible factors that might influence the extent of the diving 
response were investigated. Spearman’s correlation analysis 
showed a weak to moderate correlation between the age of 
the test persons and the percentage deviation of the heart rate 
in the apnea phases (Spearman’s ρ = 0.223–0.447). Heart rate 
decreased more with increasing age.

The analysis showed no correlation between other factors 
(height, weight, hours of exercise per week) and the percent-
age deviation of the heart rate or the percentage deviation of 
the perfusion index.

Apnea length and percentage heart rate reduction cor-
related strongly in each apnea phase, Spearman’s ρ (first 
apnea) = 0.589, ρ (second apnea) = 0.568, and ρ (third 
apnea) = 0.824. Heart rate decreased more with increasing 
duration of apnea.

A comparison between female and male test persons 
using Mann–Whitney U test showed no significant difference 
between the sexes regarding changes in physiological param-
eters (p = 0.543).

Discussion

The current study is the first to report on the diving response 
in children. The following discussion will focus on the three 
major areas of interest when looking at physiologic data dur-
ing a submersion; heart rate, perfusion index as indicator of 
peripheral vascular constriction, and the oxygen saturation.

First of all, there were no adverse events to report. The 
main finding of our study was that children show a sub-
stantial drop in heart rate with submersion. Interestingly, it 
seems that there is no significant difference in heart rate drop 
if only the face is submersed or the whole body. This phe-
nomenon is thought to be due to the fact that the main recep-
tors for submersion are located in the forehead [16]. The 
phenomenon has been reported in a similar way in adults.

The second parameter of interest is the peripheral per-
fusion index as a parameter for peripheral vascular con-
striction. It has to be stated that adaption to immersion and 
submersion has been examined previously only in adults. 
The principal mechanism is a redistribution of blood to the 
central oxygen-dependent organs like the heart and the brain 

Fig. 5   Mean ± SD of base value and the minimal oxygen values reached in each apnea phase
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[4, 17]. Also, blood flow in more hypoxia-tolerant tissues 
like the skin and resting skeletal muscles is reduced [18]. 
With the rise of hydrostatic pressure during immersion, 
in adults, a volume translocation of 500 to 1000 ml blood 
volume toward the thorax is initiated [5]. Cardiac output 
increases by around 30% and heart rate drops in average 
about 6% in adults [4, 6]. When looking at our cohort, a drop 
in peripheral perfusion index could be demonstrated in all 
three types of apneas (outside the water / facial immersion 
and submersion). Most remarkably, there was not only a rise 
of peripheral resistance during contact to water, but also 
during apnea outside the water. It can only be speculated 
if that rise in peripheral resistance outside the water is a 
sympathomimetic reaction while awaiting the first testing.

Throughout the whole testing period, values of PI 
decreased on average, as shown in Fig. 2. The regulation 
of vascular tone and volume shift are thought to be mainly 
a task for the autonomic nervous system [19]. Therefore, it 
should be expected that with increasing contact of skin to the 
water, there might be an increase in centralization, leading 

to decrease in PI which represents less peripheral volume/ 
more vascular tone.

It could be clearly seen that the whole body submersion 
induced a more pronounced rise in peripheral vascular tone 
than immersion of only the face. As a result, it has to be 
concluded that the rise in peripheral vascular tone seems 
not to be mainly connected to the facial receptors, at least 
not nearly as much as the heart rate seems to be connected 
to these receptors.

It was found that there were no changes in oxygen satu-
ration during apnea maneuvers up to 75 s in our group of 
participants. This seems to be in accordance with hitherto 
reported findings; adult studies found a drop in oxygen satu-
ration rather in longer dives of more than 40 s with a strong 
association to the depth of the dive [16]. Importantly, these 
studies report on dynamic apnea, meaning there was active 
muscle work leading to oxygen consumption as opposed to 
the participants in our study [20, 21]. So, with a median 
apnea time of 30 s in our study cohort, a drop in oxygen 
consumption could not be expected. It has to be mentioned 

Fig. 6   Average values over time for comparing fin swimmers (n = 10) with children who perform other sports (n = 15). The course of heart rate, 
perfusion index, and transcutaneous oxygen saturation separately for both groups are presented. P values are reported in the text
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that there were two children that were measured with an oxy-
gen saturation below 90% (each child once in apneas of 40 s 
duration), despite the absence of congenital heart disease 
and despite repeated measurements. These low values were 
only seen during apnea phases or directly after. As there was 
no medical condition found in a following check-up, it has 
to be assumed that there was a certain influence of tenseness 
that might have led to artificially low measurements.

In addition to the reported baseline findings, the study 
looked at possible influencing factors of heart rate response 
and peripheral vascular constriction. Recognizably, the phys-
iologic response was not affected by sex, age, and weight of 
the tested children in this cohort. While it might have been 
reasonable to suspect some training effect or adaption of 
the physiologic response in highly trained individuals, this 
coherence could not be demonstrated in the current study 
population, as the findings of fin swimmers, used to apnea 
diving, did not differ significantly from the control group of 
healthy children.

After all, a substantial diving response with drop in heart 
rate and increase in vascular tone could be demonstrated in 
children. Interestingly, the heart rate response was equally 
strong during face only immersion versus whole body 
submersion. Yet, further studies with a larger cohort of 
probands are needed to evaluate the current findings. Addi-
tionally, the conduction of the testing in colder water would 
be reasonable.

Conclusion

The current study presents the first data of physiologic div-
ing response in children. Data showed that facial or whole 
body submersion leads to a major drop in heart rate and 
peripheral vasoconstriction, while the oxygen saturation 
seems to be unaffected by static apnea in most children, 
with apnea times of up to 75 s without change in oxygen 
saturation.

Limitations

The main limitation of this study is the small number of par-
ticipants, as well as the predominance of females. Thereby, 
a bias due to sex and proband selection cannot be excluded. 
Our analyses showed no difference between males and 
females with regard to changes in physiologic parameters. 
However, as only data of 4 boys were used, this comparison 
is not of high information value.

Still, as sex differences were not seen in adult apnea stud-
ies, this should only be a minor limitation.

Also, one further limitation is that the study was con-
ducted with a relatively high water temperature of 28 °C, 

which does not allow for concrete conclusions for much 
colder temperatures.
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