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Abstract

Hyperbaric oxygenation therapy is successfully implemented for the treatment of several disorders. Data on the effect of
hyperbaric oxygenation on echocardiographic parameters in asymptomatic patients is limited. The current study sought to
evaluate the effect of hyperbaric oxygenation therapy on echocardiographic parameters in asymptomatic patients. Thirty-one
consecutive patients underwent a 60-sessions course of hyperbaric oxygenation therapy in an attempt to improve cognitive
impairment. In all subjects, echocardiography examination was performed before and after a course of hyperbaric oxy-
genation therapy. Conventional and speckle tracking imaging parameters were calculated and analyzed. The mean age was
70+9.5 years, 28 [90%] were males. History of coronary artery disease was present in 12 [39%]. 94% suffered from hyperten-
sion, 42% had diabetes mellitus. Baseline wall motion abnormalities were found in eight patients, however, global ejection
fraction was within normal limits. During the study, ejection fraction [EF], increased from 60.71 +6.02 to 62.29 +5.19%,
p=0.02. Left ventricular end systolic volume [LVESV], decreased from 38.08 +13.30 to 35.39 + 13.32 ml, p=0.01. Myocar-
dial performance index [MPi] improved, from 0.29 +0.07 to 0.26 +0.08, p =0.03. Left ventricular [LV] global longitudinal
strain increased from — 19.31 £3.17% to — 20.16 £ 3.34%, p=0.036 due to improvement in regional strain in the apical and
antero-septal segments. Twist increased from 18.32+6.61° to 23.12 +6.35° p=0.01, due to improvement in the apical rota-
tion, from 11.76 +4.40° to 16.10+5.56°, p=0.004. Hyperbaric oxygen therapy appears to improve left ventricular function,
especially in the apical segments, and is associated with better cardiac performance. If our results are confirmed in further
studies, HBOT can be used in many patients with heart failure and systolic dysfunction.
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Introduction

Hyperbaric oxygen therapy (HBOT) includes the inhalation
of 100% oxygen at pressures exceeding 1 atmosphere abso-
lute in order to enhance the amount of oxygen dissolved
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in the body tissues. During HBOT treatment, the arterial
O, tension typically exceeds 2000 mmHg, and levels of
200—400 mmHg occur in tissues [1]. HBOT has been applied
worldwide mostly for chronic non-healing wounds and for
diving accidents. In recent years, there is growing evidence
on the regenerative effects of HBOT. It is now realized, that
the combined action of both hyperoxia and hyperbaric pres-
sure, leads to significant improvement in tissue oxygenation
while targeting both oxygen and pressure sensitive genes,
resulting in improved mitochondrial metabolism with anti-
apoptotic and anti-inflammatory effects [2—18]. Moreover,
these genes induce stem cells proliferation, augmented cir-
culating levels of endothelial progenitor cells and angiogen-
esis factors, which induce angiogenesis and improve blood
flow in the ischemic area [2—-8]. However, in human stud-
ies, which were mainly focused on brain regeneration and
neuroplasticity, it had been shown, that these effects require
prolonged hyperbaric series of 40-60 sessions [6, 19-21].
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The effect of hyperbaric oxygen environment on cardiac
function was mostly evaluated during and after a single
exposure. Moleant et al. reported on acute negative hemo-
dynamic effects in healthy volunteers after one hyperbaric
session [22]. Frobert et al. showed as well that a single expo-
sure to normobaric hyperoxia worsens systolic myocardial
performance in healthy male volunteers [23]. Unlike single
exposure to hyperbaric environment, the protocol used to
induce regeneration of non-healing wounds and certain types
of brain injuries have different physiological effects includ-
ing repeated intermittent increase of the oxygen levels to
high and back to normal. An intermittent increase of oxygen
concentration can induce many of the mediators and cellular
mechanisms, that are usually induced during hypoxia, but
without the hazardous hypoxia—termed "hyperoxic-hypoxic
paradoxes" [2]. The intermittent hyperoxic exposure dur-
ing HBOT can increase HIF-1a, matrix metalloproteinases
activity, VEGEF, stem cells proliferation, elevated circulating
levels of endothelial progenitor cells, those induce angio-
genesis and improve perfusion in the ischemic region [2-9].

Using the “regenerative” protocol, HBOT can increase
the number of proliferating and differentiating satellite cells
and the number of regenerated muscles fibers, and promote
skeletal muscle isometric strength [24-28]. Both animal and
human studies have demonstrated the beneficial effects of
HBOT on mitochondrial function [15-18]. In a study on
rats with normal mitochondrial function, HBOT increased
the production of adenosine triphosphate in muscle tissue
compared to a control group [29]. Moreover, in a clinical
study by Li et al., it was demonstrated that HBOT may
improve myocardial blood perfusion, reduce inflammation
and vascular endothelial dysfunction, and further improve
myocardial microcirculation in patients after the implan-
tation of drug-eluting stents [30]. Aparci et al. evaluated
the changes following a series of 10 hyperbaric sessions in
diabetic patients [31]. The authors concluded that HBOT
can improve myocardial diastolic function, as reflected by
reduction of the E wave deceleration time, when applied
repetitively. However, ejection fraction, did not change fol-
lowing 10 sessions [31]. Thus, one can speculate that the
relatively new regenerative HBOT may have beneficial effect
on cardiac performance, however it has not yet adequately
investigated in human subjects.

The aim of this study was to investigate for the first time
in humans the effect of the regenerative repetitive HBOT
protocol on cardiac function.

Materials and methods
The study was performed as a prospective single-blinded

trial conducted at the Sagol Center for Hyperbaric Medicine
and Research and at the Department of Cardiology at Shamir
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Medical Center between 2017 and 2018. 31 consecutive
unselected patients underwent a 60-day course of hyperbaric
oxygenation therapy for the purpose of potential improve-
ment in cognitive impairment. The study was approved by
the local Helsinki committee and each participant signed
informed consent.

In all subjects, echocardiography examination was per-
formed before the first, and at least 3 weeks after the last
hyperbaric oxygen therapy. All echocardiography exams
were performed using Vivid E9, (General Electric; Horten,
Norway) with a standard transducer of 1.7—4 Hz. The frame
rate during echocardiography examinations was greater
than or equal to 40 frames per second. Comprehensive tran-
sthoracic echocardiography examinations were performed
according to the latest recommendations on chamber quan-
tification [32]. Briefly, linear, volumetric and Doppler meas-
urements were performed. Biplane left atrial volume index,
LAVi, was calculated according to the formula 8/3x[(A1)
(A2)/(L)] normalized for body surface area, Al and A2
is an area of the left atrium obtained from apical 4- and
2-chamber views respectively, and L is the shortest vertical
size of the left atrium. Left ventricular mass index, LVMi
was calculated according to the formula 0.8 X 1.4[(IVS +P
W +LVID)? — LVID®] +0.6 g normalized for body surface
area. Relative wall thickness, RWT, was calculated as (2 left
ventricular posterior wall thickness)/(left ventricular inter-
nal diameter at end diastole). Standard echocardiographic
views were acquired: parasternal long and short axis at 3
levels: basal, mid-ventricular and apical, apical 4-chamber,
2-chamber, and 3-chamber views. Diastolic function was
assessed according to the current recommendations [33], E
wave amplitude, A wave amplitude, E/A ratio, E wave decel-
eration time, tissue Doppler E' septal velocity [E's], tissue
Doppler E’ lateral velocity [E'l]. Restrictive filling pattern
was diagnosed when the deceleration time of E diastolic
velocity was < 160 ms, E/E’ < 14, and E/A > 2. Myocardial
performance index, MPi, was calculated as (ICT +IRT)/
ET, where ICT—isovolumic contraction time, IRT—isovo-
lumic relaxation time, ET—ejection period. The sum ICT
and IRT was obtained by subtracting of ET from the interval
between cessation and onset of mitral inflow velocity [34].
All echocardiography examinations were then transferred to
the EchoPAC workstation (Version 202), for further off-line
speckle-tracking imaging analysis. Speckle-tracking imag-
ing analysis was performed by M.L., and 20 studies were
examined independently by both M.L. and Z.V. for inter- and
intra-observer variability.

For the speckle tracking imaging analysis, the aortic valve
closure on the apical long axis view served as a reference for
end systole and was verified by aortic Doppler flow recorded
from the apical five-chamber view. An 18-segments model
and a standard protocol of speckle tracking imaging analysis
were used [35]. Regional peak systolic longitudinal strain
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was measured in each of the 18 segments and global lon-
gitudinal strain was obtained. Radial strain was obtained at
basal, mid-ventricular and apical levels of the left ventri-
cle, and basal and apical rotation was calculated. To obtain
maximal apical rotation, short-axis views of the apex were
acquired with a maximal caudal deviation of the transducer.
LV twist (torsion) angle was calculated as an absolute apex-
to-base difference in LV rotation [36]. Right ventricular
strain was calculated from the apical 4-chamber view [37,
38]. The right ventricular endocardial border was traced
manually including the septum at the end-systolic frame.
Then global right ventricular strain was obtained. Biplane
Left ventricular EF was calculated using speckle tracking
imaging from 2 apical views, 4-chamber and 2-chamber.
Left ventricular peak untwisting velocity was measured from
short axis views according to the recent recommendations
[39]. Diastolic strain rate of the left ventricle and of the right
ventricle were calculated from apical views [40].

HBOT treatment protocol included 60 daily sessions,
5 days per week. Each session included 90-min exposure to
100% oxygen, at 2 absolute atmospheres with 5 min of air
breaks every 20 min. The 5 min air breaks reduce the risk for
oxygen toxicity and enable more oxygen fluctuations which
induce the so called “hyperoxic-hypoxic” paradox and physi-
ological effects. All HBOT sessions were performed in a
multiplace hyperbaric chamber (Starmed 2700, HAUX-Life
Support-GmbH, Germany) at the Sagol Center for Hyper-
baric Medicine and Research.

During statistical analysis, continuous data were
expressed as means + standard deviations. The normal dis-
tribution for all differences was tested using the Kolmogo-
rov—Smirnov test. Two-tailed, dependent T test was used
to compare post and pre-HBOT changes. Categorical data
were expressed in numbers and percentages and compared
by chi-square tests. Univariate analysis was performed using
2*/Fisher’s exact test (where appropriate) or to identify sig-
nificant variables (p <0.05).

Results

Demographic and clinical data are presented in Table 1. 31
consecutive patients underwent echocardiographic examina-
tion before and after the 60-day course of hyperbaric oxy-
genation therapy. The mean age was 70 +£9.5 years, 28 [90%]
were males. All were coherent and active. Coronary artery
disease was present in 12 patients [39%], 3 had undergone
coronary artery bypass grafting [CABG], and 9—percu-
taneous coronary interventions [PCI], 8 [26%] were after
myocardial infarction. 29 [94%] suffered from hypertension,
13 [42%] had diabetes mellitus, 15 [48%] had a history of
cerebral vascular accident. The 2nd echocardiographic

Table 1 Demographic data

Age 70+9.5
Males, % 28 [90%]
Coronary artery disease 12 [39%]
Myocardial infarction 8 [26%]
PCI 9 [29%]
CABG 3[10%]
Hypertension 29 [94%]
Diabetes mellitus 13 [42%]
Smoker 4 [13%]
Renal failure 6[19%]
CVA 15 [48%]
Malignancy in the past 2 [6%]
Atrial fibrillation 5[16%]
Hyperlipidemia 19 [61%]
Respiratory diseases® 5[16%]

PCI Percutaneous coronary interventions, CABG Coronary artery
bypass grafting, CVA cerebral vascular accident

4Chronic obstructive lung disease, asthma, obstructive sleep apnea

examination was done within 6 months after the first, at least
3 weeks after the last session of HBOT.

Conventional echocardiography data are presented in
Table 2, Video 1(A, B). Baseline wall motion abnormalities
were found in 8 patients, however, global ejection fraction
was within normal limits. During the study, LVEF increased
from 60.71 £6.02 to 62.29 +5.19%, p=0.02. Left ventricu-
lar end—systolic volume decreased from 38.08 +13.30 to
35.39+13.32 ml, p=0.01. Myocardial performance index
improved, from 0.29 +0.07 to 0.26 +0.08, p=0.03. The
parameters of diastolic function did not change significantly.
There was a trend to higher E/A ratio, p=0.08, and longer
E wave deceleration time, p=0.07. There were 6 (19.4%)
patients with pseudo-normal filling pattern and 3 (9.7%)
patients with restrictive filling pattern before the HBOT.
After the HBOT, there were 7 (22.6%) patients with pseudo-
normal filling and 2 (6.5%) patients with restrictive filling.

Speckle tracking imaging results appear in Table 3 and
Fig. 1a—d. LV global longitudinal strain increased from
—19.31+3.17 to —20.16 +3.34%, p=0.036. Regional
strain increased significantly in the apical and the antero-
septal segments. Twist increased from 18.32 +6.61° to
23.12+6.35° p=0.01, as can be seen, due to better apical
rotation, that increased from 11.76 +4.40° to 16.10 +5.56°,
p=0.004. Right ventricular [RV] global strain increased
from —19.22+4.45 to —20.24 +4.60%, p=0.02. Peak
untwisting velocity, diastolic strain rate of the left ventricle
and right ventricle did not change significantly.

Intra-observer variability was evaluated in 10 patients (20
echo exams) and was < 2% [ML]. Inter-observer variability
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Table 2 Conventional echocardiography

1st study 2nd study p value
EF, % 60.71+6.02 62.29+5.19 0.02
LVEDV, ml 96.39+27.83 92.83+28.52 0.13
LVESYV, ml 38.08+13.30 35.39+13.32  0.01
LVEDVi, ml/m? 48.51+11.17 46.69+11.64 0.13
LVESVi, ml/m? 19.14+5.64 17.71+5.58 0.01
LVMi, g/m? 126.28 £28.59  118.56+29.21 0.30
RWT 0.43+0.08 0.42+0.06 0.28
IVS, cm 1.20+0.18 1.17+0.19 0.16
PW, cm 0.98+0.12 0.95+0.13 0.14
LAVi ml/m? 31.11+7.95 31.65+7.40 0.13
E, cm/s 65.87+16.48 66.10+17.37 0.46
A, cm/s 74.81+20.51 72.55+20.25 0.16
E deceleration, msec 200.63+64.33  217.17+71.68 0.07
E's, cm/s 6.61+1.65 6.60+1.77 0.40
E'l, cm/s 8.10+1.97 8.4+3.00 0.18
E’ mean, cm/s 7.31+1.70 7.65+2.42 0.18
E/A 0.93+0.28 1.01+0.47 0.08
E/E’ 9.65+3.22 9.46+4.97 0.44
RAVi, ml/m? 21.96+7.67 22.66+7.79 0.17
PAP, mmHg 27.37+4.99 27.70+5.46 0.38
MPI 0.29+0.07 0.26+0.08 0.03

EF ejection fraction of left ventricle, LVEDV left ventricular end dias-
tolic volume, LVESV left ventricular end systolic volume, LVEDVi
left ventricular end diastolic volume index, LVESVi left ventricular
end systolic volume index, LVMi left ventricular mass index, RWT
relative wall thickness, IVS interventricular septum thickness, PW
posterior wall thickness, LVID left ventricular internal diameter, RAVi
right atrial volume index, PAP pulmonary artery pressure, MPI myo-
cardial performance index

was evaluated in 10 patients (20 echo exams) and was <2%.
[ML, ZV].

Discussion

In the current study, the cardiac effect of prolonged HBOT
protocol, used for potential regenerative purpose, was evalu-
ated, for the first time, to assess its effect on cardiac function.
The current results indicate that prolonged HBOT proto-
col increases left ventricular and right ventricular systolic
function, and improves myocardial performance. It should
be noted that the 2nd echocardiography examination post
HBOT was performed at least 3 weeks after the last thera-
peutic session. Thus these significant changes represent a
potentially sustainable structural-functional change rather
than an immediate temporary change.

Most available information related to the hyperbaric envi-
ronment and cardiac function in humans is referring to short
term exposures. A short term exposure to the hyperbaric
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environment can increase peripheral vasoconstriction,
increase afterload, induce bradycardia [41-43] and decrease
systolic LV function [2]. A reduction in cardiac output after
a single exposure to moderate level hyperbaric oxygenation
was demonstrated in rats and was coordinated by a barore-
flex-mediated mechanism triggered by vasoconstriction
[42]. Acute pulmonary edema following hyperbaric oxygen-
ation, is very rare, with an incidence of 0.02-0.1%. Risk fac-
tors are a low ejection fraction (< 35%) and severe aortic ste-
nosis [44, 45]. A single exposure to hyperbaric oxygenation
was associated with some changes in diastolic parameters:
increase of E/A ratio and prolongation of deceleration time
[46], but a short series of 10 repetitive sessions of hyperbaric
oxygenation caused shortening of E wave deceleration time
without changes of systolic parameters [31].

Unlike a single exposure to high pressure mentioned
above, the newly used regenerative protocols of HBOT
have the potential induce beneficial effects. The protocol
used in the current study includes repeated 90 min daily
exposures (60 sessions, 5 days per week) to lower pressures,
while every 20 min there is a 5 min air break. This is a rela-
tively new protocol used in humans to induce regenerative
processes in non-healing wounds and certain brain injuries
[6, 19-21]. In the current study diastolic parameters that
included conventional echocardiography parameters and
advanced speckle tracking parameters (diastolic strain rate,
peak untwisting velocity) did not change significantly fol-
lowing hyperbaric oxygenation therapy. However, using
advanced cardiac analysis, our results showed, for the first
time in humans, a small but significant increase in left ven-
tricular ejection fraction following hyperbaric oxygenation
therapy and higher global and regional left ventricular strain.
The ejection fraction increased due to a decrease in the sys-
tolic volume of the left ventricle, which reflects improved
myocardial contractility. The improvement in apical strain
led to a more intense apical rotation and, as a result, an
increase in twisting angle. Global right ventricular strain
demonstrated a small but significant improvement similar
to the global left ventricular strain.

Along with normal aging there is a decrease in cardiac
mitochondrial functions [47]. One of the most intrigu-
ing effects of HBOT relates to improving mitochondrial
functions demonstrated in both animal and human stud-
ies [15-18, 29, 48]. Improved mitochondrial functions
may explain cardiac beneficial effects in the current study
cohort of "normal aging population". According to the
mitochondrial theory of aging, cardiac mitochondria are
not only altered by oxidative stress but also produce more
antioxidative enzymes [49]. Oxidation of fatty acids in
mitochondria is reduced with aging and results in an
increased amount of circulating free fatty acids, that can be
increased by the ischemic stress too. Cytochrome C release
is increased by aging, leads to deletions in mitochondrial
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Table 3 Speckle tracking

. i 1st study 2nd study p value
imaging results
RVGS?, % —19.22+4.45 —20.24+4.60 0.02
Twist, © 18.32+6.61 23.12+6.35 0.01
Rotation apical, ° 11.76 +4.40 16.10+5.56 0.004
Rotation basal, ° —6.80+5.16 —6.98+4.16 0.44
Peak untwisting velocity, °/s —100.92+67.23 — 113.82+46.67 0.52
LVGS®, % —-19.31+£3.17 —20.16+3.34 0.036
Antero-basal strain, % —15.69+2.99 — 14.46+3.46 0.06
Mid anterior strain, % —18.35+3.96 —17.54+4.0 0.15
Antero-apical strain, % —24.96+7.35 —25.88+6.02 0.25
Infero-basal strain, % —14.50+4.32 —15.62+4.92 0.06
Mid inferior strain, % — 18.62+4.36 —19.88 +4.86 0.04
Infero-apical strain, % —26.69+6.55 —27.81+£5.76 0.19
Latero-basal strain, % —15.65+4.17 —15.38+3.93 0.40
Mid lateral strain, % —17.23+3.37 —17.27+4.38 0.48
Latero-apical strain, % —21.42+6.35 —24.12+6.19 0.007
Septo-basal strain, % —12.38+4.06 —11.62+7.28 0.29
Mid septal strain, % — 18.35+3.19 —19.35+4.47 0.12
Septo-apical strain, % —24.50+5.30 —27.88+4.39 0.002
Antero-septal basal strain, % —15.62+3.61 —17.08 £4.08 0.04
Mid antero-septal strain, % —20.88+3.68 —22.96+4.79 0.02
Antero-septal apical strain, % —24.42+5.30 —27.85+5.79 0.006
Postero-basal strain, % —15.29+5.09 —15.35+4.96 0.48
Mid posterior strain, % —17.54+3.76 —17.62+3.76 0.46
Postero-apical strain, % —21.88+4.81 —24.50+5.24 0.02
Global circumferential strain, % —19.23+6.00 —19.81+5.16 0.38
Basal circumferential strain —12.76 £4.31 —13.43+6.26 0.36
Mid-ventricular circumferential strain —16.38+5.03 —17.26+6.96 0.27
Apical circumferential strain —24.95+8.13 —26.85+11.39 0.25
LV diastolic strain rate, 1/s 0.90+0.29 0.93+0.44 0.36
RV diastolic strain rate, 1/s 0.96+0.38 0.98+0.41 0.45

#Right ventricular global strain

®Left ventricular global strain

DNA and promotes apoptosis [50]. The amplification of
reactive oxygen species in the mitochondria is associ-
ated with left ventricular hypertrophy, which results in
increased myocardial oxygen demand and decreased coro-
nary perfusion pressure due to compression of coronary
microcirculation. The mismatch in oxygen supply—demand
induces relative ischemia in the hypertrophic heart [51].
The better availability of oxygen to the mitochondria of
myocytes and the easing of the contraction process ini-
tiated by HBOT may explain the improvement in sys-
tolic function observed in our study. To the best of our
knowledge, the effect of repeated HBOT exposure on car-
diac function in the "standard aging population" has not
yet been investigated. We emphasize that it is not clear
when during the course of therapy improvement starts.
We observed a sustained effect after the completion of
the entire course of 60 sessions. Does improving systolic

contraction means improving heart function? Improve-
ment in myocardial performance index which reflects the
effectiveness of the total systolic and diastolic function of
the left ventricle may indicate the entire positive effect of
hyperbaric oxygenation on the heart.

Limitations

There are several limitations: this was not a randomized
study, but rather an observational prospective evaluation, on
a limited number of participants. Clearly, a study on a larger
and more diverse cohort is recommended to further evaluate
the effect of HBOT on cardiac function. Nevertheless, these
observations are intriguing, and we believe—original, and
should be further pursued.
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Fig. 1 Speckle tracking imaging
results of a 68-year old healthy
man before [Left image] and
after hyperbaric oxygenation
therapy [Right image]. a Api-
cal 4-chamber view, regional
longitudinal strain: yellow—
septal basal, bright blue—mid-
septal, green—septo-apical,
purple—Ilatero-apical, blue—
mid-lateral, red—Iateral basal.
Dotted curve—global strain
from the 4-chamber view. In

all the segments regional strain
after hyperbaric oxygenation is
higher, especially apical strain
[green and purple curves].

b Apical 2-chamber view,
regional longitudinal strain:
yellow—infero-basal, bright
blue—mid-inferior, green—
infero-apical, purple—antero-
apical, blue—mid-anterior,
red—antero-basal. Dotted
line—global strain from the
2-chamber view. The regional
strain is higher after hyperbaric
oxygenation therapy, especially
in the apical segments. ¢ Apical
3-chamber view, regional strain:
yellow—postero-basal, bright
blue—mid-posterior, green—
postero-apical, purple—antero-
septo-apical, blue—mid-septal,
red—antero-septal basal. Dotted
line—global strain from the
3-chamber view. The regional
strain is higher in the apical and
septal segments after hyperbaric
oxygenation therapy. d Twist
and rotation of the left ventricle,
obtained from the short axis
basal and apical views. White
curve—twist, blue—apical
rotation, purple—basal rotation.
After hyperbaric oxygenation
therapy twist is higher primarily
due to higher apical rotation

@ Springer



The International Journal of Cardiovascular Imaging

Conclusions

Our results indicate that hyperbaric oxygenation led to an
improved systolic contraction of the left ventricle, a bet-
ter systolic contraction of the right ventricle and, finally,
improved myocardial performance. If our results are con-
firmed in further, larger studies, HBOT may potentially be
used in the future in patients with heart failure and systolic
dysfunction.

Funding No funding was received.

Compliance with ethical standards

Conflict of interest There is no conflict of interests.

Ethical approval Our study was approved by the local Helsinki Com-
mittee and was done in accordance with the ethical standards of the
local Helsinki Committee.

Informed consent Informed consent was obtained from all individual
participants included in the study.

References

1. Fosen KM, Thom SR (2014) Hyperbaric oxygen, vasculo-
genic stem cells, and wound healing. Antioxid Redox Signal
21(11):1634-1647

2. Cimino F, Balestra C, Germonpre P, De Bels D, Tillmans
F, Saija A, Speciale A, Virgili F (2012) Pulsed high oxygen
induces a hypoxic-like response in human umbilical endothelial
cells and in humans. J Appl Physiol 113(11):1684-1689

3. Lin PY, Sung PH, Chung SY, Hsu SL, Chung WIJ, Sheu JJ,
Hsueh SK, Chen KH, Wu RW, Yip HK (2018) Hyperbaric oxy-
gen therapy enhanced circulating levels of endothelial progeni-
tor cells and angiogenesis biomarkers, blood flow, in ischemic
areas in patients with peripheral arterial occlusive disease. J
Clin Med 7(12):548

4. Pena-Villalobos I, Casanova-Maldonado I, Lois P, Prieto C,
Pizarro C, Lattus J, Osorio G, Palma V (2018) Hyperbaric oxygen
increases stem cell proliferation, angiogenesis and wound-healing
ability of WJ-MSCs in diabetic mice. Front Physiol 9:995

5. Hadanny A, Lang E, Copel L, Meir O, Bechor Y, Fishlev G,
Bergan J, Friedman M, Zisman A, Efrati S (2018) Hyperbaric
oxygen can induce angiogenesis and recover erectile function.
Int J Impot Res 30(6):292-299

6. Tal S, Hadanny A, Berkovitz N, Sasson E, Ben-Jacob E, Efrati S
(2015) Hyperbaric oxygen may induce angiogenesis in patients
suffering from prolonged post-concussion syndrome due to trau-
matic brain injury. Restor Neurol Neurosci 33(6):943-951

7. Thom SR, Bhopale VM, Velazquez OC, Goldstein LJ, Thom
LH, Buerk DG (2006) Stem cell mobilization by hyperbaric oxy-
gen. Am J Physiology Heart Circ Physiol 290(4):H1378-1386

8. Heyboer M III, Milovanova TN, Wojcik S, Grant W, Chin M,
Hardy KR, Lambert DS, Logue C, Thom SR (2014) CD34+/
CD45-dim stem cell mobilization by hyperbaric oxygen—
changes with oxygen dosage. Stem Cell Res 12(3):638-645

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Benincasa JC, de Filho LHF, Carneiro GD, Sielski MS, Giorgio
S, Werneck CC, Vicente CP (2018) Hyperbaric oxygen affects
endothelial progenitor cells proliferation in vitro. Cell Biol Int
43(2):136-146

Cabigas BP, Su J, Hutchins W, Shi Y, Schaefer RB, Recinos
RF, Nilakantan V, Kindwall E, Niezgoda JA, Baker JE (2006)
Hyperoxic and hyperbaric-induced cardioprotection: role of
nitric oxide synthase 3. Cardiovasc Res 72(1):143-151
Gregorevic P, Lynch GS, Williams DA (2001) Hyperbaric oxy-
gen modulates antioxidant enzyme activity in rat skeletal mus-
cles. Eur J Appl Physiol 86(1):24-27

Hirata T, Cui YJ, Funakoshi T, Mizukami Y, Ishikawa Y, Shiba-
saki F, Matsumoto M, Sakabe T (2007) The temporal profile of
genomic responses and protein synthesis in ischemic tolerance
of the rat brain induced by repeated hyperbaric oxygen. Brain
Res 1130(1):214-222

Kim CH, Choi H, Chun YS, Kim GT, Park JW, Kim MS (2001)
Hyperbaric oxygenation pretreatment induces catalase and
reduces infarct size in ischemic rat myocardium. Pflug Archiv
442(4):519-525

Nie H, Xiong L, Lao N, Chen S, Xu N, Zhu Z (2006) Hyperbaric
oxygen preconditioning induces tolerance against spinal cord
ischemia by upregulation of antioxidant enzymes in rabbits. J
Cereb Blood Flow Metab 26(5):666—-674

Abu-Soud HM, Rousseau DL, Stuehr DJ (1996) Nitric
oxide binding to the heme of neuronal nitric-oxide synthase
links its activity to changes in oxygen tension. J Biol Chem
271(51):32515-32518

Daugherty WP, Levasseur JE, Sun D, Rockswold GL, Bullock
MR (2004) Effects of hyperbaric oxygen therapy on cerebral oxy-
genation and mitochondrial function following moderate lateral
fluid-percussion injury in rats. J Neurosurg 101(3):499-504
Zhou Z, Daugherty WP, Sun D, Levasseur JE, Altememi N,
Hamm RJ, Rockswold GL, Bullock MR (2007) Protection of
mitochondrial function and improvement in cognitive recovery
in rats treated with hyperbaric oxygen following lateral fluid-
percussion injury. J Neurosurg 106(4):687-694

Palzur E, Zaaroor M, Vlodavsky E, Milman F, Soustiel JF (2008)
Neuroprotective effect of hyperbaric oxygen therapy in brain
injury is mediated by preservation of mitochondrial membrane
properties. Brain Res 1221:126-133

Boussi-Gross R, Golan H, Fishlev G, Bechor Y, Volkov O, Bergan
J, Friedman M, Hoofien D, Shlamkovitch N, Ben-Jacob E, Efrati
S (2013) Hyperbaric oxygen therapy can improve post concussion
syndrome years after mild traumatic brain injury—randomized
prospective trial. PLoS ONE 8(11):679995

Efrati S, Ben-Jacob E (2014) Reflections on the neurothera-
peutic effects of hyperbaric oxygen. Expert Review Neurother
14(3):233-236

Hadanny A, Golan H, Fishlev G, Bechor Y, Volkov O, Suzin
G, Ben-Jacob E, Efrati S (2015) Hyperbaric oxygen can induce
neuroplasticity and improve cognitive functions of patients suf-
fering from anoxic brain damage. Restore Neurol Neurosci
33(4):471-486

Molenat F, Boussuges A, Grandfond A, Rostain JC, Sainty JM,
Robinet C, Galland F, Meliet JL. (2004) Haemodynamic effects of
hyperbaric hyperoxia in healthy volunteers: an echocardiographic
and Doppler study. Clin Sci 106(4):389-395

Frobert O, Moesgaard J, Toft E, Poulsen SH, Sogaard P (2004)
Influence of oxygen tension on myocardial performance. Evalua-
tion by tissue Doppler imaging. Cardiovasc Ultrasound 2:22
Oyaizu T, Enomoto M, Yamamoto N, Tsuji K, Horie M, Muneta
T, Sekiya I, Okawa A, Yagishita K (2018) Hyperbaric oxygen
reduces inflammation, oxygenates injured muscle, and regenerates
skeletal muscle via macrophage and satellite cell activation. Sci
Rep 8(1):1288

@ Springer



The International Journal of Cardiovascular Imaging

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Gregorevic P, Lynch GS, Williams DA (2000) Hyperbaric oxygen
improves contractile function of regenerating rat skeletal muscle
after myotoxic injury. J Appl Physiol 89(4):1477-1482
Gregorevic P, Williams DA, Lynch GS (2002) Hyperbaric oxygen
increases the contractile function of regenerating rat slow muscles.
Med Sci Sports Exerc 34(4):630-636

Horie M, Enomoto M, Shimoda M, Okawa A, Miyakawa S, Yag-
ishita K (2014) Enhancement of satellite cell differentiation and
functional recovery in injured skeletal muscle by hyperbaric oxy-
gen treatment. J Appl Physiol 116(2):149-155

Suzuki J (2017) Endurance performance is enhanced by intermit-
tent hyperbaric exposure via up-regulation of proteins involved in
mitochondrial biogenesis in mice. Physiol Rep 5(15):e13349
Kurt B, Kurt Y, Karslioglu Y, Topal T, Erdamar H, Korkmaz A,
Tiirkozkan N, Yaman H, Odabasi Z, Giinhan O (2008) Effects of
hyperbaric oxygen on energy production and xanthine oxidase
levels in striated muscle tissue of healthy rats. J Clin Neurosci
15(4):445-450

Li Y, Hao Y, Wang T, Wei L, Wang W, Liang Y, Guo X (2018)
The Effect of hyperbaric oxygen therapy on myocardial perfusion
after the implantation of drug-eluting stents. Ann Clin Lab Sci
48(2):158-163

Aparci M, Kardesoglu E, Suleymanoglu S, Uzun G, Onem Y,
Uz O, Kucukardali Y, Ozkan S (2008) Hyperbaric oxygen ther-
apy improves myocardial diastolic function in diabetic patients.
Tohoku J Exp Med 214(3):281-289

Lang RM, Badano LP, Mor-Avi V, Afilalo J, Armstrong A,
Ernande L, Flachskampf FA, Foster E, Goldstein SA, Kuznetsova
T, Lancellotti P, Muraru D, Picard MH, Rietzschel ER, Rudski
L, Spencer KT, Tsang W, Voigt JU (2015) Recommendations for
quantification by cardiac chamber echocardiography in adults: an
update from the American Society of Echocardiography and the
European Association of Cardiovascular Imaging. Eur Heart J
Cardiovasc Imaging 16(3):233-270

Nagueh SF, Smiseth OA, Appleton CP, Byrd BF 3rd, Dokainish H,
Edvardsen T, Flachskampf FA, Gillebert TC, Klein AL, Lancel-
lotti P, Marino P, Oh JK, Popescu AB, Waggoner AD (2016) Rec-
ommendations for the evaluation of left ventricular diastolic func-
tion by echocardiography: an update from the american society of
echocardiography and the European Association of Cardiovascu-
lar Imaging. Eur Heart J Cardiovasc Imaging 17(12):1321-1360
Tei C, Ling LH, Hodge DO, Bailey KR, Oh JK, Rodeheffer RJ,
Tajik AJ, Seward JB (1995) New index of combined systolic and
diastolic myocardial performance: a simple and reproducible
measure of cardiac function—a study in normals and dilated car-
diomyopathy. J Cardiol 26(6):357-366

Leitman M, Lysyansky P, Sidenko S, Shir V, Peleg E, Binenbaum
M, Kaluski E, Krakover R, Vered Z (2004) Two-dimensional
strain-a novel software for real-time quantitative echocardio-
graphic assessment of myocardial function. ] Am Soc Echocardi-
ogr 17(10):1021-1029

Henson RE, Song SK, Pastorek JS, Ackerman JJ, Lorenz CH
(2000) Left ventricular torsion is equal in mice and humans. Am
J Physiol Heart Circ Physiol 278:H1117-H1123

@ Springer

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

Park JH, Choi JO, Park SW, Cho GY, Oh JK, Lee JH, Seong IW
(2018) Normal references of right ventricular strain values by
two-dimensional strain echocardiography according to the age and
gender. Int J Cardiovasc Imaging 34(2):177-183

Lee JH, Park JH (2018) strain analysis of the right ventricle
using two-dimensional echocardiography. J Cardiovasc Imaging
26(3):111-124

Burns AT, La Gerche A, Prior DL, Macisaac Al (2009) Left ven-
tricular untwisting is an important determinant of early diastolic
function. JACC Cardiovasc Imaging 2(6):709-716

Wang J, Khoury DS, Thohan V, Torre-Amione G, Nagueh
SF (2007) Global diastolic strain rate for the assessment of
left ventricular relaxation and filling pressures. Circulation
115(11):1376-1383

Foster GE, Sheel AW (2005) The human diving response, its func-
tion, and its control. Scand J Med Sci Sports 15(1):3-12
Demchenko IT, Zhilyaev SY, Moskvin AN, Krivchenko Al, Pian-
tadosi CA, Allen BW (2013) Baroreflex-mediated cardiovascular
responses to hyperbaric oxygen. J Appl Physiol 115(6):819-828
Heyboer RdM, Wojcik SM, Smith G, Santiago W (2017) Effect of
hyperbaric oxygen therapy on blood pressure in patients undergo-
ing treatment. Undersea Hyperb Med 44(2):93-99

Weaver Lindell K, Churchill S (2001) Pulmonary edema associ-
ated with hyperbaric oxygen therapy. Chest 120:1407-1409
Heyboer M 3rd (2018) Hyperbaric oxygen therapy side effects—
where do we stand? J Am Coll Clin Wound Spec 8(1-3):2-3
Wunderlich T, Frey N, Kéhler W, Lutz M, Radermacher P, Klapa
S, Koch I, Tillmans F, Witte J, Koch A (2017) Influence of hyper-
oxia on diastolic myocardial and arterial endothelial function.
Undersea Hyperb Med 44(6):521-533

Emelyanova L, Preston C, Gupta A, Vigar M, Negmadjanov U,
Edwards S, Kraft K, Devana K, Holmuhamedov E, O’Hair D,
Tajik AJ, Jahangir A (2018) Effect of aging on mitochondrial
energetics in the human atria. J Gerontol A 73(5):608-616
Gutsaeva DR, Suliman HB, Carraway MS, Demchenko IT, Pian-
tadosi CA (2006) Oxygen-induced mitochondrial biogenesis in
the rat hippocampus. Neuroscience 137(2):493-504

Judge S, Jang YM, Smith A, Hagen T, Leeuwenburgh C
(2005) Age-associated increases in oxidative stress and anti-
oxidant enzyme activities in cardiac interfibrillar mitochondria:
implications for the mitochondrial theory of aging. FASEB J
19(3):419-421

Lesnefsky EJ, Chen Q, Hoppel CL (2016) Mitochondrial metabo-
lism in aging heart. Circ Res 118(10):1593-1611

Dai D-F, Chen T, Johnson SC, Szeto H, Rabinovitch PS
(2012) Cardiac aging: from molecular mechanisms to sig-
nificance in human health and disease. Antioxid Redox Signal
16(12):1492-1526

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.



	The effect of hyperbaric oxygenation therapy on myocardial function
	Abstract
	Introduction
	Materials and methods
	Results
	Discussion
	Limitations
	Conclusions
	References




