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Abstract

The adaptive cardiovascular reactions of the human diving reflex were studied.
The diving reflex was activated by submerging a face in cold water under labo-
ratory conditions. Forty volunteers (aged 18-24) were examined. ECG, arterial
blood pressure (ABP) and central blood flow were recorded by the impedance
rheography method in resting state, during diving simulation (DS) and after
apnea. During DS there is a statistically significant decrease in the dicrotic in-
dex (DCl), which reflects a decrease in the resistive vessel tone and as well as
diastolic index (DSI), characterizing lung perfusion. A comparison of the latent
periods (LP) of an increase in ABP and a drop in DCl showed that a decrease in
pulmonary vascular tone develops faster than ABP begins to increase. The LP
for lowering DCl is from 0.6 to 10 s; for an increase in ABP — from 6 to 30 s. A
short LP for DCI and the absence of a correlation between a decrease in ABP
and DCl suggests that a decrease in pulmonary vascular tone during DS occurs
reflexively and independently of a change in ABP.

Keywords: diving reflex, systemic circulation, pulmonary circulation, impedan-
ce rheography, plethysmography.

Introduction

Resistance to extreme environmental factors is determined by the adaptive po-
tential of the body, its protective mechanisms. One of these mechanisms is the
diving reflex inherent in humans and animals (Ilardo, 2018). The diving reflex is
an interconnected set of respiratory and cardiovascular signaling reflexes aimed
at economizing oxygen consumption while diving (Campbell et al, 1969; Ponga-
nis, 2011).

In both animals and humans, when the head is immersed in water, breathing
reflexively stops, heart rhythm decelerates, and constriction occurs in the periph-
eral vessels of the skin, muscles, and the gastrointestinal tract (Ramirez et al.,
2007). Blood is redistributed to those organs which are most vulnerable to hy-
poxia (the brain, heart and lungs) (Andersen, 1966; Galantsev, 1977, 1982, 1986;
Elsner et al., 1964; Elsner, 1970; Thompson et al., 1993; Butler et al., 2007). The
peculiarities of the realization of this reflex in animals are determined by species,
and in humans are determined by features of vegetative regulation and psycho-
physiological status (Galantsev, 1995; Baranova, 2004).

The phenomenon of the diving reflex has been described quite well, but the
mechanisms of the diving reflex are complicated and still far from full under-
standing. For example, there are conflicting data about blood flow in pulmonary
circulation during diving (or diving simulation). According to some researchers,
blood flow decreases in the lungs and oxygen extraction decreases from the lungs
(Anderssen et al., 1998). At first glance, this seems reasonable, since hypoxia, hy-


mailto:katrinstanford@gmail.com
https://doi.org/10.21638/spbu03.2020.304
https://doi.org/10.21638/spbu03.2020.304

BIOLOGICAL COMMUNICATIONS, vol. 65, issue 3, July-September, 2020 | https://doi.org/10.21638/spbu03.2020.304 245

percapnia and a decrease in pH provoke constriction of
the pulmonary vessels (Dawson, 1984). Data from other
researchers, in contrast, indicate dilatation of the pul-
monary vessels when diving. The authors explain this
by the fact that filling the lungs with blood prevents the
compression of the alveoli (Linér et al., 2008), but they
are convinced that the cause of this effect is the baromet-
ric factor. Pulmonary capillary stress failure represents a
continuum of conditions from a low-permeability, hy-
drostatic type of pulmonary edema at slightly elevated
capillary pressures, to a high-permeability form of ede-
ma or even frank hemorrhage at high capillary pressures
(West et al., 1991, 1992). It is believed (Linér et al., 2008)
that the mechanism of these disorders is associated with
an increase in intrathoracic blood volume and, conse-
quently, the increase of pulmonary capillary transmural
pressure. With the usual holding of breath without im-
mersion in water during inspiration, the intrathoracic
pressure is increased relative to ambient due to the elas-
tic inward recoil of the chest wall (Ferrigno et al., 1987).
The increased intrathoracic pressure hinders venous re-
turn, resulting in decreased pulmonary blood flow and
cardiac output, as well as decreased intrathoracic blood
volume, cardiovascular changes that would not bring
about pulmonary edema. In contrast, when a breath-
hold diver descends to depth during a dive, the lung gas
volume decreases due to increased ambient pressure, ac-
cording to Boyle’s law. When the lung gas volume de-
creases, the intrathoracic pressure drops relative to am-
bient pressure. This depth-related drop in intrathoracic
pressure results in increased venous return, pulmonary
blood flow, and cardiac output, as well as increased in-
trathoracic blood volume compared with breath holding
without immersion in water. These changes cause the
pulmonary capillary transmural pressure to increase,
leading to the development of pulmonary edema.

The aim of this study was to study hemodynam-
ics (in particular, pulmonary blood flow) during diving
simulation by immersing the face in chilled water. Such
a model of diving simulation is usually used to study
this phenomenon in laboratory conditions (Scholander,
1962; Elsner et al., 1963; Irving, 1963; Gooden, 1994;
Andersson et al., 1998, 2002, 2004). We suggest that dur-
ing diving simulation, the tone of the pulmonary vessels
can change under the influence of local reflex reactions,
regardless of the processes taking place in systemic cir-
culation.

Materials and methods

Materials. Forty healthy volunteers (aged 18-24;
11 males, 29 females) without special physical training
were included in the study. All of the subjects (students
of the Saint Petersburg State University, Russia) partici-
pated in the study voluntarily and had no direct benefit

from the test (financial rewards, educational require-
ments or credits). Information about the general results
of the research or personal data was provided to inter-
ested individuals. At the time of the experiment, none
of the volunteers had arteriosclerosis or diabetes or were
taking any drugs. The study was approved by the Saint
Petersburg State University Ethics Review Committee
for human studies (No. 40 from 07.03.2012), and all of
the volunteers signed an informed agreement.

Exposures and sampling procedures. The activation
of the diving reflex was performed using face submer-
sion in cold water under laboratory conditions (diving
simulation). It is well known that a 10° C gradient be-
tween the air temperature and the water temperature is
optimal for the manifestation of the diving reflex (Glo-
tov et al., 2007), and in our experiments, the water tem-
perature was 13.2+0.4°C and the air temperature was
22.6+0.3°C. The procedure was performed on subjects
lying in a ventricumbent position on a couch with their
arms along their body (Fig. 1). During the experimen-
tal procedure, all of the subjects kept their hands at the
heart line, did not change this position, and did not
move their fingers with a finger sensor. Six face submer-
sions on a normal exhale were performed in cold water.
The duration of the first submersion was limited by the
feeling of first discomfort. The duration of the remaining
submersions was performed on volitional breath-hold
until a maximum time. The pause between submersions
was from 2 to 3 min.

Electrocardiogram records were taken for the re-
sting state, during diving simulation and after apnea.
During the whole experiment, heart rate was continu-
ously recorded with the Poly-Spectrum-8/E Supermin-
iature 12-channel Digital ECG System (by Neurosoft).
Arterial blood pressure was recorded with a sphygmo-
manometer with the cuff on the right shoulder (B. Well
WA-33). Also, arterial blood pressure was measured us-
ing the Finometer-pro (FMS, Holland) throughout the
diving simulation procedure. The minute volume of
blood flow (MVBE liter per min (I/min)) and the stroke
volume (SV, ml) were determined for these states using
the impedance rheography method (RGPA-6/12 “Re-
an-Poly, Medicom-MTD, Russia). Blood supply to pe-
ripheral vessels was measured indirectly using the pulse
wave amplitude (PWA, per mille (pm)) (Korpas et al.,
2009), which was calculated based on the photople-
thysmogram records using “Rean-Poly” software (Elite
version). The photoplethysmogram method records
changes in the tissue optical density, which depends on
the blood supply. The rheographic index (RI, Ohm), dia-
stolic index (DSI, %) and dicrotic index (DCI, %) were
determined also using the impedance method for inve-
stigation of right pulmonary artery blood flow (RPABF)
(Palko, 2007). The rheographic index characterizes the
intensity of arterial blood flow in the lung. The diastolic
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Fig. 1. Scheme of the experiment.

index reflects the ratio of venous outflow of blood to
arterial inflow. The dicrotic index mainly characterizes
the tone of the resistive vessels of the lungs (Zenkov and
Ronkin, 1991).

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.

Results

Analysis of parameters for the whole group. An analysis
of the characteristics of systemic hemodynamics showed
that the subjects under diving simulation experience sta-
tistically significant changes in these parameters: decel-
eration of heart rhythm (in 82.5%), constriction of pe-
ripheral vessels (84.2 %), decreased MVBF (in 85.6 %),
increased systolic and diastolic blood pressure (SBP in
100 %, DBP in 93.3 % of cases) (Fig. 2, 3).

Analysis of pulmonary blood flow parameters re-
vealed a statistically significant decrease in pulmonary
vasoconstriction (DCI decreases in 79.37 % of cases, DSI
decreases in 78.8 % of cases).

Despite the unidirectional nature of the group as a
whole, the nature of the changes in the considered pa-
rameters can vary greatly when individually considered.

There are no statistically significant changes in the
SV and the RI in the group as a whole. SV increases in
46 % of cases, and RI increases in 57.1 % of cases (Ta-
ble 1, 2).

Anthropometric parameters of the group were as fol-
lows: height — 169.15+1.26 cm, weight — 61.9+ 1.7 kg.

Analysis of pulmonary blood flow. The impedance
rheogram of right pulmonary artery blood flow shows
the blood filling of the right pulmonary artery and its
branches, as well as the emptying of the pulmonary veins
during the cardiac cycle. The Rheographic Index (RI) re-
flects the filling of the right pulmonary artery during the
expulsion of blood by the right ventricle. Normally, in
healthy people it is 0.15-0.25 Ohms. The RI is slightly
higher than normal in the volunteers examined by us.
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Fig. 2. The dynamics of systolic blood pressure in the subjects with diving simulation. CL — the con-
trol level, DS — the diving simulation. The significance of differences was estimated using Student's
t-test: *** — p <0.001 between CL and during dive.
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Fig. 3. The dynamics of diastolic blood pressure in the subjects with diving simulation. CL — the
control level, DS — the diving simulation. The significance of differences was estimated using Stu-
dent's t-test: *** — p <0.001 between CL and during dive.

The DCI index mainly reflects the tone of the arteries of
medium and small caliber (resistive arteries). Normally,
its change ranges from 40-70%. The DSI character-
izes the outflow of blood from the pulmonary veins; the

boundaries of the norm of its oscillations are 50-60 %.
Both of these parameters are within normal limits. The
volunteers examined by us were mainly characterized by
a large systolic ejection of the right ventricle, high elas-
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Fig. 4. Example of the latent period of a decrease in the DCI parameter during diving simulation. The arrows
indicate the beginning and end of apnea.

Table 1. Dynamics of parameters of minute volume of blood flow (MVBF) and stroke volume (SV) in the subjects with diving

simulation
Parameter CL, DS, Rec, CL2 DS> Rec; CLs DS3 Recs
HR, beats/min | 66.9+1.9 643+2.4 69.1+2.3 71.4+1.6 | 60.4+£1.8%* | 71.7+2.8 729+1.6 | 60.5+1.9** | 68.2+1.7
MVBF, I/min 6.62+0.30 6.01+0.44 6.42+0.27 | 6.45+0.28 [5.33+0.30**| 6.11+0.24 | 6.73+0.26 | 5.5+0.28** | 6.41+£0.28
SV, ml 89.69+3.10 | 92.99+4.19 |94.18+3.23|89.85+3.31| 88.46+3.47 |91.60+2.97(92.30+3.17| 91.40+4.13 | 95.96 +3.47
PWA, pm 0.73+0.11 |0.31+£0.03***| 0.76+0.1 0.6+0.09 | 0.38+0.08* | 0.77+0.13 | 0.54+0.08 | 0.27 +0.03** | 0.68+0.11

Note: MVBF — the minute volume of blood flow, SV — the stroke volume, PWA — the pulse wave amplitude, CL; ;3 — the control level for 1, 2,
3 times of dive, DSq 23 — the diving simulation for 1, 2, 3 times of dive, Recs,,3— the recovery for 1, 2, 3 times of dive. * — significant difference
(Student'’s t-test, * — p<0.05; ** — p<0.01; *** — p<0.001) between CL and during DS (DS and CL;, etc.).

Table 2. Parameter of the impedance method for investigation of RPABF in the subjects with diving simulation

Parameter CLq DS4 Recy CL, DS, Rec, CLs DS3 Recs

RI, Ohm 0.34+0.03 0.34+0.02 0.33+£0.02 | 0.31+0.01 0.32+0.01 0.32+0.01 | 0.31+0.01 0.31+0.01 0.31+£0.01
DCl, % 60.36+1.61|47.71 £ 2.45%**%| 58.22 +1.66 [60.61 £ 1.70|47.59 + 1.90***| 59.27 + 1.46 [ 59.15 + 1.58 | 50.66 + 2.03*** | 57.63 + 1.48
DSI, % 61.98+1.74|51.53+2.22**%|62.52 £1.60 (62.14 £ 1.71|50.91 £ 2.07***| 63.81+1.6 [61.25+1.63| 53.8+2.04** [62.96+1.61

Note: Rl — Rheographic index, DSI — diastolic index, DCI — dicrotic index, CL; >3 — the control level for 1, 2, 3 times of dive, DS1 53 — the div-
ing simulation for 1, 2, 3 times of dive, Rec; 3 — the recovery for 1, 2, 3 times of dive. * — significant difference (Student's t-test, ** — p <0.01;
*%% — p<0.01) between CL and during DS (DS1 and CL1, etc.).
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ticity of the pulmonary artery against the background of
normal or slightly reduced vascular tone, and good out-
flow from the pulmonary veins. This can be explained
by the fact that the subjects were young. During diving
simulation in both groups, there is a statistically signifi-
cant decrease in the DCI, which reflects a decrease in the
tone of the resistive vessels and a decrease in the DSI,
which indicates an increase in the outflow from the pul-
monary veins (Table 2). The latent period of a decrease
in the DCI parameter during diving simulation develops
from 0.6 to 10 s. (Fig. 4). The latent period of increasing
blood pressure is from 6 to 30 s for SBP and from 6.8 to
43.5 s for DBP.

Two phases can be identified when diving simula-
tion lasts in excess of 30 seconds. The first phase (easily
proceeding) is characterized by a progressive decrease
in heart rate. The second phase (voltage phase) is ac-
companied by a slight increase in heart rate (Baranova
et al., 2004). We have shown that DCI is in direct reli-
able correlation with heart rate. We see two phases in
Figure 4. The first is accompanied by a decrease in DCI,
the second phase — an increase in DCI, which is prob-
ably associated with increased adrenergic effects on the
pulmonary vessels in the second phase.

Discussion

The diving reflex is a protective mechanism that has de-
veloped during evolution during adaptation to diving in
secondary aquatic amniotes and humans. It is realized
at the biochemical, neuroimmune endocrine and physi-
ological levels. The diving reflex is triggered by reflex
apnea that occurs when the face of humans or head of
aquatic mammals is immersed in water. Further, trigim-
inal reflex, glossopharyngeal reflex, baroreflex, depres-
sive reflex of the synocaratid zones reflexes are triggered
by the reflex fields of the skin, mucous membranes of
the nasopharynx, chemo- and baroceptors of the vascu-
lar bed, causing increased vagal influences on the heart
(McCulloch et al., 2018). The cholinergic effects of para-
sympathetic neurons on the muscarinic M2 receptors
of atrial cardiomyocytes and cells of the sinoatrial and
atrioventricular nodes cause a slowed heart rate, which
leads to a deceleration in blood flow, a decrease in its
minute volume of blood flow and, as a result, a slowing
of oxygen consumption. At the same time, there is an
increase in the tone of the pressor section of the vaso-
motor center of the medulla oblongata due to the receipt
of signals from the chemoreceptors of the vascular bed.
An increase in the sympathetic noradrenergic effects on
the alpha-1 receptors of muscle cells of peripheral ves-
sels leads to a constriction of the vessels of the skin and
organs of the gastrointestinal tract. Blood flow is redis-
tributed to the lungs, heart, and brain (Heusser et al,,
2009; Baranova et al., 2017).

Under physiological conditions of rest, normal vas-
cular tone is determined by the optimal ratio of the pro-
duction of endothelial vasodilating and vasoconstrictor
substances, which is fully consistent with the metabolic
needs of the body.

Pulmonary circulation has its own characteristics
compared with systemic circulation, both in structure
and in regulation. Pulmonary vessels have high extensi-
bility, since their vascular wall is much thinner than that
of skeletal muscles. It is this that determines the role of
the pulmonary vessels as a blood depot, and this ensures
the maintenance of adequate pulmonary gas exchange.
It is also important to consider that the vessels of pulmo-
nary circulation are a low pressure system. The average
pressure in the human pulmonary artery is 15-25 mm.
Hg., and the pressure in human pulmonary veins is
6-8 mm. Hg. Another role of the high extensibility of
pulmonary vessels is as follows: a significant increase in
blood flow in pulmonary circulation (for example, dur-
ing physical exertion) is not accompanied by an increase
in arterial blood pressure in systemic circulation.

Pulmonary vessels are innervated by sympathetic
vasoconstrictor, sympathetic vasodilator, and parasym-
pathetic cholinergic fibers and are under the constant
influence of the autonomic nervous system. However,
the influence of the nervous system on the pulmonary
vessels is less pronounced, in contrast to the vessels of
systemic circulation. The most reflexogenic zone is the
large pulmonary vessels (right pulmonary artery) (Vail-
lancourt, 2017).

It is noted that pulmonary veins are a functional
reservoir of blood for the cardiovascular system. Sym-
pathetic vasoconstriction of the pulmonary veins can be
essential for mobilizing a given volume of blood under
general stress conditions of the cardiovascular system
(Morman and Heller, 2000).

It is known that reflexes of self-regulation of blood
circulation from the baro- and chemoreceptors of the
carotid sinus are accompanied by active changes in pul-
monary circulation. When baroreceptors of the carotid
sinus are excited due to an increase in arterial blood
pressure, a decrease in the resistance of blood vessels of
pulmonary circulation occurs reflexively, which leads to
an increase in blood supply to the lungs and normaliza-
tion of pressure in systemic circulation. When the baro-
receptors of the pulmonary artery are excited, which
occurs when the pressure in pulmonary circulation in-
creases, the pressure in systemic circulation decreases
reflexively due to the deceleration of the heart’s rhythm
and the expansion of the vessels of systemic circulation
(Parin’s reflex).

An investigation of pulmonary blood flow revealed
a statistically significant decrease in the tone of pulmo-
nary vessels during diving simulation. In this case, appar-
ently, this occurs reflexively in the same way as constric-
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tion of the peripheral vessels of systemic circulation and
reflex bradycardia. Decreased tone of pulmonary vessels
is an integral part of the diving reflex. On the one hand,
the mechanism of interaction of systemic and pulmo-
nary circulation during the implementation of the div-
ing reflex can be described as follows: The vessels of the
lungs, like the vessels of systemic circulation, are under
constant tonic influence of the sympathetic nervous sys-
tem. When baroreceptors of the carotid sinus are excited
due to an increase in the arterial blood pressure during
the implementation of the diving reflex, an increase in
the arterial blood pressure occurs due to constriction of
peripheral vessels, which leads to a decrease in the resis-
tance of the pulmonary circulation vessels. A decrease
in the resistance of the pulmonary vessels occurs due to
a decrease in sympathetic influences, which leads to an
increase in blood supply to the lungs and normalization
of pressure in pulmonary circulation.

In our study, an increase in blood pressure is ob-
served towards the middle of apnea or towards its end,
while a decrease in pulmonary vascular tone occurs at
the beginning of the implementation of the diving re-
flex. In this regard, it can be assumed that a decrease in
the tone of the vessels of the pulmonary circulation is
a reflex process that is independent of blood pressure.
In humans, though, this process is probably associated
with the peculiarities of the autonomic regulation of the
vessels of pulmonary circulation, namely, the influence
of parasympathetic cholinergic fibers.

Thus, for the first time, a reflexive decrease of the
tone of vessels of the pulmonary artery during diving
simulation was shown. However, these facts require a
deeper theoretical understanding and confirmation on
a larger sample.
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