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(HBOT: hyperbaric oxygen therapy)
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Topical Oxygen Therapy

— 100% O,
— 1 atmosphere of pressure




Soft vs hard chamber
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O, transport

The first concern in any life-threatening to maintain an adequate
supply of oxygen to sustain oxidation metabolism.

The delivery of O, and its utilization: integration of the respiratory,
cardiovascular, and microvascular systems.



Coronary Stent

Macrocirculation

Megan French



Major contributions (legacy)



Dr. Ilte Boerema

« 1902-1978, professor of surgery at the university of Amsterdam
« Surgeon and engineer with a double-Dutch legacy to medical technology
« (Gas gangrene: sudden decline in mortality rate (from 66% to 23%)
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Life without blood (1959)
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Life without blood

A study of the influence of high atmospheric pressure and hypothermia on
dilution of the blood (J Cardiovasc Surg 1959;13:133-146)

1948: hypothermia (27 %)

Hg: 0.4%, plasma solution, 3 ATA (45 mins)
EEG: no pathologic changes

Recovery: reinfusion of normal blood




L_ife without blood

I. Boerema 1960: «Iife Without b100G




Primary mechanism




Mechanisms of HBOT
(Primary & Secondary)

Primary Secondary
 Hyperoxygenation (Oz2 tensions)

 Direct effects of pressure

Oxygen delivery/uptake

Bubble size reduction




HBOT: primary mechanism (AGE)
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HBOT: primary mechanism (DCS)




bubble flow
in bloostream
bubble potential for decompression sickness

detachment if too many bubbles andior too big

amblent

pressure bubble growth surface hyd;opnomcny
— adiposity risk factor

drop

bubbles

heterogeneous nucleation ——>

supersaturation
of dissolved gases

stadllity (?)
tissue elasticity
?

exercise influence
start decompression

depth

(Papadopoulou et al (2013)A critical review of physiological bubble formation in hyperbaric decompression Advances in Colloid and

Interface Science. Elsevier. 191-192 (191-192): 22—30)



Nitrogen

N, solubility in blood: 0.0138 to 0.0148, dissolved by whole blood
under nitrogen pressures varying from 1 to 6 atmospheres
(absolute) has been found directly proportional (1.3 -> 7.9)
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HBOT: primary mechanism (CO)
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HBOT: primary mechanism

« Emergent condition (time dependent)
 Direct bubble size reduction: AGE, DCS
« Hyperoxygenation: CO, cyanide, toxic gases



O, transport (cellular level)
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Movement of O, down

« Oxygen concentration: down (air -> cell) I T Effacs of shunt
 PO,: the lowest level (4-20 mmHg) S| === Eiach of hypoventladion
. . . Gas
In the mitochondria inalveoli  Cap
%” 100 [~ — A— At
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Oxygen transport

* 4 factors:
- O, content of whole blood (CaO,)
- O, delivery (DO2)
- O, uptake
- Fractional extraction of O, from capillary blood



O, transport

@
Red blood cells 0 A
& o

High PO, Low PO,
©

Hemoglobin o ® ®

Ozo<_/l

Mitochondria

Carried in blood In 2 forms:
1. by red blood cells

Bound to Hb

97-98%
2. Dissolved O, In plasma
S




O, content (CaO,)

Ca0,=[1.34 x Hb x Sa02| +|0.003 x PaO2

NL CaO,=1.34 x 15 x 0.98 (19.7) + 0.003 x 100 (0.3)
= 20.0 ml/200 ml ( or 200 ml/L)

Solubility of O,: 0.028 ml O,/L/mm Hg
Hb can bind 1.34 ml O,/g when fully saturated



©

Solubility of O, & CO, In plasma

Temp ml O,/L/mm Hg ml CO,/L/mm Hg
25 0.033 0.892
30 0.031 0.802
35 0.028 0.713
37 0.028 0.686
40 0.027 0.624

Christoforites C et al. J Appl Physiol 1969;26:56
Severinghaus JW et al. J Appl Physiol 1956;9:189



Different scenarios

PaO, %0, Sat Dissolved Hg- bound CaO,
oxygen

Normal 19.6 19.9
Low Hg 100 100 @ 21 0.3 9.8 10.1
Low PaO, (25) 50 14 42 0.1 9.8 9.9
MetHg (50%) 100 14 42 0.3 9.8 10.1
Very low Hg 100 100 2 6 0.3 2.8 3.1

3 ATA 100 3 6 2.8



Effects of hyperoxygenation

(O2 content of blood)
Hemoglobin carried O2 Plasma dissolved O2 Total O2 content
(Vol%) (Vol%) (Vol%)
1 ATA air 19.7 0.3 20.0
2 ATAHBOT 19.7 3.0 22.7
3ATAHBOT 19.7 4.5 24.2




Oxygen delivery (DO2)

« DO, = cardiac output(Q) x CaO,

= Q (mL/min/m?) x 1.34 x Hb x SaO, x 10
= NL (520 - 570 mL/min/m?)



Oxygen uptake (VO,)

= Q(mL/min/m?) x 1.34 x Hb x Sa02 x 10

- Q(mL/min/m?) x 1.34 x Hb x SvO2 x 10
=Qx1.34x Hbx (Sa0O, - SvO,)
= NL(110 - 160 mL/min/m?)



Tissue Oxygen Balance

Glucose
cell \\
MRO2 Lacta
100 Sa02 = 98% \L%M/ 100 SVO2 = 73%

VO, %HbO?

02 ‘ 02
Arterial ' ' \Venous
HbO2 02-Hb-0Op =————fp  O2-Hb-02 >
Inflow(Q) ! < >Outflow(Q)




Diffusion distance of oxygen from functioning capillaries

Capillary blood Capillary blood
flow Wound Margins flow

36 Microns @ 1 ata with 21% O,
——— -—
280 Microns @ 2 ala with 100% O,
v 5
k)

Note: Increasing the diffusing distance of oxygen,
improves oxygenation of tissue with borderline ischemia
by increasing the ability of capillary beds to overlap one
annther




Oxygen diffusion area

Air breathing at 1 ATA Oxygen breathing at 3 ATA

Ischemia

|
Capillary

Oxygen diffusion area _
Londahl et al, Curr Diab Res 2011




Secondary mechanism




Mechanisms of HBOT
(Primary & Secondary)

Primary Secondary

« Hyperoxygenation (Oz tensions) « Hyperoxygenation
(enriched O, -> cellular functions)

 Direct effects of pressure

Edema reduction

: Anti-inflammation:cytokine (leukocyte
Oxygen delivery/uptake y ( yte)

Neovascularization
Fibroblast GF

Accumulative effects

Bubble size reduction
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Indications

Emergency
Decompression Sickness, air or gas embolism (AGE)
CO, severe anemia

Arterial Insufficiencies, CRAQO, ISNHL

Non — emergency: elective: 4 categories (wounds)
Chronic: refractory diabetic wounds, arterial insufficiency ulcers
Radiation-induced: delayed radiation injury, radionecrosis
Infected: gas gangrene, osteomyelitis, necrotizing soft tissue infection, brain abscess
Traumatic: crush injury, compromised skin grafts and flaps, thermal burn



Hypoxic

Capillary
Arepde)

O, Diffusion Through Normal Tissue

O, Diffusion Through Edematous Tissue Fluid
Fluid (Capillary to Cell)

(Capillary to Cell)

Edema Fluid=
= = (), Diffusion
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T S —

==

ol




HBO effect in Edema

Vasoconstriction: defense
mechanism against
hyperoxia

Edemas 24 ->
Edemali| 2| ot =424~

HBO paradox

Normal permeability of capillary Small amount of fid

\l

Capillary wall Monocyte

Increased permeability of capillary .
during inflammation More fluid and
anfimicrobal chemicals

Villanuci, S., Di Marzio, G. et al. Cardiovascular changes
induced by hyperbaric oxygen
therapy. Undersea Biomed. Res. (Suppl.);17:117, 1990

Dooley, J., Mehm, W. Noninvasive assessment of the
vasoconstrictive effects of

hyperoxygenation. J. Hyperbaric Med. 4(4):177-187,
1990

Interstitial Monocyte squeezing
spaces through interstitial space



HBO, also inhibits leukocyte pro-
Inflammatory cytokine production

Human, Mouse, Rat

Macrophage: PMN: Microglia &

BBRC 179: 886,91 Dig Dis Sci 51: 1426, 2006 AAStrocytes

Clin Exp Immunol 102: 665,°95 J Appl Physiol Feb. 2019 Brain Res 1627: 21, 2015
J Clin Immunol 17: 154,97 Molecular Pain 14: 1, 20!
Clin Exp Immunol. 134: 57,703 Oncotarget 9: 7513, 2018

Decreases IL-18, IL-6, TNFa, NF- kB

Dig Dis Sci 51: 1426, 2006

Eur Surg Res. 42: 130, 2009 Brain Res 1627: 21, 2015
Anesth Analg 113: 626, 2011 Med Sci Monitor 22:284, 2016
Urology 82: €9, 2013 Oncotarget 8: 111522, 2017
Int J Clin Exp Pathol. 7:1911, 2014 Molecular Pain 14: 1, 2018

J Enzyme Inhib. Medicinal Chem. 29:297, 2014 Oncotarget 9: 7513, 2018



HBO effect in Neovascularization

Angiogenic @

factor (VEGF) <] A

production
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remodeling |5

® >
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>2ATA : collagen synthesis

Both hypoxia & O,: VEGF
release

Li, J., Brown,L. et al. VEGF, Flk-1 and Flt-1 expression in rat myocardial infarction
model of angiogenesis. Am. J. Physiol. ;210:1803-1811, 1996.

Sheikh, A., Gibson, J. et al. Effect of hyperoxia on VEGF levels in a wound model.
Arch.Surg. ;135:1293-1297, 2000.

Lin, S. et al. Hyperbaric oxygen selectively induces angiopoietin-2 in human umbilical
vein endothelial cells. Biochem. Biophys. Res. Comm.;296:710-715, 2002.
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Mechanisms of action of hyperbaric oxygen therapy.
Camporesi, E M. Undersea And Hyperbaric Medicine (2014). May—Jun;41(3):247-52.
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Kim YS, Youn YJ, Cha YS. Successful use of hyperbaric oxygen therapy for limb salvage of acute limb ischemia as a complication of acute carbon
monoxide poisoning. Undersea Hyperb Med. 2020;47(2):235-240.
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O, transport (intra-cellular level)



HBOT: secondary mechanism

Elevated cellular O, levels

HBO,

.

Increased ROS and RNS

S N
« 1 S
= . Ischemic
Increase wound SPCs mobilization Neutrophil Lower monocyte tion
growth factors from bone p-actin chemokine P ce hac D ngedt : i nng
synthesis marrow S-nitrosylation synthesis HO-1, HSPs. HIF-1
Elevated tissue: Increased peripheral Impaired fi» \ Diminished /
SDF-1 Site SPCs HIF-1/2 integrin inflammatory
Angiopontin Content function responses
Basic fibroblast GF and HIF-related
Transforming GF p1 gene products

VEGF (via HIF-1)

X

/

Improved
neovascularization

N/

Improved postischemic

tissue survival




Reactive nitrogen & oxygen

Respiratory chain [ \ Catalase H.O
Complex | and sSOD 2
Complex Il (Mn or Mg)
O s O S
Superoxide Hydrogen ) GSSG
anion peroxide GSH Géss
NO ParOXyCines reductase
\ or thioreoxin
GSH <« reductase
Peroxynitrite QN 99 *OH Hydroxyl radical

L/k RNS and ROS \v
Overproduction Normal production
Damages induced on I Physiological signaling I
/ v \ - TS
A~ v A

Proteins Lipids Growth Hormone Inflammation
synthesis

Comprehensive Physiology 2017



Hormesis

Biphasic response: increasing amounts of a substance or condition

Within the hormetic zone: favorable biological response to low
exposures to toxins and other stressors

Physical exercise, alcohol, mitochondria

Stamulation

Dose

Inhibition



Mitochondrial hormesis (mitohormesis)

A

Linear
Response

Hormetic
Response

>
v ROS Exposure

Free radical theory: linear dose-response relationship (ROS and oxidative stress and mortality)
Mitohormesis: non-linear dose-response relationship (low doses of ROS exposure decrease mortality,

while higher doses promote mortality)
Dose Response. 2014 May; 12(2): 288-341

Mortality (Events)




Mitochondrial hormesis (mitohormesis)

D,
l o Low Dose

l Infectious Agent
Endogenous Stress Defense T

Mechanisms Immune Response 1\

e P

¢ ROS Stress DefenseT &Infectious Agent Immune Defense T
Health and Lifespan Health and Lifespan 1\

Dose Response. 2014 May; 12(2): 288-341



Possible mechanism

Low continuous
or higher intermittent

sub-lethal dose A coordinated response to
mild mitochondrial stress

Intermittent Mitochondrial _ :
HBOT — N Stress B S— Mitohormesis
\ Reduce oxidative stress
Most of O, \ Recover from ischemic damage
in our body and promote wound healing
IS consumed
in mitochondria \V Resistant to subsequent stress

4

Participation in therapeutic mechanism of HBOT



Mechanisms of HBOT

(Primary, secondary & tertiary)

Primary Secondary Tertiary
» Hyperoxygenation ¢ Enriched O2 « Oxidative stress in
(O2 tensions) (cellular functions) mitochoondria

e Direct effects of Anti-bacterial

Anti-inflammation
(cytokine)

Mitohormesis

Oxygen delivery/uptake Ischemia-reperfusion

Injury
Neovascularization
Stem cell migration

Bubble reduction
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Table 1. Serum biochemical variables at baseline and following acute exposure to hyperbaric oxygen therapy (HBOT).

Variables Baseline 1 Week Post HBOT p-Value
2.8 ATA (45') Glucose {mg/dL) 104.4 2 10,1 10502354 0.067

2.0ATA (55 TC {mg/dL) 186.5 £ 17.8 1858248 0.921

TG (midL) * 154.9 2 50.4 190.4 + 6.1 0.012

100% 0, 100% 0, HOL-C (mgldL) 472275 452:72 0.206

LDL-C (mgidL) 12152231 1161238 0.272

ALT (UiL) * 20.6+212 3612122 0.423

Baseline HBOT 30 min 2days 1week AST (UIL) * 294255 297+53 0.812
Blood sample collection Total protein (g/dL) 7.45+0.26 7302029 0.143
Albumin {gidL) * 464025 458+023 0.301

BUN (mg/dL) 12.74 2 165 1243176 0.599

Creatinine (mgfdL) 082 +0.05 0.81+0.04 0.532

Uric acid {mafdL) B.37 £ 0.85 B.11+0.05 0.106

ALT, alanine aminotransferase; AST, aspartate aminotransferase; BUN, blood urea nitrogen; LDL-C, low density lipoprotein cholesterol;
HDL-C, high density lipcprotein cholestercl; TC, total chelesterol; TG, triglyceride. Statistical analyses were performed using Student's paired
t-test or * Wilcoxon matched-pairs signed-rank test. Values represent the means + SD.

JS Jana. et al. Int. J. Environ. Res. Public Health 2020, 17. 7853
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J Appl Physiol 106: 988-995, 2009.
Review First published October 9, 2008; doi:10.1152/japplphysiol.91004.2008.
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Oxidative stress is fundamental to hyperbaric oxygen therapy

Stephen R. Thom

Institute for Environmental Medicine and Department of Emergency Medicine, University of Pennsylvania Medical
Center, Philadelphia, Pennsylvania

Submitted 1 August 2008; accepted in final form 1 October 2008

WOUND HEALINGEE

Hyperbaric Oxygen: Its Mechanisms
and Efficacy

Stephen R. Thom, M.D.,

Ph.D Background: This article outlines therapeutic mechanisms of hyperbaric oxy-
1.D.

gen therapy and reviews data on its efficacy for clinical problems seen by plastic
Philadelphia, Pa. and reconstructive surgeons.

Methods: The information in this review was obtained from the peer-reviewed
medical literature.

Results: Principal mechanisms of hyperbaric oxygen are based on intracellular
generation of reactive species of oxygen and nitrogen. Reactive species are
recognized to play a central role in cell signal transduction cascades, and the
discussion will focus on these pathways. Systematic reviews and randomized
clinical trials support clinical use of hyperbaric oxygen for refractory diabetic
wound-healing and radiation injuries; treatment of compromised flaps and
grafts and ischemia-reperfusion disorders is supported by animal studies and a
small number of clinical trials, but further studies are warranted.
Conclusions: Clinical and mechanistic data support use of hyperbaric oxygen
foravariety of disorders. Further work is needed to clarify clinical utility for some
disorders and to hone patient selection criteria to improve cost efficacy.  (Plast.
Reconstr. Surg. 127 (Suppl.): 1318, 2011.)
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