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Abstract It was already established that exposure to
hyperbaric conditions induces vagal-depended bradycardia
but field study on autonomic nervous system (ANS) activ-
ity during self-contained underwater breathing apparatus
(SCUBA) diving is lacking. The aim of the present study
was to evaluate ANS modifications during real recreational
SCUBA diving using heart rate variability analysis (time-
domain, frequency-domain and Poincaré plot) in 10 experi-
enced and volunteers recreational divers. Mean RR, root
mean square of successive differences of interval (rMSSD),
high frequency of spectral analysis and standard deviation 1
of Poincaré Plot increased (P < 0.05) during dive. Low fre-
quency/high frequency ratio decreased during dive
(P <0.05) but increased after (P < 0.05). Recreational
SCUBA diving induced a rise in vagal activity and a
decrease in cardiac sympathetic activity. Conversely, sym-
pathetic activity increases (P < 0.05) during the recovery.

Keywords SCUBA diving - Autonomic nervous system -
Heart rate variability - Fast Fourier Transform

Introduction

Self-contained underwater breathing apparatus (SCUBA)
diving involves important cardio-pulmonary constraints.
Laboratory studies have demonstrated that various stimuli
in diving could be implicated in these cardiovascular adap-
tations and particularly in the modulation of autonomic
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nervous system (ANS) activity. First, it is well established
that immersion induces an increase in central blood volume
(Gabrielsen 1993; Norsk 1985) due to a redistribution of
regional blood flow to the central circulation. It causes an
increase in heart volume, stroke volume and cardiac output
(Shiraishi et al. 2002; Miwa et al. 1996a; Norsk 1992).
These phenomena are accompanied by bradycardia, result-
ing from vagal activation and a decrease in sympathetic
activity (Miwa et al. 1997). Conversely, the cold water
induces peripheral vasoconstriction and a rise in intra-tho-
racic blood volume (Bonde-Petersen et al. 1992) with an
increase in sympathetic activity (Mourot et al. 2008). Sec-
ondly, both the absolute and partial oxygen pressures
increase during SCUBA diving. Such hyperbaric conditions
contribute to bradycardia and arteriolar vasoconstriction
while the cardiac and stroke volumes decrease in SCUBA
diving (Lafay et al. 1997; Neubauer et al. 2001; Molénat
et al. 2004) and apnea (Marabotti et al. 2008). Lund et al.
(1999, 2000) showed that an increase in parasympathetic
activity is associated with a decrease in sympathetic activ-
ity in hyperbaric conditions.

Other factors could modulate the magnitude of these
adaptations of the ANS. Emotional factors (Ross and
Periodtoe 1980; Periodtoe and Sawada 1989), the level of
physical training or the degree of diving proficiency could
also contribute to cardiac and vascular autonomic functions.

Data concerning ANS responses to real SCUBA diving
are only available from one study in a swimming pool
(Schipke and Pelzer 2001) and there are little data available
from studies in hyperbaric chambers (Lund et al. 1999,
2000). ANS responses could be modified by a number of
factors during diving and ANS dysfunction could even be
implicated in some diving accidents (Pelliccia et al. 2005,
Mitchell et al. 2005). To our knowledge there has been no
evaluation of ANS response in healthy volunteers during
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real SCUBA diving and this evaluation could be used to
identify potentially at-risk subjects as suggested by Schipke
and Pelzer (2001).

Frequency-domain analysis of heart rate variability
(HRV) represents a widely recognized non-invasive method
to quantify cardiac autonomic function (Task Force of the
European Society of Cardiology, the North American Soci-
ety of Pacing, Electrophysiology 1996; Akselrod et al. 1981).
Use of the Fast Fourier Transform enabled us to obtain the
power spectral density for RR interval variability reflecting
the overall ANS (total power, Ptot), parasympathetic (high
frequency, HF) and sympathetic activity (low frequency/high
frequency ratio, LF/HF ratio). Other mathematical methods
were also used, such as time-domain (Katona and Jih 1975)
and Poincaré plot analysis (Tulppo et al. 1996).

The aim of this study was to assess ANS responses in
real recreational SCUBA diving conditions. From previous
studies (Schipke and Pelzer 2001), we hypothesized that
there would be a dominance in cardiac parasympathetic
activity during real SCUBA diving in healthy volunteers.

Methods
Volunteers

Ten adult (one-woman) volunteers took part in this proto-
col. All were experienced SCUBA divers (227.7 £ 590
dives). The mean age was 27.3 £ 9.7 years, the mean body
mass was 73.7+ 15.7kg and the mean height was
178.9 + 5.31 cm. All the subjects were free of any known
cardiac abnormalities, and none of them was on any cardio-
active medication. All were volunteers and were asked to
refrain from taking any form of medication and not to drink
any beverages containing alcohol or caffeine during the day
of the SCUBA dive. Informed consent was obtained from
each subject. We did not interfere in any way with the sub-
ject’s usual diving preparations and the advice of a diving
instructor.

Material

Measurements were made using a POLAR® recorder
(POLAR® S810, Polar Electro, Oulu, Finland). The validity
of this device for measurement of heart rate and HRV has
already been demonstrated (Radespiel-Troger et al. 2003).
It comprises a belt (with two electrodes) and a watch. The
system allows measurement of RR intervals without
recording the usual electrocardiographic activity. The sam-
pling rate used was 1,000 Hz. The depth, duration of the
dive, and water temperature were recorded with a Digital
Depth Gauge (Digital, SCUBAPRO-UWATEC®, Hallwil,
Switzerland).
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Measurements

Between January 2006 and March 2007, all the subjects
(n = 10) made a recreational dive in the Mediterranean Sea,
off the coast of France. The average maximal depth was
19.7 &£ 4.1 m, the mean water temperature was 16 £ 3°C
and the mean dive duration was 39.5 & 13.7 min.

The POLAR belts were set while the volunteers put on
their neoprene wetsuits (one or two piece wetsuits,
5—7 mm, such as the Pacific suit (SCUBAPRO-UWATEC®,
Hallwil, Switzerland) or the Iceberg suit (BEUCHAT®
Marseille, France) with hood, gloves and flippers. The
POLAR watches were strapped to their right forearm. This
system enabled us to measure the RR interval (RRI).
Recording began immediately the participants were
dressed, i.e., 21.0 &= 5.0 min before the dive and finished
30 minutes after the dive. During each “non-diving” period
(which are the periods before and after the dive), the sub-
jects sat quietly on the boat and were asked neither to talk
nor to stand up.

During each dive, three periods of 256 beats were cho-
sen for analysis. The first occurred just after submersion
(2.2 £ 3.2 min) at the start of the dive (Diving I: D1), the
second was 11.6 & 4.06 min after submersion (Diving 2:
D2) and the third (Diving 3: D3) 27.6 & 10.6 min after sub-
mersion.

All the recordings presented were made during recrea-
tional dives. The dive sites were chosen as known to be
free of current. However, if it became evident that currents
were present, the dive and its subsequent recordings were
canceled (one time) as underwater activity would no
longer be representative of normal diving conditions. The
descent and ascent phases of the dive were carried out by
deflation and inflation of stabilizing jackets. For these rea-
sons, we assumed that the workload was constant during
the dives.

Data analysis

Polar precision performance 3.0 software was used for the
time sampling of the different periods of each dive. Math-
Lab software (Mathworks Inc®, Natick, MA, USA) was
used for recognition of ectopic QRS beats or artifacts and a
linear interpolation process was applied.

Time- and frequency-domain and geometrical HRV
analysis was done using software from the Biomedical Sig-
nal Analysis Group Department of Applied Physics, Uni-
versity of Kuopio, Finland (Niskanen et al. 2004). The Fast
Fourier Transform enabled us to obtain the power spectral
density (Niskanen et al. 2004). It is well known that sponta-
neous breathing frequency decreases during SCUBA diving
(Schipke and Pelzer 2001). Brown and collaborators (1993)
demonstrated that breathing parameters strongly influence
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spectral analysis without altering the level of autonomic
traffic: when breathing frequency decreased, the authors
noticed a shift in the respiratory peak from the HF to the LF
band. The frequency limits were adapted with reference to
the well-recognized decrease in breathing frequency during
SCUBA diving: total spectral power (Ptot: 0-0.4 Hz), high
frequency (HF: 0.1-0.4 Hz) and low frequency (LF: 0.04—
0.10 Hz) power spectral density of HRV were calculated as
a function of these limits. To assess overall autonomic
activity, total power spectral density (Ptot) was used; to
assess parasympathetic activity, power spectral density of
high frequencies (HF) and normalized high frequency
(HFnu: HF/(LF + HF)) were also used and finally, to assess
sympathetic activity, the low frequency/high frequency
ratio (LF/HF ratio) and normalized low frequency (LFnu:
LF/(LF + HF)) were used. The HF peak was determined for
each selected time-period.

For time-domain, standard deviation of normal-to-nor-
mal intervals (SDNN), standard deviation of the root mean
square of successive difference (rMSSD) and mean RR
were analyzed. SDNN was chosen as it represents overall
ANS and rMSSD is a recognized index of parasympathetic
activity (Task Force of the European Society of Cardiology,
the North American Society of Pacing, Electrophysiology
1996).

For the Poincaré plot analysis, only the standard devia-
tion 1 (SD1) of the instantaneous beat-to-beat variability
(Fig. 1) was used to evaluated parasympathetic activity as
standard deviation 2 (SD2: standard deviation of continu-
ous long-term variability) is much more complex to analyze
(Tulppo et al. 1996).
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RRI_(s)

Fig. 1 Example of Poincaré plot analysis

During diving, the periods to be analyzed were selected
depending on the recording quality, the time lapse between
each analysis period, the lack of artifacts and the relative
stability of RR trends. Excessive artifact numbers were pre-
sented during the recovery period of one subject and this
was excluded from the analysis.

Statistical analysis

StatView 5.0 software (SAS Institute Inc® Cary, NC, USA)
was used to perform the statistical analyses. Normal Gauss-
ian distribution of the data was verified using z score histo-
grams and then, analyses of variance (ANOVA) of repeated
measurements were performed. To determine differences in
HRYV values between the different diving periods, data were
analyzed using the Fisher post hoc test. P value <0.05 was
considered significant. Values are presented as means & SD.

Results

Figure 2 shows (a) RR interval changes and (b) the fre-
quency-domain HRV analysis of basal, Diving 2 and recov-
ery time-periods from one representative subject. Figure 3
shows the diving profile during a real recreational SCUBA
dive.

Time domain analysis

Analysis of variance for mean RR (P < 0.05) and SDNN
(P <0.05) revealed an increase as shown in Table 1.
rMSSD was also altered (P < 0.05) and pairwise compari-
sons indicated that rMSSD was greater (P < 0.05) in Diving
2 and Diving 3 compared to basal level (Table 1).

Spectral analysis

HF power spectral density increased during Diving 1, Div-
ing 2 and Diving 3 in comparison with basal level
(P <0.05). HF power decreased after diving (Fig. 4b and
Table 1) and this decrease was only significant when com-
pared to Diving 2 (P < 0.05). The alteration in the HF peak
from 0.139 £ 0.028 Hz at basal level to 0.129 £ 0.011 Hz
for Diving 2 was not significant (Table 1).

The LF/HF ratio decreased (P < 0.05): it decreased dur-
ing both in Diving 1 and Diving 2 in comparison with basal
level (Fig. 4c and Table 1). During recovery, the LF/HF
ratio increased in comparison with Diving I, Diving 2 and
Diving 3 and with basal level (P <0.05). A tendency to
increase was observed for Ptot (P = 0.07), although this did
not reach a level of significance (Fig. 4a, Table 1).

Normalized indexes showed significant changes between
recovery and all the diving periods: LFnu increased
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Fig. 2 a Original recording of RR intervals from one representative
volunteer: each periods basal, diving 1 (D1), diving 2 (D2), diving 3
(D3) and recovery without artifacts and shown steady state. Thick lines
represent the beginning and end of the dive and solid vertical lines rep-
resent each period of the analysis. b Spectral analysis of RR intervals
of basal, diving 2 and recovery periods from the same data. Dotted
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Fig. 3 Standard diving profile during a real recreational SCUBA dive

whereas HFnu decreased (P < 0.05) during recovery com-
pared to Diving I, 2 and 3 (Table 1).

Poincaré plot analysis
The SD1 increased (P < 0.05) during diving (Table 1). Pair-

wise analysis revealed an increase in SD1 during Diving 2
and Diving 3 in comparison to basal level (P < 0.05). How-
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lines represent frequency peak at very low frequency (0.00-0.04 Hz),
at low frequency (0.04—0.10 Hz) and at high frequency (0.10-0.40 Hz)
selected by an autoregressive model (in the case of Diving 2, this model
does not show any low frequency peaks). The area in gray is the time
in which volunteers where immersed in the sea. The first analyzed
period D1 could be interpreted as a non-stationary RR interval analysis

ever, the modifications of SD1 demonstrated by Poincaré
plot analysis during Diving I did not appear significant.

Discussion

Various methods including spectral-domain analysis (Fast
Fourier Transform), time-domain and Poincaré plot analy-
sis have been used to evaluate ANS activity during and
after SCUBA diving. We will comment on these, discuss
the ANS responses and finally sum up their clinical impli-
cations for SCUBA diving.

Time-frequency domain and Poincaré plot analysis

The HF spectral power of RRI increased during all the dive
periods whereas rMSSD and SD1 from the Poincaré plot
analysis showed an increase only during Diving 2 and 3 as
compared to the basal level. Moreover, the HF component
of Diving 2 is significantly higher than the one during
recovery; this is confirmed by the decrease in HFnu. Taken
together with the increase in the RR mean, these results
point to an increase in parasympathetic activity and a
decrease in sympathetic activity as shown by the decrease
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Table 1 Time domain, frequency domain and Poincaré plot data during basal, Diving 1, Diving 2, Diving 3 and recovery

Basal Diving 1 Diving 2 Diving 3 Recovery
Mean RR (s)¥ 0.637 £0.104 0.678 £ 0.116 0.739 £ 0.151 0.777 £ 0.226 0.793 + 0.241
SDNN (ms)¥ 64 + 21 96 + 37 94 £+ 39 89 £ 36 90 + 54
rMSSD (ms)¥ 36.21 £22.4 69.1 +38.9 81.2 £41.9% 76.7 £ 44.5% 55.7+43.2
HF (ms?)¥ 345 £ 255 1784 £ 1317* 2111 £ 1528*, 1629 £ 1206* 937 £ 1234
HF frequency peak (Hz) 0.143 £ 0.033 0.139 +0.028 0.129 + 0.011 0.139 +0.038 0.137 £ 0.042
HFnu (%)¥ 72.4+31.3 80.4 =258 F 87.0+21.2 % 79.6 £28.6 T 54.8 +39.6
LFnu (%)¥ 27.6 £31.3 19.6 £ 258 1 13.0+£21.2F 204 £28.6 T 452 +39.6
LF/HF ratio¥ 0.982 £ 0.528F 0.512 + 0.270%, § 0.415 £ 0.209%, 0.711 £ 0.3287 1.402 4+ 0.777*
Ptot (ms?) 310648 £ 233564 364292 £ 177382 278367 £ 142335 385590 + 209461 486955 + 241226
SD 1 (ms) ¥ 26 £ 16 49 £+ 28 58 £ 30* 54 £ 32% 39 +£31

Repeated measure ANOV A showed significant modifications in values with P < 0.05 (¥). Pairwise presents with a P < 0.05 (*) are taken as statis-
tically significant differences compared to basal period, and <0.05 (1) compared to recovery period. Data are presented as mean £+ SD

in the LF/HF ratio and LFnu during the dive, regardless of
the period under consideration.

The respiratory frequency peak, strongly correlated to
breathing frequency, was situated within the HF band of the
spectral analysis during all the periods of the present proto-
col (Table 1) as expected (Task Force of the European
Society of Cardiology, the North American Society of Pac-
ing, Electrophysiology 1996). Lund et al. (2000) set breath-
ing frequency during their study in a dry hyperbaric
chamber, but this is impossible under real diving condi-
tions. The classic HF frequency band limits of Fast Fourier
Transform analysis seem unsuitable for studying a real
dive: the decrease in ventilatory frequency would lead to a
shift of the respiratory frequency peak from the HF to the
LF band as was the case in a previous study published by
Schipke and Pelzer in 2001. However, the HF limits chosen
seem to have been judicious for the evolution of the respira-
tory frequency peak and the other HRV indexes, e.g., time
domain and Poincaré plot results.

Finally, several authors (Brown et al. 1993; Kollai and
Mizsei 1990) have shown the importance of both tidal vol-
ume and breathing frequency control when evaluating para-
sympathetic activity using HRV analysis but the control of
ventilation parameters is a major difficulty in real diving
conditions. Using these slightly modified limits for HRV
means that this widely recognized, non-invasive method
can be used to quantify cardiac autonomic function during a
real dive.

ANS activity in SCUBA diving

The present study shows that all recognized parasympa-
thetic HRV indexes increase and those of sympathetic
activity decrease during real recreational SCUBA diving
in healthy subjects. Even under recording conditions where
the real life factors of stress and emotion are present,

parasympathetic activity clearly dominates in these experi-
enced recreational divers. These results corroborate a
preceding indoor swimming-pool study (Schipke and
Pelzer 2001) as well as hyperbaric chamber experiments
(Lund et al. 1999, 2000). Furthermore, sympathetic activity
radically increases during the diving recovery period.

The increase in overall ANS activity is less clear: Ptot
only showed a tendency to increase after diving (P = 0.07)
without reaching significance levels and the SDNN
increase during the protocol (P < 0.01) was not shown to be
statistically significant using pairwise comparisons.

Several stimuli could play a part in the increase in para-
sympathetic activity, e.g., water immersion, and exposure
to hyperbaric conditions and the cold. Water density
induces redistribution of blood volume from peripheral
blood flow to central circulation and so central venous pres-
sure increases (Gabrielsen et al. 1993; Norsk et al. 1985).
During thermoneutral head-out immersion (Bonde-Petersen
et al. 1992), this blood redistribution has also been linked to
bradycardia and a decrease in peripheral vascular resis-
tance. ANS responses also seem to be altered as is shown
by muscular sympathetic nerve activity (Miwa etal.
1996b), HRV (Miwa et al. 1996a) and systolic blood pres-
sure variability (Miwa et al. 1996a). A possible mechanism
could be increased baroreceptor sensitivity, with an ensuing
increase in parasympathetic activity (Ueno et al. 2005).
Moreover, temperature, in our study between 12 and 20°C,
may be an additional factor of blood redistribution because
of cold-induced peripheral vasoconstriction (Bonde-Petersen
et al. 1992). This phenomenon may also increase the car-
diopulmonary and arterial baroreceptor load. Likewise,
breathing through a regulator and restrictions on breathing
through the nose during SCUBA diving may lead to breath-
ing resistance which could participate in ANS modification.

Temperature sensitive facial receptors seem to be espe-
cially sensitive to cold immersion and lead to direct vagal
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Fig. 4 Frequency-domain analysis: (a) total power (Ptot), (b) high
frequency power (HF) and (¢) LF/HF ratio during basal, diving 1, div-
ing 2, diving 3 and recovery

stimulation and subsequent bradycardia (Hayashi et al.
1997; Kinoshita et al. 2006). During SCUBA diving, facial
temperature receptors may have contributed to vagal acti-
vation. In the present study, the exposure time to the cold
water may have contributed to the increase in parasympa-
thetic activity, the decrease in cardiac sympathetic activity
and finally, to an increase in mean RR (Sramek et al. 2000).

Previous hyperbaric chamber experiments have demon-
strated an enhancement of parasympathetic activity, this
autonomic disequilibrium appearing independently of mod-
ifications in respiratory frequency (Lund et al. 2000). In our
study, hyperbaric conditions up to 3 ATA contributed to
these alterations in HRV.

SCUBA diving recovery

Without being significant compared to basal level and with
a large scattering, the recovery period shows high Ptot and
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the SDNN values reach a level equivalent to that observed
during diving (Figs. 3a, 4a). Overall, ANS activity shows a
continuously high level after diving while a significant
decrease of parasympathetic indexes, particularly HF com-
ponents, is observed compared to the diving period. We
noticed that cardiac sympathetic activity radically
increased. Hirayanagi et al. 2003 showed that during a
7-day recovery period, consecutive to severe hyperbaric
exposure (30 days with a pressure of up to 41 ATA), car-
diac sympathetic activity was associated with an increase in
plasmatic catecholamines. This long-term hyperbaric exhi-
bition is far more important than that encountered in recrea-
tional SCUBA diving, but this result suggests altered cardiac
ANS activity after SCUBA diving, indicative of sympathetic
activity. Other results have shown that after immersion in
cold water, there is a considerable increase in the concentra-
tion of plasma norepinephrine (Johnson et al. 1977).

Limitations

Our field study did not allow us to evaluate separately
the role of depth or cold for each analyzed time-period of
the dive. This limitation prevents us from understanding the
role of different stimuli in parasympathetic activity suprem-
acy; further distinction among these factors was not possi-
ble. Activities such as swimming underwater were not
checked although such underwater activities could modify
heart balance. However, in these recreational dives, work-
load was minimal.

Furthermore, in the Diving periods, the hyperbaric expo-
sure was not stationary. This could have affected the spec-
tral results, but the time-domain and Poincaré plot analysis
corroborate the spectral results for these periods.

Finally, the increase in the LF/HF ratio while on the boat
could have contributed to the significant difference between
the dive, recovery and basal period. However, Portier and
Guézennec 2007 showed that an increase in LF/HF ratio is
significant only when the subject is standing. Seating the
subjects during the basal and recovery periods attenuated
this limitation.

Clinical implications

The abrupt increase in parasympathetic activity suggests a
potential risk of vagally mediated syncope (Lafay 2006;
Pelliccia et al. 2005; Mitchell et al. 2005) in recreational
SCUBA diving as for instance in free diving (Lemaitre
et al. 2005). With the same clinical perceptive, Eckenhoff
and Knight (1984) described asymptomatic supraventricu-
lar arrhythmia in 10% of 81 healthy subjects during dives,
certainly related to an increase in parasympathetic activity.
Moreover, sympathetic activity could play a major role in
cardiac arrhythmia during recovery and this increase in
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sympathetic activity during diving deserves further investi-
gation. HRV analysis could be used to prevent such inci-
dents by screening the diver population as suggested by
Schipke and Pelzer (2001). Studies including larger popula-
tions should also be performed to assess the potential use-
fulness of such screening.

Conclusions

Time-domain, frequency-domain analysis, and Poincaré
plot analysis of HRV highlight a dominance in parasympa-
thetic activity during real recreational SCUBA diving asso-
ciated with an increase in sympathetic activity during the
recovery period. These autonomic responses could be the
consequence of numerous stimuli such as mechanorecep-
tors sensitive to pulmonary distension, cold sensitive recep-
tors and hemodynamic changes induced by hyperbaric
exposure and immersion. The clinical implications of such
findings in vagally mediated syncope or cardiac arrhythmia
should be kept in mind.
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