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Abstract

Diving reflex is a mechanism of protection against hypoxia. This effect is
achieved through a complex of cardiovascular reactions. The adaptive cardio-
vascular reactions of the diving reflex in women and men were studied. The
diving reflex was activated by submerging a face in cold water under labora-
tory conditions. Men (n =50) and women (n =49) untrained in diving aged 18 to
25 were recruited into the study. The vascular reactions and blood flow were
examined by integrated rheography and rheography of the pulmonary artery.
Peripheral blood circulation was registered by plethysmography. A statistically
significant decrease in heart rate (HR), cardiac minute output (CO), an increase
in blood pressure (BP), peripheral vascular tone, and dilatation of pulmonary
vessels were detected in all subjects during the diving response. It has been
established that when simulating diving, women experience a greater increase
in blood flow to the lungs than men and a more pronounced decrease in di-
crotic index (DCI), which reflects a decrease in resistive vascular tone, as well as
diastolic index (DSI), which characterizes lung perfusion. Probably, this provides
the female organism with greater protection in extreme conditions of diving.

Keywords: diving reflex, systemic circulation, pulmonary circulation, sex differ-
ences in adaptive responses, impedance rheography, photoplethysmography.

Introduction

Knowing natural mechanisms of protection against extreme environmental fac-
tors is the key to the human organism control. For example, in secondary aquatic
Amniotes, the most important universal form of adaptation to diving is the di-
ving reflex, which is accompanied by reflexes of apnea, bradycardia, peripheral
vasoconstriction and selective redistribution of blood flow. The blood supply is
stopped to the organs that can withstand temporary hypoxia and redistributed
to the brain and heart (Galantsev, 1977; Galantsev, 1982; Galantsev, 1986; Elsner,
1970; Thompson and Fedak, 1993; Butler and Jones, 2007). Humans demonstrate
the reaction like diving mammals. Currently, the fact of increasing blood flow
to the lungs when diving has been proven. This occurs due to a decreased air
volume in the lungs and, as a consequence, an increased hyperbaric factor that
affects the body during submersion. It is assumed that increased blood flow into
the lung vessels has a protective effect and helps to maximize the chest volume
diving reflex. We recently reported pulmonary vessel dilation during imitation of
the diving reflex with a latent period of 2—4 s, which indicated that the autonomic
nervous system (ANS) acted prior to the hyperbaric factor (Podyacheva, Zemlya-
nukhina, Shadrin, and Baranova, 2020). However, the indicators characteristic of
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reflective dilation of the pulmonary vessels had a large
dispersion. We decided to check whether the sex factor
can influence the mechanisms of the diving response.

Sex specific features of organism adaptation to
extreme environmental factors remain insufficiently
studied at present. Analyzing divers of different ethnic
groups associated with pearl or food extraction makes
an important observation that the majority of divers are
women (Brilsky, 2012). But whether this is due to tradi-
tion, culture or physiological characteristics of men and
women that favor diving remains to be seen.

Within this study, we aimed to investigate the adap-
tive cardiovascular reactions in response to imitation of
the diving reflex and their variations in men and women.

Materials and methods
Subject recruitment and data collection

99 healthy volunteers (49 women and 50 men) without
special physical training were included in the study. All the
subjects (students at the Saint Petersburg State University,
Russia) were informed about the study purposes, objec-
tives and methods, and gave their voluntary consent by
signing the Informed Consent Form. All the subjects par-
ticipated in the study voluntarily and had no direct benefit
from the test (financial rewards, educational requirements,
or credits). Information about the general results of the re-
search or personal data (such as genetic variants) was pro-
vided for individuals who were interested in. At the time
of the experiment, none of the volunteers had arterioscle-
rosis or diabetes or were taking any drugs. The subjects
were asked to skip smoking or use coffee at least two hours
prior the study. A short list of the groups’ characteristics is
presented in Table 1. The study was approved by the Saint
Petersburg State University Ethics Review Committee for
human studies (no. 40 dated March 7, 2012).

Experimental model of the diving reflex in
humans

Activation of the diving reflex was performed using face
submersion in cold water under laboratory conditions. As
it is well known (Galantsev, 1988) that 10°C gradient be-
tween air temperature and water temperature is optimal
for the manifestation of the diving reflex, in our experi-
ments water temperature was 13.9+2.5°C and air temper-
ature was 20.1£3.4°C. Prior to the start of the experiment,
all subjects stayed in the laboratory for at least 30-40 min
and were adapted to the local temperature. The procedure
was performed on a subject who lay in a ventricumbent
position on a coach with arms along the body, as pub-
lished previously in (Baranova et al., 2017). During an ex-
perimental procedure, all subjects kept their hands at the
heart line, did not change this position and did not move

their fingers with a finger sensor. Three face submersions
on a normal exhale were performed in cold water. Dura-
tion of the first submersion was limited by the feeling of
the first discomfort. After the first face submersion, which
we considered as an orienting one, a full recovery of car-
diovascular parameters was conducted within 10 minutes.
A pause between submersions was 2-3 min.

Measurements of the physiological parameters

Before the experimental procedure, an electrocar-
diogram (ECG) was recorded in I standard lead and
checked for abnormalities. During the whole experi-
ment (rest, imitation of the diving reflex and recovery)
ECG, blood pressure (BP) and the central blood flow
were constantly recorded. The rheography was recorded
by Tishchenkos integrated body rheography method
(Tishchenko’s impedance cardiographic method of total
systemic blood flow assessment) (Tishchenko, 1973) us-
ing RGPA-6/12 “Rean-Poly” (Medicom-MTD, Russia).
A relative index of skin capillary blood flow in the left in-
dex finger was recorded by photoplethysmogram (PPG).
The pulmonary artery reogram was recorded by imped-
ance method for investigation of right pulmonary artery
blood flow (RPABF) (Zenkov and Ronkin, 1991; Palko,
2007; Hammoud et al., 2022), and the next physiological
parameters were used for the evaluation: stroke output
(SO, ml), rheographic index (RI, Ohm) reflects the lung
tissue blood filling), dicrotic index (DCI, %; reflects the
vascular tone of resistant vessels of the pulmonary artery
system), and diastolic index (DSI, %; reflects the ratio of
venous drainage to arterial blood supply).

The pulse wave amplitude (PWA, pm) and the pulse
transit time (PTT, ms), were calculated based on the pho-
topletismogram records using “Rean-Poly” software (Elite
version). It previously has been reported that PWA indi-
rectly reflects vascular perfusion of the distal phalanx of
the hand and essentially depends on the sympathetic in-
fluences of the autonomic nervous system (Alian and Shel-
ley, 2014). Heart rate (HR), systolic and diastolic BP were
registered by the oscilloscopic method (AND UA-797,
Japan). To determine BP latency period, the noninvasive
method with Finometer (FMS, Netherlands) was used.

Respiratory flow and volume, as well as expiratory
0O and CO; fractions (pO, and pCOs) for determination
of alveolar gas exchanges were recorded with the micro-
processor analyzer (MFO1, Research and Production
Center for Environment and Health — CEZ, Russia).

Statistical analysis. The values are expressed as
means and SDs. The statistical analysis was performed
using the statistical package for Windows 7 (MS Excel
2010, Origin Pro 2015 version b9.2). A T-test was calcu-
lated to assess the significance of differences in samples
with normal distribution. P values < 0.05 were consid-
ered to be statistically significant.
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Results

Characteristics of the studied groups of
men and women

All subjects completed the protocol, had no special physi-
cal training, and had never practiced free diving. In accor-
dance with instructions, subjects did not hyperventilate
before face immersion. Mean values in groups of women
and men were: weight, kg — 58.6+8.5 and 73.4+10.7;
height,cm — 165.7+6.2and 178.9+6.2; BMI — 21.4+3.1
and 22.8+2.5; age, yr — 21.9+2.9 and 24.2+4.7.

The average duration of apnea during the imitation of
the diving reflex in the study group was 34.5+ 13.3 sec. In all
subjects, the alveolar PO, was significantly reduced, while
the alveolar PCO, was significantly increased in the exhaled
air after breath holding with the face immersion in water
compared with the control level (P <0.05). In ambient air
was as follows: PO, =159.0, PCO, =0.28 mm Hg, before ap-
nea — PO,=123.0+6.4 mm Hg, PCO,=39.1£7.1 mm Hg,
atend of the diving reflex imitation — PO,=95.1+7.1* mm
Hg, PCO,=48.9+6.5* mm Hg.

Indicators of the systemic circulation during
the implementation of the diving response

The analysis of cardiac performance parameters at rest-
ing state did not reveal any differences between men and
women in heart rate (HR, bmp) but statistically significant
differences were revealed in the stroke output (SO, mL)
and cardiac minute output (CO, L) (Table 1). Men had
significantly higher CO and SO than women. During the
diving reflex imitation, HR decreased statistically signifi-
cantly in both men and women. No statistical differences

were found between men and women. SO in both groups
changes insignificantly. CO during the diving reflex imita-
tion decreases in both groups. But for men this indicator
remains statistically significantly higher than for women.

Changes in vascular reactions when
simulating diving

Blood supply to peripheral vessels was measured indirect-
ly using the pulse wave amplitude (PWA, per mille (pm)).
Peripheral vascular tonus was indirectly determined by
pulse transit time (PPT, ms). At resting state, during div-
ing simulation and during recovery, the peripheral vas-
cular blood supply parameter (PWA) in women is lower
than in men. PPT in women was statistically significantly
lower than in men at resting state and during recovery.
No differences were found in diving simulation (Table 2).

Statistically significant increases in systolic and dia-
stolic blood pressure were found in both groups during
imitation of the diving reflex (Fig. 1). SBP were signifi-
cantly higher in men before, during, and after imitation
of the diving reflex. No differences between men and
women were found in DBP index.

Indicators of pulmonary blood flow during
the implementation of the diving response

The comparison of parameters by sexual characteristics
revealed statistically significant differences in RI, DCI,
DSI. Thus, the RI parameter is higher in women in all
states: at the background, during the submersion and in
recovery (Fig. 2).

Vascular tone of the right pulmonary artery was
determined by DCI. Perfusion index (inflow to outflow

Table 1. Sex-related differences in the blood flow parameters before, during, and after diving reflex imitation

CO, L/min HR, bmp SO, mL
Para
meter Control ) D|V|ng Recovery Control ) D|V|ng Recovery Control ) D|V|ng Recovery
level simulation level simulation level simulation
Female| 5.70+0.09 4.98+0.12°°° | 5.52+0.09 [73.9+£1.0|63.6+1.2°°°|68.3+0.9""' 77.6+1 787+1.2 81+1'
(n=49)
Male 8.06+0.16"* | 7.31+£0.16***°° | 7.69+0.17** |74.8+1.1| 66+1.1°°° [69.5+1.1"""| 107.8£1.4*** | 110.1 £1.5** | 110.3 £ 1.5***
(n=50)

Note: HR — heart rate; SO — stroke output; CO — cardiac minute output. The significance of differences was estimated using t-test: female/
male: * — p<0.05, ** — p<0.01, *** — p<0.001; control level/diving simulation: © — p <0.05, °° — p<0.01, °*°* — p <0.001; diving simulation/
recovery: " — p<0.05,*— p<0.01, " — p<0.001; control level/recovery:"— p<0.05,"" — p<0.01,""" — p<0.001.

Table 2. Sex-related differences in the blood flow parameters before, during, and after diving reflex imitation

PWA, pm PTT, ms
Parameter Divin
Control level Diving simulation Recovery Control level . 8 Recovery
simulation
Female (n =49) 0.57+0.05 0.29 +0.02°°° 0.69+0.06 200.81+1.47 194.90 + 1.74°° 195.37+£1.52
Male (n=50) 1.15+0.08™ 0.47 +£0.03°°0%** 1.35+£0.08 *** 209.78 £1.73** 198.56 + 1.94°° 203.04 £1.74*

Note: PWA — pulse wave amplitude; PTT — pulse transit time. The significance of differences was estimated using t-test: female/male: * —

p<0.05, * — p<0.01, ** — p<0.001, control level/diving simulation:

" — p<0.05, "~ —p<0.01, " — p<0.001.

° — p<0.05, °° — p<0.01, °°°* — p<0.001; diving simulation/recovery:
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Fig. 1. Dynamics of blood pressure in the diving reflex manifestation in men and women. A — SBP,
systolic blood pressure; B — DBP, diastolic blood pressure. CL — control level; DS — diving simulation;
R — recovery after face submersion. The significance of differences was estimated using t-test: female/
male: *** — p <0.001. The significance of differences was estimated using t-test.
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Fig. 2. Difference in the rheographic index of the pulmonary artery in men (M) and women (F). CL —
control level; DS — Diving simulation; R — recovery after face submersion. * — p <0.05 — DS F — DS M.
The significance of the differences was assessed using the Mann — Whitney test.
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Fig. 3. Representative dynamic of dicrotic index (DCl, %) during diving simulation. Arrow pointing down
indicates the beginning of face submersion, arrow pointing up indicates the end of face submersion.

Table 3. Sex-related differences in the blood flow parameters before, during, and after diving reflex imitation.
DSI — diastolic index of the right pulmonary arterial system; DCI — dicrotic index

DSI, % DCI, %
Parameter . L
Control level . Dlvmg Recovery Control level . D|V|ng Recovery
simulation simulation
Female (n =49) 55.3+0.8 50.5+1.1°°° 55.8+0.7 52.9+0.8 47.3+1°°° 51.0£0.7"
Male (n=50) 58.0+0.8 56.32 £ 1.2 58.8+0.8 55.3+0.8 54.1+£1.2% 53.9+0.8
Note: The significance of differences was estimated using t-test: female/male: * — p <0.05, ** — p<0.01, ** — p<0.001; control level/diving
simulation, °°° — p <0.001; diving simulation/recovery: ™ — p <0.01. The significance of the differences was assessed using the Mann — Whit-
ney test.

ratio) was determined by DSI. Statistically significant
differences in DSI and DCI were found in diving simu-
lation (Table 3).

Statistically significant differences between men
and women were found for both parameters — DCI and
DSI. This index is lower in women. At the same time,
the highest level of differences is observed in the diving
simulation. This is due to the fact that in women during
diving simulation the DCI index significantly decreases,
while in men the decrease of this index is insignificant
(Fig. 3).

Discussion

The human diving reflex can be triggered by simulating
diving, i.e. by immersing the face in water and holding
the breath (Gooden, 1994). Then, signals from cold and
tactile sensors of the facial skin, baro- and chemorecep-
tors in the circulatory system, and mechanoreceptors
in the respiratory system come to the n. vagus nucleus
and then, via cholinergic fibers, to the heart sinoatrial
node, thus causing bradycardia. Long-term conative ap-

nea makes adrenergic effects on the heart increase. The
total effect on the heart sinoatrial node from n. vagus
and sympathetic postganglionic neurons depends also
on the background state of the sinoatrial node cells; this
state is in turn dependent on various neuropeptides re-
leased by cardiomyocytes and endothelial tissue in the
blood vessels. They can affect the sinoatrial node directly
or indirectly, together with classical neurotransmitters.
We have established high individual variability in adap-
tive reactions of the diving response. This observation
can be explained by the current hormonal status of a
body (i. e., sex hormones).

The analysis of cardiovascular responses in men and
women revealed statistically significant higher values of
stroke output and cardiac minute output, systolic blood
pressure in women compared to men. These data are
consistent with many results obtained by other research-
ers. The differences are explained by smaller heart size,
myocardial thickness, and hence lower functional capac-
ity (SO and CO) in women than in men (De Simone et
al,, 1991; Hammond, Devereux, Alderman, and Laragh,
1988; Huxley, 2007; Bassareo and Crisafulli, 2020).
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Arterial pressure directly corresponds to the cardiac
output, arterial elasticity, and peripheral vascular resis-
tance. According to the literature, two factors contribute
to higher blood pressure levels in men: higher cardiac
output and higher peripheral resistance. The higher lev-
el of peripheral resistance in men is associated with the
potential of testosterone for adrenergic sympathetic in-
fluences on peripheral vascular walls, while high estro-
gen levels in women, on the contrary, limit the strength
of these influences. Our studies show that systolic blood
pressure is indeed higher in men than in women in all
states: at rest, during diving simulation and during recov-
ery. But there were no differences between the sexes in
diastolic blood pressure. There were also no differences in
the index reflecting the tone of peripheral vessels — PT'T.
Blood filling of peripheral vessels in men is higher than in
women. When realizing the diving response, a decrease in
PWA and PTT was observed in all subjects. This indicates
reflex narrowing of peripheral vessels. At the same time,
blood flow in this state is higher in men than in women,
which can be explained by their higher SO.

Currently, the fact of the increased blood flow into
the lungs during imitation of the diving reflex (when
immersing the face into cold water) is well established
(Tetzlaff et al., 2021). This is a protective mechanism to
prevent the lungs from collapsing when diving. In our
previous works, we established that the expansion of the
blood vessels of the lungs occurs reflexively (Podyache-
va, Zemlyanukhina, Shadrin, and Baranova, 2020).

However, in the previous study, we found that DCI
and DSI parameters, which characterize pulmonary
vascular tone, had a large group mean dispersion dur-
ing the diving response. This suggests that pulmonary
vessels may respond differently in the subjects during
the formation of the diving response. In this study we
compared the diving response in men and women and
found that in women reflex dilatation of pulmonary ves-
sels during the diving response is better expressed. How
can this be explained?

Pulmonary vessels are innervated by autonomic
sympathetic and parasympathetic nerve fibers. Accord-
ing to numerous observations, parasympathetic activity
is higher in women than in men. This is attributed to the
modulating influence of autonomic regulation by female
sex hormones. It was shown that intravenous or intra-
cerebral injection of estrogen increased the vagus nerve
tone and suppressed sympathetic efferent activity in fe-
male and male rats with ovariectomy (Saleh and Con-
nell, 1999; Saleh, Connell, and Saleh, 2000).

There is some data that estrogens increased density
(Rainbow, Degroff, Luine, and McEwen, 1980; Olsen,
Edwards, Schechter, and Whalen, 1988; Ciriello and
Caverson, 2016) and excitability of vagus nerve afferent
endings in the nucleus of the solitary pathway (NTS)
(Qiao et al., 2009).

Estrogen also increases nitric oxide production,
which is known to presynaptically inhibit norepineph-
rine release (Huang, Sun, Koller, and Kaley, 1997).

These differences are formed by sex hormones both
at the level of the central nervous system and at the level
of peripheral effectors (Du, Riemersma, and Dart, 1995).
Possibly, during realization of diving response in women
due to hormonal status against the background of lim-
iting influence of adrenergic influences by estrogens,
parasympathetic cholinergic influences on pulmonary
vessels are more pronounced. As a consequence, they
expand and fill with blood to a greater extent.

Conclusions

However, our data require deeper theoretical under-
standing and confirmation by other methods of study-
ing the pulmonary blood flow.

Reflex dilatation of pulmonary vessels, as well as
reflex bradycardia and reflex vasoconstriction during
diving (or its imitation) are protective reactions of the
organism in humans and animals. Reflex bradycardia
slows down the blood flow and provides slower con-
sumption of oxygen in conditions of its cessation in the
body. Reflex constriction of peripheral vessels allows re-
distribution of the blood flow to the organs least resis-
tant to hypoxia — the brain and heart. Reflex dilatation
of pulmonary vessels triggers blood flow to the lungs,
which is enhanced by hyperbaric factor during diving.
Blood filling of pulmonary vessels prevents the lungs
from collapsing under hyperbaric conditions when the
body is submerged at depth during diving. According to
the data obtained in women, reflex constriction of pe-
ripheral vessels and dilatation of pulmonary vessels dur-
ing realization of the diving response are expressed to a
greater extent. Perhaps, this provides the female organ-
ism with greater protection in the extreme conditions of
diving. Perhaps Brilsky’s (2012) observation that the ma-
jority of divers are women is not only due to tradition,
but also to the advantages of the female organism.

The knowledge of these sex differences is important
for understanding adaptive defense mechanisms, as well
as for assessing the risk of adaptation failure and the for-
mation of pathological abnormalities on this basis (e. g.,
pulmonary edema under hyper- and hypobaric condi-
tions).
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