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ANDI’s offering of hyperbaric-related training programs.  Contact ANDI HQ for more
information, training materials, prerequisites and local fees.

Hyperbaric Chamber Awareness - This program is designed to provide the background physics,
physiology and procedures of general hyperbaric operations and its benefits.  A chamber dive
is often included in this program but not a requirement.

Hyperbaric Chamber Operator - Level 1 - This is a unit-specific certification designed to train
individuals in elementary theory and the basic function of use for a specific Mono-place
Hyperbaric Chamber. 

Hyperbaric Chamber Tender - This program is designed to provide the background physics,
physiology and procedures of Hyperbaric use, in general, along with patient care and counseling
so as to allow the individual to assist a fully certified Hyperbaric Chamber Operator in the
treating of patients in a multi-place or clinical environment.  This course rating could also be
referred to as  "Operator's Assistant".

Hyperbaric Chamber Operator - Level 2 - This program provides a full presentation of the
physics, physiology, patient care, equipment engineering, maintenance and use of specific Mono-
place Hyperbaric Chambers for both Air and Oxygen environment administration as well as 
hands-on use of the specific equipment designated on the certification.

Hyperbaric Chamber Operator - Level 3 This is a unit-specific certification designed to train
individuals in all of the theory and function of use for a specific multi-place chamber in a clinical
environment.

Certified Hyperbaric Technician - CHT- This program differs from other agencies’ CHT
certification in that this program involves actual hands-on chamber experience.  The CHT rating
is a very prestigious rating that indicates a high level of hyperbaric equipment capability.  This
training includes: Equipment layout, Equipment Installation, Manifold and Control Panel
Operation, Chamber Operations, Gas Systems, Physics and Physiology for HB Operations,
Safety Systems, Patient Handling, Baurotrama and Toxicity Management, Infection Controls and
much more.  This training places a special emphasis on Equipment Maintenance to provide a
thorough foundation for a career as both a Chamber Technician and Operator.

Functional Hyperbaric Medicine: Principles and Practice - is a comprehensive certification
course for physicians, nurses, and technicians that provides the essential training you need to
begin working within a medical office, clinic or hospital's Hyperbaric Department.  The program
includes: An Overview of Hyperbaric Therapy; The Physics of Gases; Primary and Secondary
Effects of Pressure; Pathophysiology of Oxygen; Oxygen Toxicity; Determining and Relating
Dosages in Protocols; Patient Handling; Conditions and Protocols, Chamber Equipment and
Accessories; Chamber Safety and much, much more.
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Definition of Important Words

Throughout this manual we will use certain words to call your attention to conditions, practices or
techniques that may directly affect your safety or the safety of the patient.  Pay particular attention
to information introduced by the following signal words :

DANGER !   This indicates an imminently hazardous situation which, if not avoided, will result
in death or serious injury.

WARNING !  This indicates a potentially hazardous situation which, if not avoided, could result
in death or serious injury.

CAUTION !  This indicates a potentially hazardous situation which, if not avoided, may  result
in injury.  It may also be used to alert against unsafe practices which may lead to more serious
situations.

Introduction

The hyperbaric chamber is a complex assembly of many components that are required to be
assembled correctly and operated within specific parameters.  Since the system provides human life
support in a non-natural environment there is the ever present potential for injury in the event that
the system be incorrectly assembled, operated or maintained.  Thus the need for this training.

It is the intent and scope of this training to be a more-than-basic overview of hyperbarics and the
basic concepts common to all chambers.  This course can not create a chamber operator certified
to operate chambers “in general”.  Each Hyperbaric Chamber has variations in design, controls,
safety procedures and special features unique to that unit.  Only after a series of “hands-on”
sessions using a specific chamber can the technician be certified and then only on the brand, type
and model of the equipment used.  The certification is unit-specific.

To obtain certification on an additional model chamber additional “hands-on” sessions using that

specific chamber must be completed under the direct supervision of an ANDI instructor.

------------------------
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Chapter 1

AN  OVERVIEW  OF

HYPERBARIC  THERAPY

Objective

This chapter will familiarize you with the mechanism, development and benefits of Hyperbaric
Oxygen Therapy.  Included here is also a description of different types of chambers and their
significant features and benefits.  Upon completion of this chapter the student will be able to
explain the HBO concept, how chambers work and be able to list the six primary effects of
HBO therapy.

What is Hyperbaric Oxygen Therapy (HBOT) ?

Hyperbaric Oxygen Therapy refers to the administration of Oxygen under pressure for prolonged
periods for the purpose of benefitting the recipient.  HBO treatment occurs when the patient
breathes high fractions of Oxygen ( usually as close to 100% as possible ) continuously or
intermittently while the ambient pressure is elevated to a pressure of 1.4 ata PO2 (6 psi of
Oxygen) or higher as warranted.  We will define and master the differing pressure units used in
this practice in the next chapter.

Hyperbaric Oxygen Therapy is a non invasive therapy.  HBO is a well-founded and accepted
technology that assists in the treatment of certain difficult, persistent, costly or otherwise
seemingly hopeless medical problems.

“Hyper”is a word prefix that refers to an above normal condition.  “Baro” or “bar” refers to
barometric pressure.  Hyperbaric is simply referencing a condition that is above standard
atmospheric pressure.  Any environment that offers an elevated liquid or gas pressure above that
found at sea level is considered hyperbaric.

The Premier International Educational Agency for Hyperbaric & Diving Technologies
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Any environment that offers a Oxygen partial pressure above 0.21 ata is considered hyper-oxic. 
Simply breathing Oxygen, although therapeutic is not considered HBOT1.

How Does HBO Work ?

Simplistically HBO elevates the Oxygen delivery to the tissues.  The only way that Oxygen
delivery to the tissues can be increased is by elevating the partial pressure of Oxygen in the
breathing gas.  The patient must breathe the gas as Oxygen transfer through the skin is
minuscule.  The best method for administering elevated pressures of Oxygen is by means of a
hyperbaric chamber.  A normal level of Oxygen in arterial blood cannot ensure that tissue
Oxygen tensions are correct.  The blood may have the correct concentration but the tissue in
question may be deficient.  Many diseases are associated with ischemia (low Oxygen level in the
tissue) and poor Oxygen delivery because of tissue trauma or other causes of pulmonary
insufficiency.  HBO can restore normal tissue Oxygen levels by saturating the tissue with the
maximum possible amount of Oxygen at any given pressure.

As pressure increases the amount of Oxygen dissolved in tissues increases proportionally.  It is
the pressure that is the mechanism.  Henry’s Law of Solubility is the law of physics that applies
here and  will be explained in a later chapter.

What is a Hyperbaric Chamber ? 

A hyperbaric chamber is simply a pressure vessel
designed to create a controlled environment and suited
for patient occupancy.  The aspects of the environment
that is to be controlled are : Total Pressure, Partial
Pressure of Oxygen - (% x’s Pressure), Humidity and
Temperature. 

Controlling the above environmental conditions is the
responsibility of the Hyperbaric Chamber Operator
(HCO).  In addition to the environment the operator also
controls the rate of pressurization and depressurization.

     1  According to the UHMS definition and the determination of The Centers for Medicare and Medicaid
Services (CMS) and many other third party carriers, breathing near 100% Oxygen at 1 atmosphere of pressure or
exposing isolated parts of the body to near 100% Oxygen does not constitute HBO therapy.  The patient must
receive the Oxygen by inhalation within a pressurized chamber.  Current information indicates that
pressurization should be to >1.4 ata.

The Premier International Educational Agency for Hyperbaric & Diving Technologies
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The 5 Main Uses for Hyperbaric Chambers

G Administer Hyperbaric Oxygen Therapy to help or resolve a wide range of medical
problems

G To treat Decompression Illness in divers
G To rectify omitted decompression for diving operations
G To provide surface decompression for working divers
G To perform research in diving diseases and other medical research

The most common single use currently is that of treating slow-healing wounds.

How Does a Hyperbaric Chamber Work ? 

The pressure vessel is pressurized by adding Air at higher pressure, usually supplied by an Air
compressor, and permitting the patient to breathe Oxygen at this higher ambient or surrounding
pressure.  The pressurizing gas is air.  Oxygen is the breathing gas and is supplied through a
Built-In-Breathing-System called a BIBS.  The BIBS can be of several different designs2.
 
Mono-place  (single patient occupancy) chambers are frequently pressurized with Oxygen
instead of air to be more “patient-friendly” and to avoid the need for a BIBS or mouth mask. 
Mono-place chambers can be either Oxygen or air environment provided one has access to very
large volumes of Oxygen which is usually supplied in large thermos-bottle type containers filled
with liquid Oxygen (LOX).  In this case the pressurizing gas and the breathing gas are the same
...... Oxygen.  Within the USA every hospital has ready access to large volumes of Oxygen.  No
other gas system is required.  This practice developed as a convenience in clinical applications
as no BIBS is required or additional gas production / distribution system.  The patient simply
breathes.  

This may make the treatment easier and even more practical in certain cases but it does not
lessen the added risk of operating in an Oxygen environment.  We will discuss Oxygen handling
and safety issues in a later chapter.

     2 See the section in the Appendix regarding types of BIBS.
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Types of Chambers and Design Benefits

From the simplest to the most elaborate of chambers there are several common components: 
The main chamber or pressure vessel.
The Inlet Gas Port and a way to control it.
The Exhaust or Vent Port and a way to control it.
A source of pressurized Oxygen of known purity with a breathing system or pressure
controls.
Gas controls such as valving and gauges along with suitable interconnection fittings.

There are mono-place chambers for single patient treatment and multi-place systems that can
accommodate 2 or even 20+ patients.

Mono-place Chambers

Mono-place chambers are designed for treating a single patient.  They were first used about 1960
and have received wide acceptance in the medical community.  These chambers usually measure
25 to 40 inches (63.5 - 100 cm) in diameter and 96 inches (240 cm) in length.  Due to the
cylindrical configuration the patient is usually inserted on a gurney on rollers.  This requires a
17 x 4 ft clear footprint for each chamber.

This configuration requires supine patient placement with only the largest of these models
permitting a patient to recline at a 30 degree angle.

Almost all mono-place systems are designed to flush with large volumes of Oxygen (150-400
lpm) which demand a liquid Oxygen system (LOX).  The purpose of the high flush rate is to
quickly achieve a 100% oxygen environment.  With lower flow rates of 100 - 150 lpm, it can
take 20 minutes to reach maximum purity in the newer large volume chambers.

The Premier International Educational Agency for Hyperbaric & Diving Technologies
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For this reason it not common practice to perform Air Breaks3 by switching the flushing gas. 
Air Breaks are usually performed by breathing from a demand mask BIBS internally.

It is possible to re-configure these models to run on an air environment to minimize Oxygen
waste.  Oxygen is supplied to the patient through a BIBS in the same manner as multi-place
systems.   Air Breaks4 are performed by simply removing the mask or by the operator externally
switching the breathing gas.

Mono-place chambers offer a benefit of isolating an infectious or contagious patient.  Proper
cleaning and disinfecting procedures are easier and more effective in a mono-place system.  The
most current models now offer full computer-controlled operation that automatically pressurizes
and depressurizes at programed rates.  Patient needs change and therefore a good operator is still
a necessity.

Fire safety is of the paramount importance in mon-place systems operating with an Oxygen
environment.  Electrical grounding of the chamber and an almost ritualistic approach to anti-
static clothing and linens is only the beginning  of addressing the issue.  We will discuss the fire
safety issues in greater detail in a later chapter.

     3 Air Breaks is the process of changing the breathing gas from high dose Oxygen to a lower dose to relax

the Oxygen clock as an Oxygen toxicity avoidance procedure.
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Soft chambers produced from poly-vinyl-chloride impregnated nylon or the more inert poly-
urethane  are a newer entry into the medical community and have been widely accepted by those
treating in-home.  These units are inexpensive in relative terms and lightweight and mobile. 
Unfortunately these units with a few exceptions are only capable of very low pressures and
therefore yield very much reduced results.  Effective capability of these units is not based upon
fabrication materials or design type but upon designed operating pressures.  What is the dosage
capability?  Take another look at the definition of HBOT.

Summary for Mono-place Chambers:

Benefits & Advantages Issues & Disadvantages

Smaller footprint than multi-place Pressure limited to 3 ata (30 psig) or less

Lower initial system cost Limited to 4-5 treatments per day as the
norm

Easier installation obstacles Requires huge Oxygen volumes per
treatment

Easy disinfection process Air break procedures need addressing

Easy patient isolation Patients are isolated - no tender capability

Individual patient protocols Enhanced fire risk over air environment
units

Suitable for small practices Claustrophobia is more common

Multi-place Chambers

Multi-place chambers can accommodate 2 or 25 patients depending upon size and construction. 
The usual design configuration is a horizontal cylinder, however vertical cylinders, spheres and
even rectangular rib-reinforced “pressure rooms” are becoming available.  Square door entries
are much more favorable than a “crawl-through” round hatch design as gurneys and wheel-chairs
are easily positioned within.

Multi-place chambers can be “single-lok” or “double-lok” with one or two treatment sections
to permit staff ingress and egress during treatment.  Two treatment sections also mean that two
different schedules can be running in the same chamber system.

The Premier International Educational Agency for Hyperbaric & Diving Technologies
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Porthole type pass-through chambers are common on multi-place system which permit the
transfer of medical supplies in / out of the chamber during treatment.

All multi-place chambers are pressurized with air from compressors and receivers for gas
storage.  High pressure air is usually stored as a emergency back-up should the compressor or
electrical system become compromised.

Multi-place patients are sitting or reclining in an air environment breathing Oxygen via a BIBS
of some type.  Head-hoods or demand valve systems are most commonly fitted with over-board
exhaust to keep the chamber as close to 21% Oxygen as possible.  The higher Oxygen fraction,
the higher the risk of an Oxygen fire. 

Summary for Multi-place Chambers:

Benefits & Advantages Issues & Disadvantages

Reduced fire risk in an air environment Dedicated building following local codes req’d

Easier air break procedure administered High initial startup costs

Tenders provide during-treatment care Fire suppression and deluge system required

Complications more easily addressed larger staff required for operation

Staff ingress and egress from double-lok Requires large Oxygen volumes - LOX &
back-up

More patients per day can be served Requires large air compressor & back-up
system

More efficient operation at a large facility

Commonly 6 ata capability

High patient acceptance

The Premier International Educational Agency for Hyperbaric & Diving Technologies
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Several Multi-place Hyperbaric Chambers
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A Short History of Hyperbaric Oxygen Therapy

The first cohesive scientific analysis of the biological effects of increased pressure was carried
out by Paul Bert in 1878.  Coincidentally in that same year Henry Fleuss invented the first
SCUBA system.  Studies in HBO began in the 1930’s with the purpose of treating
decompression sickness and reducing the decompression times in diving operations.  Beginning
in the 1950’s and 60’s other studies focused on the use of Oxygen medicine and space
exploration, unfortunately, the knowledge gained was closely confined to those physicians and
scientists involved in diving or aerospace medicine activities.  This restriction contributed to the
confusion regarding the use of HBO for clinical management of patients.  This confusion, which
was quite evident at the time, still prevails today.  Few physicians of today have ever been even
minimally exposed to this modality during their medical school education.

Throughout the past 70 years, a large volume of confirmed data was built up through controlled
animal and human studies.  In addition, clinical data was gathered from various activities in
medical establishments throughout the world.  However, progress was hampered by the lack of
equipment and personnel equal to the standards of patient care demanded by modern medicine.

Despite these difficulties, research and the use of HBO in clinical problems has continued quietly
and professionally in various parts of the world.  In this environment the firm physiological basis
for supporting its use in a growing number of medical conditions has been established.  In Japan
during 1965, after a coal mining explosion it was proven that HBO resolves lung damage from
smoke inhalation and also resolves burn injuries promptly.

Clinical HBO therapy had its foundation in the 1950’s with the work carried out by Boerema,
Brummelkamp and others at the university of Amsterdam, and was complimented by the
pioneering work of Illingworth and others in Glasgow.
 
Several “firsts” are attributed to J. Leonard Corning, a New York neurologist.  In the late 1880's,
he was the first to introduce “compressed air baths” in the USA.  His 72" diameter chamber was
the first to operate with an electrically-powered air compressor.  He was better known as the first
to use spinal anesthesia.  His interest in the field was stimulated by his observations of the
Hudson River Tunnel site group of paralysis victims whom he considered as afflicted with a type
of spinal cord injury.  This study is likely the beginning of diving medicine.

The development of HBO therapy was largely pioneered in the United States, USSR, China and
Japan, with lower levels of activity in many other parts of the world.  In the USA, the steady
expansion of HBO therapy was the result of the activities of members of the Undersea and
Hyperbaric Medical Society (UHMS).

The Premier International Educational Agency for Hyperbaric & Diving Technologies
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Formed in 1967 by physicians and scientists involved in supporting mans undersea work, the
UHMS recognized the need to bring order and guidance to this important branch of medicine. 
Consequently in October 1975, they brought together 50 leading hyperbaric specialists from
various parts of the world.  This meeting culminated in the publication in 1978, of a state of the
art list of accepted conditions and identification of promising research areas.

Now regularly updated, the “accepted conditions” list provides a guide to physicians on currently
accepted indications5.  The list of currently accepted indications is discuss in a later chapter.   

Parallel research in Japan, which is now very active in HBO therapy, led to the publication of
a similar list of accepted conditions by the Japanese Society of Hyperbaric Medicine.  In China
one primary treatment for stroke and heart attack is HBO.  Currently, less is  known  of  the 
activities in Russia but it is known that Russia has  highly developed programs covering both
research and clinical use of HBO especially in the treatment of drug and alcohol addiction. 

Today because of the proven benefit in the clinical management of an increasing number of
acute and persistent medical problems, the use of HBO is growing continuously.  HBO is now
finding its proper place, as an important part of the armory available to modern medicine in the
constant battle against the effects of injury and disease.

What can HBO do ?

HBO is an indicated therapy in a large and increasing number of recognized conditions. The list
of currently accepted indications is discuss in a later chapter.  It is however important to
differentiate between HBO as a primary and adjunctive therapy.  In modern medicine, HBO is
accepted as the primary therapy in these conditions only: Decompression Illness, Gas Embolism,
and Acute Anoxia, i.e. Carbon Monoxide poisoning.  The value of HBO in dealing with Carbon
Dioxide and Cyanide intoxication is well established, with evidence supporting its efficacy in
mitigating the effects of subacute and chronic sequelae6 that follow exposure.  In other
conditions, it does not replace existing forms of treatment but is an adjunctive therapy.  And so,
what actually happens when the solubility levels of Oxygen increase?

     5  The list of currently “approved-by-UHMS conditions”  are listed in the Appendix and in CH 5.

     6 An abnormal condition resulting from a previous disease.
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There are 6 primary effects of increased Oxygen solubility. 

HBO is a vasoconstrictor, it therefore reduces edema

In all HBO treatments, raised arterial PO2 causes vaso-constriction, reducing blood flow and
edema, while paradoxically improving Oxygen delivery to the tissues.

HBO promotes neovascularization

In compromised and ischemic wounds, impairment of the micro-circulation causes hypoxia.  In
hypoxic areas the Oxygen partial pressure could be as low as 2 mmhg, some fibroblasts can
survive though inactive at this low PO2 level.  However when the PO2 is elevated, by means of
HBO to 20-30 mmhg fibroblasts divide producing collagen and new capillaries 
(neovascularisation).

HBO enhances the killing power of leukocytes

Leukocytes when deprived of Oxygen exhibit diminished activity and are unable to kill the
organisms they normally ingest.  Since they kill by means of an oxidative burst, their activity and
killing ability are greatly enhanced when blood Oxygen levels are elevated with HBO.

HBO kills anaerobic bacteria

In certain circumstances HBO has a use in combating certain infections such as gas gangrene,
by acting directly against anaerobic bacteria. Hyperbaric Oxygen is bacteriostatic against
anaerobes and stops exo-toxin production.  Other types of infections have shown to be
responsive to HBOT.  Physicians must determine the type of infection (aerobic or anaerobic)
prior to prescribing HBOT as a protocol.

HBO more rapidly heals vaso-deficient, poorly perfused tissue

The tissue that heals the slowest is that which has the least blood supply such as the "white
tissue" in the body.  Tendons, ligaments, meniscus in the joints, spinal discs, bones and even
brain tissues are all capillary deficient and each exhibit more rapid repair when benefitted by
HBOT.  The most common single use currently is that of treating slow-healing wounds.
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HBO regenerates damaged nervous system cells

It is now becoming well-known that HBOT is beneficial in the repair of damaged neural tissue. 
While there may be subtle differences in acute injury between electrical, chemical, ischemic,
hypoxic, traumatic and other injuries, after a brief period of time the inflammatory processes are
very similar. More importantly the pathology is nearly identical.  Wound healing is really very
similar in all cases. HBOT neutralizes the toxic cellular by-products and can return damaged
neurons to prior activity.

In Summary:
Oxygen is involved in thousands of reactions in the body.  Small increases or decreases in
Oxygen gradients effect many areas at the same time.  For the hyperbaric medical practitioner
the many effects of increased dissolved Oxygen can be exploited or considered when managing
treatment of various disease processes. The Certified Hyperbaric Chamber Operator is the
professional that delivers the medical protocol to the patient.
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Chapter 1  Application Questions

1. What is Hyperbaric Oxygen Therapy (HBOT) ?

2. How does the HBOT process work?  What makes it work better than simply “breathing
Oxygen”?

3. What is a Hyperbaric Chamber ?  How does the chamber work?

4. What are the environmental conditions that the operator is controlling?  Why do we want
to control each of these conditions?

5. What are the different configurations of hyperbaric chambers?

6. Why is it that an HCO needs to be “Type / Model” trained before being certified to
operate a specific chamber?

7. What are the six primary effects of increased Oxygen in the tissues?
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An example of a hard mono-place chamber.  Photo courtesy of Haux Hyberbarics
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Chapter 2

THE PHYSICS OF GASES;

DIVING and HYPERBARICS

Objective

This chapter will familiarize you with first, the units used and next, the gas laws relating to
hyperbaric chamber usage.  The basic principles of physics and the mathematical
relationships regarding Oxygen dosage will be explained.   Upon completion of this chapter
the student will be able to explain the gas laws pertaining to HBO and how they relate to
chamber operations.  In addition, the student will be able to determine the pressure required
to achieve the target dosage.

Pressure

There is a parallel analogy to diving that exists with HBOT as everything we currently know
originated with Diving (Hyperbaric) Medicine.  Descent is an increase in pressure.  Ascent is a
reduction of pressure.  We will be discussing the pressure in the chamber, increasing or
decreasing  pressure, partial pressure, atmospheric pressure, gauge pressure,  etc.  To proceed
with this discussion requires that we have an understanding of what is this thing we call
“pressure”.

Pressure is mathematically defined as:

Where : P  =  total pressure,
F  =  force, and
A  =  unit of area

Are you aware of the pressure surrounding your body right now?  Your should not feel the
pressure because the pressure is evenly applied in all directions.  As we will soon learn, it is the
uneven application of pressure that causes physiological difficulties. 
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Sometimes, however, we do become aware of pressure changes.  Have you ever experienced
pain in your ears while swimming underwater or diving to the bottom of a pool?  Have you felt
a pressure change or a full feeling in your ears while riding in an elevator or in an airplane? 
How about when driving through an under-river tunnel? You were able to feel the pressure
because the pressure outside of your ear was greater than the pressure inside of your ear.  This
is the meaning of uneven application of pressure.  When this pressure difference is extreme we
can call it “squeeze”. 

It is imperative that chamber operators understand the effect of pressure changes on the human
body to prevent any possible pressure injury.  Pressure injuries can occur on descent and ascent. 
Those occurring on ascent are among the most serious malady associated with HBOT,  however
with knowledge and good training they are very easy to prevent.  We will discuss how to prevent
squeeze in the later sections of this chapter but first ........ what do we mean by pressure?

Pressure Units

As we previously stated, pressure may be defined as force per unit area; some force applied on
some surface area.  In the Imperial system of measurements pressure is commonly expressed in
pounds per square inch (psi) and atmospheres.  In the Metric system of measurements the unit
of pressure most common to diving and hyperbarics is Bars and also Kg/cm2.  There is an
increasing trend to standardize with the kilopascal or kpa as the unit of pressure;  very useful as
100 kpa is equal to one Bar or atmosphere.  kpa is almost always expressed as absolute pressure.

Since the science of hyperbaric medicine is derived from diving medicine it is common today
to still see chambers operated with pressure gauges reading in units of fsw or feet of sea water.

The pressure around us is caused by all of the molecules of gas piled on top of each other making
up the atmosphere.  This is called atmospheric pressure.  Because gases are compressible, the
molecules on the bottom of the pile are packed more tightly together (denser) than those on the
top of the pile.  That is why the density of the atmosphere is greater at sea level ( or below ) than
the surrounding atmosphere on the top of a mountain.  The weight of our atmosphere,
approximately 200 miles ( 320 kilometers ) high produces a total pressure of only 14.696 psi. 
It represents the weight of a column of Air one inch square extending from sea level to outer
space.  This is called atmospheric pressure.  It is caused by the mixture of gases called Air which
is made up of matter that occupies space and has weight.

We are simply not aware of  Air pressure because it is evenly applied throughout our bodies. 
We do become aware of pressure, however, when we enter a different environment that subjects
us to a change in pressure, such as a hyperbaric chamber or while flying in airplanes.

The Premier International Educational Agency for Hyperbaric & Diving Technologies
Copyright  ANDI International August 2004



ANDI Hyperbaric Chamber Operator 2.3

This becomes even more evident when we consider more rapid pressure increases such as the
suction and pressure differential created in a tight elevator shaft or in a scuba diving situation.

Both fresh water and salt water weigh considerably more per unit than Air.  Density refers to the
weight per unit volume.   A cubic foot of water is approximately 800 times heavier than a cubic
foot of Air.7  This difference in weight per unit volume is called relative density.   As these liquid
molecules pile up on top of each other a greater pressure change occurs over a much shorter
distance.  An increase in pressure of one atmosphere above sea level requires approximately
100,000 feet while underwater this change takes place in a relatively short distance (depth).  A
pressure increase of one atmosphere in salt water requires a depth change of only 33 feet (fsw). 
(The corresponding pressure change in fresh water would require a depth increase of 34 feet
(ffw)). 
 
Therefore, another atmosphere of pressure (14.7) will be added to the pressure operating on us
in salt water for each additional 33 feet of descent and, in fresh water, for each additional 34 feet
of descent.  A 2 atmosphere chamber can pressurize to 33 fsw.  The reason for discussing HBOT
in terms relative to diving situations is due to the fact that all HBOT is based upon treatment
regimens derived from or related to diving and therefore deal with pressure in fsw units.  Also
one fsw is a far simpler unit of pressure than 0.4454 psi.  We can consider fsw and ffw to be
equal units for this course and it is sufficient to use 15 psi as a “close enough” value when
speaking in psi per atmosphere.  It does not matter what pressure units are used.  Chamber
operators refer to “going down” or “descending” when referring to an increase in pressure and 
“going up” or “ascending” when referring to a decrease in pressure.  This is due to the continued
use of gauges in fsw units and also due to the historical origins of chamber usage; diving.

We should discuss some of the different expressions of pressure with which we should be
familiar prior to any explanation of pressure/depth or gas dosage computations.

Absolute pressure refers to the total pressure exerted on an object.  Absolute pressure would
include the one atmosphere of pressure (14.7 psi) exerted by the Air plus whatever additional
pressure was exerted by the water at depth. Absolute pressure is expressed in psia or atmospheres
absolute (ata ab).  We will be only speaking of atmospheres in the absolute so for us ata is
the unit of pressure.  Note that the pressure unit “Bar” is almost equal to the ata and is
interchangeable for our purposes.  One Bar is an absolute value “bar g” is unnecessary for our
use. 

     7 Fresh water weighs 62.5 pounds per cubic foot and salt water weighs 64 pounds per cubic
foot.
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Gauge pressure refers to the pressure readings on gauges.  Since the gauge reads zero at one
atmosphere, gauge pressure may be found by subtracting one atmosphere from absolute pressure. 

Gauge Pressure = Total Pressure - 1 Atmosphere
Pressure on the gauge = Total Surrounding Pressure (ambient) minus 1 atmosphere (14.696 psi)

Gauge pressure can be expressed as psig or atm or bar.  The simply way of understanding gauge
pressure is that it is equal to the water pressure without the Air pressure.  When the pressure
vessel is empty (zero on the gauge) we know that there is still one ambient atmosphere of
pressure at sea level,  one atmosphere or one ata or 15 psia (14.7 psia).  Gauge pressure would
be zero.

ata – atmospheres absolute - a unit of pressure equal to 1.013 Bar, 10.13 msw, 101.33 kpa, 33
fsw and 14.696 psi

Ambient pressure refers to surrounding pressure, and, for our purposes will be used
interchangeably with absolute pressure and ata.

Bar - a unit of pressure equal to 0.987 ata , 10.0 msw, 100.0 kpa,  32.568 fsw and 14.503 psi

Partial pressure – ( Pg ) - the total pressure exerted by a single gas within a mixture of gases.

fO2 – the fraction or % of oxygen expressed as a decimal.  As example: 50% is expressed as 0.50 

Let us now study the changes in pressure with respect to depth.  Chart OW-1 listed below will
demonstrate the pressure changes in even atmospheres in sea water.

Chart OW-1

Sea Water Depth Ata / Bar (approx) psia (approx)

0 1 14.7   (15)

33 fsw      10 msw 2 29.4   (30)

66 fsw      20 msw 3 44.1   (45)

99 fsw     30 msw 4 58.8   (60)

132 fsw      40 msw   5 73.5   (75)
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It is possible to simply compute the pressure increase for each foot of descent in sea water and fresh
water.  For our purposes of understanding it will suffice to estimate that the pressure increase is
about ½ psig per foot of depth.  Remember that to calculate absolute pressure we must add one ata
to the gauge pressure.   Therefore .......  Divide the Depth by 2 and add 15.

The primary confusion for new students of hyperbarics is likely to be the conversion from psig on
the pressure gauge into ata,  the Oxygen dosage unit most used worldwide.  
psig on the pressure gauge is simple to read :  

How does this convert to ata and even more confusing, how does it
relate to Oxygen dosage?  Even this too, will be explained
“grasshopper”.

Zero psig is 1 atmosphere in absolute terms.  We have already
explained this.  So what is 1 psig in ata units?  1 psig is 1/14.696th of
an atmosphere.  Approximately 1/15th.   This math relationship gives
us the conversion factor of 0.068 ata for each 1 psig.  Let us round the
number a bit for easier usage to 0.07 ata for each psig unit of pressure.

psig ata

0 1.0

1 1.07

2 1.14

3 1.21

4 1.28

5 1.35

Here is what the above
pressure gauge would
look like in a dual
scale reading in psig
and “un-rounded”ata.
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Laws of Physics Relating to Hyperbarics

To better understand what is happening in the chamber we must review the basic laws of physics
that apply.  There are many effects of increased pressure.  

The overview of the discussion is as follows.  Primary effects: Boyle’s Law explains the changing
volumes of gas-filled containers, how we feel the pressure and how uneven applications of pressure
can be injurious.  Charles’s Law and Guy Luissac’s Law deal with variations in pressure, volume
and temperature.  The primary effects of pressure at work in the HBO environment are due to
Boyle’s Law, Charles’ Law and Guy Luissac’s Law.  These are called “primary effects” because we
can readily observe them occurring. 

There are also “secondary effects” at work.  Secondary Effects: Pascal’s, Dalton’s and Henry’s
Laws are “secondary effects” of pressure.  We cannot see them readily but they are still active and
are primary laws of physics.  Pascal’s law is the principle of hydraulic fluid pressure or pressure
transmission through a liquid.  Dalton’s Law explains how to arrive at the partial pressure of any
gas in any mixture.  Dalton’s Law also explains how we arrive at the “dosage” of Oxygen.  Henry’s
Law explains the solubility of gases and defines how Oxygen transfers into our bloodstream and
more importantly for HBOT, our plasma. 

Understanding these laws of Physics will not only give us an understanding of the “how and why”
of chamber operations but will also explain many of the common everyday occurrences that are also
explained by these laws of science.

Our body is composed of solids, liquids and gases but primarily of liquid – approximately 70% by
volume.  Let us shift the discussion from “primary and secondary” to address the laws that apply to
each; solids, liquids and gases. 

The only parts of our body that are solids are the dense white bone tissue.  Solids have their molecules
even closer together than liquids and are unaffected by the occurring pressure changes.  Consider a
steel rod which, for practical purposes is non-compressible.  Push with one kilogram of force on one
end.  What is the force at the other end?

The liquid portions of the body do not change in volume regard to pressure changes.  Liquids, at the
depths of sport diving and chamber operations like solids, may also be considered incompressible.  The
volume of a liquid will, therefore, not change in response to pressure increases or decreases.
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Pascal’s Law

There is a primary principle in physics called Pascal’s Law that explains the pressure transfer through
a liquid8.  It relates to HBOT directly. Pascal's Principle is the reason that all body tissue compartments
and internal bubbles experience the pressure changes that occur outside the body. 

Liquid is a non-compressible state.  Applying a force to one part of
the liquid transfers that force equally and in all directions.  Pascal
also discovered that the pressure at a point in a fluid at rest is the same in
all directions; the pressure would be the same on all planes passing
through a specific point.  If we change the pressure on one part of the
blood stream it transfers equally in all directions to all blood vessels. 

This applies for an “at-rest” condition.  Heart-beats cause pressure fluctuations but the pressure is
transmitted equally.

There is another effect of pressure on a liquid that is most important when discussing diving operations
and HBOT.

Henry’s Law

As you descend (as in diving) or otherwise increase the ambient pressure (as in a chamber) the partial
pressures of Nitrogen and Oxygen in your breathing mixture will be greater than the partial pressures
of those gases in your blood stream and tissues.  

The characteristic of a gas to move from an area of
higher concentration, your breathing mixture, to
an area of lower concentration, your blood and
tissues, is referred to as diffusion. 

The process of diffusion will continue until the
internal partial pressures, as that in your tissues, equal
the external partial pressures as in your breathing gas. 
This equilibrium describes the term saturation.

     8  In a fluid at rest in a closed container, a pressure change in one part is transmitted without loss to every

portion of the fluid and to the walls of the container.  The principle was first enunciated by the French scientist
Blaise Pascal.
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The difference between internal and external partial pressures is described as the gradient.  As
you descend to depth, there is an internal gradient, i.e., the gases of the breathing mixture passing
through the lungs into the circulatory system are packing into your tissues.  The blood stream will
become saturated almost immediately; however, it will take considerably more time to completely
saturate the tissues at depth.

Each tissue type in-gasses and off-gasses at different rates due to density and affinity for the contacted
gasses. 

The movement of gases from the lungs to the bloodstream is pressure-differential dependent.  The
greater the pressure differential the more gas is transferred to the blood stream. This phenomenon is
described by Henry's Law of Solubility 9 

For example, at present you have about one liter of dissolved Nitrogen in your tissues and blood
stream.  If you were to descend to 33 ft (2 ata) and remain until complete saturation at depth took place,
there would be two liters of dissolved Nitrogen in your tissues and blood stream.  Oxygen is a
biochemically active gas and dissolves into our tissues and blood stream in the same manner.  It is this
mechanism that explains why simply “breathing Oxygen” is not the same as breathing Oxygen under
pressure.  We will discuss this in greater detail in the next section.
 

Boyle’s Law

The gas-filled spaces present a totally different condition. Because gases are compressible any increase
or decrease in pressure on an gas-filled container will cause rapid changes in volumes.  It is the
changes in gas volumes that we feel and not the pressure per se.  Injuries can occur when a pressure
differential of sufficient amount exists in certain areas of the body.

There is another physical law, known as Boyle’s Law10, which explains the effects of pressure on gas
volumes.  Boyle’s Law, simply stated, points out that the volume of a flexible Air-filled container will
vary inversely with absolute pressure.   Therefore,  if the pressure increases, the volume will diminish.
P 8V9 .  If the pressure decreases, the volume will increase. P9V8.

     9  The English chemist, William Henry  (1775-1836) studied gases and is best known for the law of
solubility which states: the amount of a gas that will dissolve into a liquid (such as your blood and tissue fluids)
is directly proportional to the partial pressure of that gas in the surrounding medium (for example, the breathing
mixture).

     10  Robert Boyle ( 1627-1691) Irish physicist and chemist, credited with many pioneering efforts including

the Pressure / Volume relationship.  Boyle’s Law - If the temperature remains constant, the volume of a gas will
vary inversely as the absolute pressure and the density will vary directly with absolute pressure.
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Boyle’s Law 
P1 V1 = P2 V2

Using the above formula, it is possible to compute
the volume of a flexible Air filled container as it
is subjected to increasing pressure at depth.

Chart OW-2 a   Boyle’s Law:

This chart illustrates the effect of Boyle’s Law on
a flexible container (balloon) filled with Air as it
is brought to the surface from various depths.  As
you can see the balloon released from 33fsw (2
ata’s) would double in volume by the time it
reached the surface. A balloon released from 132
fsw (5 ata’s) would increase by 5 times its

original volume. 

Conversely, the same flexible container brought from the surface to 33 fsw (2 ata’s) would have its
volume reduced by one-half and brought to a depth of 132 fsw would have its volume decreased to one-
fifth. 

Chart  OW-2     Boyle’s Law

Depth fsw psig ata
Gas

Volume
Relative
Volume

Relative
Density

0 15 1 100 cu ft 100%- 1 1

33 30 2 50 cu ft 50% - 1/2 2 X’s

66 45 3 33 cu ft 33% - 1/3 3 X’s

99 60 4 25 cu ft 25% - 1/4 4 X’s

132 75 5 20 cu ft 20% - 1/5 5 X’s

Notice that the greatest relative volume change takes place between 0 and 33 fsw.  This emphasizes the
requirement that divers / patients respond immediately to pressure increases.  Depth changes in the
shallow ranges of 0-66 fsw / 1-3 ata create more radical volume and density shifts. 
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Air spaces within our bodies will be subject to compression (diminished volume) upon descent
(pressure increase) unless more Air can be introduced into them to cause the internal pressure within
the Air space to equal the external (ambient) pressure. We will discuss the physical effects of Boyle’s
Law in the next Chapter. 

The temperature changes that occur inside of a pressure vessel are resulting from Charles’s and Guy-
Lussac’s Laws.

Charles’ Law

Gas temperature and gas density increase in direct proportion to pressure.  As the pressure increases
the temperature and density of the gas also increases.  This is why the chamber will increase in
temperature regardless of other environmental conditions.  This also identifies the reason why air
compressors discharge hot gas.  Should this present an uncomfortable situation, a cooling system
specific for chambers or a refrigerated air dryer is an effective solution. It is good practice not to
pressurize the chamber if the starting temperature is > 80o F as the increase will be uncomfortable for
the patient.

Guy-Lussac’s Law

The pressure of a contained gas (Volume constant) will vary directly with temperature.  The volume of
un-contained gases (Volume variable) will increase directly with temperature while pressure is held
constant.  In a rigid container such as a high pressure gas cylinder, the pressure will increase in direct
proportion with the ambient temperature.  For this reason, cylinders made under US standards must
have a burst-disc / safety-blow-off disc, also called a pressure relief valve, to relieve excessive pressure
that may cause the cylinder to explode.  It is common knowledge that one shouldn’t incinerate or heat
a pressurized container.  Pressurized cylinders in a fire, for example will have the safety burst-disc
rupture and release pressure before the cylinder will explode.  Aerosol cans have printed warnings
regarding fires and temperature.  Aerosol cans, carbonated beverage cans, Oxygen and scuba cylinders
are examples of such susceptible containers.

The Premier International Educational Agency for Hyperbaric & Diving Technologies
Copyright  ANDI International August 2004



ANDI Hyperbaric Chamber Operator 2.11

Dalton’s Law of Partial Pressure 

Because we are breathing a mixture of gases11 that we call “air” there are other gas laws that need to
be understood before we can proceed further.

The English scientist, John Dalton, (1766-1844) devoted his life to the study of the behavior of gases
and much of what we now know was first studied by him.  John Dalton discovered that the pressure
exerted by any sample of gas is the sum of the pressures of the individual molecules.  This is explained
by Dalton's Law of Partial Pressure.12  Simply stated, the whole is equal to the sum of the parts.

For example, Air has approximately 78 molecules of Nitrogen for every 21 molecules of Oxygen.  For
simplicity, we may disregard the trace amounts of inert gases and add them to the Nitrogen, (78 + 1). 
We can then say that the total pressure exerted by Air is the sum of the pressure exerted by the Nitrogen 
molecules and the pressure exerted by the Oxygen molecules (79 + 21 per 100).  In order to understand
or determine the dosage of a gas this gas law is the key.

The fraction of the total pressure caused by the Nitrogen molecules (plus the inert gases) is 79/100 and
the fraction of the total pressure caused by the Oxygen  molecules is 21/100.  This is the “fg” or
fractional equivalent of the gas in the mixture.  We can better express this fraction as a percentage or
as a decimal equivalent.

The pressure produced by the molecules of any one gas in a mixture of gases is called the partial
pressure of that gas.  The relationship between the total pressure and partial pressure in a mixture of
gases is explained here.  We can express this law mathematically as follows:

P = P1 + P2 + P3 + P4 etc.

Where:
P = total pressure
P1 = partial pressure of gas 1
P2 = partial pressure of gas 2 etc.

     11  Air is a gas mixture consisting of: 78.05% Nitrogen, 20.95% Oxygen, 1.00% rare and other inert gases. 

(Note: the atmospheric gases that make up the 1% are Argon - 9340 ppm (parts per million), Carbon Dioxide -
314 ppm, Neon - 18 ppm, Helium - 5 ppm, Krypton - 1 ppm, and Xenon - .09 ppm.)

     12 In a mixture of gases, the total pressure is equal to the sum of the partial pressures exerted by the individual
gases.  The partial pressure of any one gas is proportional to the percentage of its molecules in the total mixture.
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When we analyze the gas mix called “Air” using Dalton's Law it looks like this:

P = P1 + P2 + (P3 + P4 + P5 etc)

In ata or bar:  P = 0.7805 + 0.2095 + 0 .01 = 1.0 ata or bar

In psig:  P = 11.47 + 3.08 + 0.14 = 14.69 psig

In percentages:  P = 78.05% + 20.95% + 1.00% = 100.00%

When discussing the pressure of these gases, we should speak of the partial pressures of Nitrogen and
Oxygen.  At sea level, the total Air pressure is one atmosphere absolute or 1 Bar (approx. 15 psia).  Air
is approximately 20% Oxygen and 80% Nitrogen13.  Therefore, the partial pressure of Nitrogen (PN2)
would be 80% of 1 atmosphere absolute or 0.8 ata (12 psi), and the partial pressure of Oxygen (PO2)
would be 20% of 1 atmosphere  absolute or 0.2 ata (3 psi).  The partial pressure of Oxygen, 0.2 ata, and
the partial pressure of Nitrogen, 0.8 ata, add up to 1.0 ata  or the total pressure.

It is Dalton’s Law that explains the pressure dosage of Oxygen.  Refer to the 3 following charts for an
illustration of the gas law.

CHART 2 - 1    PARTIAL PRESSURES OF GASES IN AIR AT DEPTH

ATMOSPHERES
ABSOLUTE

ata / Bar
P

GAUGE
DEPTH

fsw

GAUGE
DEPTH
 msw 

PARTIAL
PRESSURE OF

Oxygen
PO2

PARTIAL
PRESSURES

OF NITROGEN* 
PN2

1 0 0 0.21 0.79

2 33 10 0.42 1.58

3 66 20 0.63 2.37

4 99 30 0.84 3.16

5 132 40 1.05 3.95

6 165 50 1.26 4.74

     13  A more accurate value for Nitrogen and Oxygen composition in Air is 20.94 % Oxygen and 78.05 %

Nitrogen.  The balance of 1.01 % is composed of Argon, Carbon Dioxide and several other inert gases.
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CHART 2-1A   PARTIAL PRESSURES OF O2 AND N2 in SafeAir® 32

ATMOSPHERES
ABSOLUTE

 DEPTH
 ( fsw )

 DEPTH
( msw )

PARTIAL
PRESSURE of O2

PARTIAL
PRESSURE of N2*

1 0 0 .32 .68

2 33 10 .64 1.36

3 66 20 .96 2.04

4 99 30 1.28 2.72

5 132 40 1.60 3.40

6 165 50 1.92 4.08

CHART 2-1B   PARTIAL  PRESSURE  OF O2

ATMOSPHERES
ABSOLUTE

 DEPTH
fsw

DEPTH
msw

PARTIAL
PRESSURE of O2

1 0 0 1.00

2 33 10 2.00

3 66 20 3.00

* Rounded up to include trace gases   For our purposes, ata and bar may be used interchangeably, as these units of
measurements differ only by approximately 1%. (1 ata = 1.01325 bar)
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Symbols Required in the Mathematical Relationships

To continue further, we need to identify the rest of the symbols and abbreviations we will be using in
the following formulas.  The emphasis is on the archaic “old British/U.S.” system of units of
measurement.  However, some allowances will be made to permit incorporation of the metric system
of units into the math.

P = total pressure - usually ata in hyperbarics but also psia.  Remember that Depth is also P

psia = pounds per square inch absolute.  The total pressure in psi.

psig = pounds per square inch gauge.  The gauge pressure in psi.

ata = atmospheres absolute - ata may also approximate a metric system value “Bar”.  ata is
another way to express the pressure exerted by 33 feet of sea water, 34 feet of fresh water
or 10 meters of salt water (10 msw is a common standard for 1 Bar, and 33 fsw
“approximately” = 10 msw.)  For our purposes, Bar and ata are approximately equal units.

D = depth or gauge pressure - usually indicated in sea water and expressed as feet or meters.
Where fsw  =  feet of sea water and  msw  =  meters of sea water. 

fg = fractional equivalent of a gas or the decimal equivalent of the percentage of an
unspecified gas in a mixture of gases.

fO2 = fractional equivalent of the specified gas (such as fN2, fH2 or fHe).

Pg = the pressure of an unspecified gas in the mixture

PO2 = the partial pressure of the specified gas (PN2 etc.)

Equations and Relationships

In the following section we will explain the mathematical relationships applicable to our chamber
operations.  Please note that we will express percentages (%'s) of Oxygen as decimals.  The expression
of a decimal is equivalent to the concept of percentage.  This will make our later calculations more unit
consistent.

We must first define the relationship between psia, psig and ata.

psia = psig + 14.7 OR    psig + 1 ata
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psia = ata  x  14.7

psia = ata  ÷  0.068

psig = psia  - 14.7 OR psia - 1 ata

psig = (ata - 1)  x  14.7

ata = [(psig + 14.7)]  ÷  14.7

ata = psia  x  0.068

ata = psia  ÷  14.7

some other helpful equivalents:

Pressure at Sea Level

1 ATA - atmosphere absolute

0 psig

760
millimeters of mercury

(mmHg)

14.7 pounds per square inch (psi)

101.33 kilopascals (kPa)

760.00 torr

To you “math-a-phobes” .... Now don’t panic!    It is easier than it looks.
Let’s proceed one step at a time.
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Conversion Calculations and Determining Dosage

A review of Dalton's Law is necessary to be sure of the basics.  

P    =    Pg1 + Pg2 + Pg3 + Pg4

There is a relationship between 3 variables that can be expressed in a mnemonic that illustrates 3
formulas.  Becoming familiar with this mnemonic eliminate the need to memorize the formulae.

To solve for one of the three:

Cover the unknown, and the mathematical
expression shown by the two exposed
values, is the equation to use. 

1. Total pressure or dosage of a specific gas (Pg).  This can be expressed in units of ata or psig

Pg  = fg  x  P

What is the O2 Dosage?

PO2 = fO2 x P

example: gauge pressure is 18 psig.  The breathing gas is 100 % Oxygen or 1.00
What is the Oxygen dosage?

PO2  =  1.00  x  18 psig

The PO2 is in ata, which is absolute pressure.  We must express 18 psig in absolute pressure or psia.
Therefore 18.0 + 14.7 = 32.7 psia.  What is this in ata?

Using the unit conversions: PO2  =  18 psig  + 14.7  = 32.7 psia OR    psig + 1 ata
PO2 in ata = 32.7 psia  ÷  14.7 OR      32.7  x  0.068

PO2 in ata = 2.22
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Let’s try another.

example: gauge pressure is 26 psig.  The breathing gas is
90% Oxygen or .90
What is the Oxygen dosage?

The formula: PO2 = fO2 x P

Therefore: PO2  =  .90  x 26 psig

PO2  = 23.4 psig

Using the unit conversions: PO2  = 23.4 psig  + 14.7  = 38.1 psia OR    psig + 1 ata

PO2 in ata = 38.1 psia  ÷  14.7 OR      38.1  x  0.068

PO2 in ata = 2.59

In summary, the simple “mental math” is to covert psig to psia and multiply by "7". Actually it’s 0.07
but what does a decimal point matter?  What ata is 20 psig?  20 psig is 34.7 psia and 35 x 7 is
approximately 240 or 2.4  

OK try the math on that one.

Here is another:
What is the ata at 15 psig?  15 psig is 29.7 psia. 30 x 7 is 210 or 2.1 ata

2. Solve for Pressure.  The Pressure required in psig to
achieve a target dosage

We are solving for “P” therefore the formula is :

P  =  Pg  ÷  fg
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example: What pressure in psig do we need to achieve 2.4 ata dosage using an Oxygen concentrator
dispensing 94% Oxygen ?

P  =  Pg  ÷  fg

P (psig)  = [(Pg (in ata) x 14.7)  -  14.7]   ÷  fO2

We change the PO2 expressed in ata into PO2 expressed in psia.
Then divide by the fO2 of the breathing gas.

P (psig)  = [(2.4 ata x 14.7)  -  14.7]   ÷  .94 fO2

P (psig)  = [ 35.28  -  14.7 ]   ÷  .94 fO2

P (psig)  = 20.58   ÷  .94

P (psig)  = 21.89

Same problem using a different conversion:

P (psig)  = [(Pg (in ata) - 1) 14.7]   ÷  fO2

P (psig)  = [(2.4 - 1) x 14.7]   ÷ 0.94

P (psig)  = [1.4 x 14.7]  ÷ 0.94 =    20.58 ÷ 0.94

P (psig)  = 21.89

Another:  
What psig equals 2.55 ata ?  This is a simple conversion.  Looking at the mnemonic circle we see that
PO2 is divided by the gas fraction when solving for P.  In this case we are looking at all of the gas so
it is 1.0

2.55  ÷  1.0  =  2.55 ata which converts to psig :

First in psia = ata  x  14.7  =  37.48 psia

Next, psig = psia  - 14.7 OR psia - 1 ata  = 37.5  - 14.7  = 22.8 psig

We could also solve for the breathing gas mix but we have little need for this in hyperbaric medicine. 
This is a diving necessity when determining what is the correct breathing mix to use for a given depth
(pressure) to achieve a specific gas dosage.
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In summary, looking at the circle mnemonic diagram of our mathematical expressions of Dalton's
Law, we should readily see that by covering up the “Unknown\Solve for” value, the equation we
want is presented.  Try to use the diagram instead of memorizing the formulas.  It's easy to
remember that “Pg” is on top, then fill in the other values and all of the variations of Dalton's Law
are displayed.

OK so now we know where all of these numbers come from.  Let chart the values.
See the full chart HC-3 in the appendix of this text.

Chart HC-3  Oxygen Dosage Conversion

Conversion Table:  Gauge Pressure to Absolute Pressure (at Sea Level)

Gauge Pressure

(psig)

Total Pressure

(psia)

Total Pressure

(ata)*

PO2 @ BIBS
(ata)

using a
 100%  O2 Supply

PO2 @ BIBS
(ata)

using a
Concentrator@94%

1 15.7 1.07 1.07 1.00

2 16.7 1.14 1.14 1.07

3 17.7 1.21 1.21 1.14

4 18.7 1.28 1.28 1.20

5 19.7 1.35 1.35 1.27

6 20.7 1.42 1.42 1.33

7 21.7 1.49 1.49 1.40

8 22.7 1.56 1.56 1.46

9 23.7 1.63 1.63 1.53

10 24.7 1.7 1.7 1.6

11 25.7 1.77 1.77 1.66

12 26.7 1.84 1.84 1.73

13 27.7 1.91 1.91 1.79

14 28.7 1.98 1.98 1.86

15 29.7 2.05 2.05 1.93

* the results shown here are rounded up slightly.    The correct value is 0.068 ata per psig of
pressure change.
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We now have come a long way in our understanding of the physical laws that pertain to hyperbaric
activities.  

We previously mentioned that most military or ex-military chambers are gauged in fsw or msw units.
Should you find in your operations the need to convert ata or Bars into fsw or msw, the following
examples are offered here.

Convert ata into fsw or msw :

 fsw    =    (ata - 1) 33      OR      msw    =    (ata - 1) 10      

Convert  fsw or  msw  into ata

OR

NOTE:

1  fsw = 0.307  msw  and 1  msw  = 3.256 fsw

Try a few practice problems before you continue.

Convert and fill in the following blanks:

ata fsw  msw ata fsw  msw 

1.3 60.53

22.9 198

16 3.6

1.6 14.7

87 5.8
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Chapter 2  Application Questions

1. How would you explain “pressure”?

2. What are the Primary Effects of pressure?

3.  What are the Secondary Effects of pressure?

4.  Why is breathing Oxygen not as effective or therapeutic as HBOT?

5. Why is Dalton’s Law important for the HCO?

6. What is the memory mnemonic for Dalton’s Law?
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React to the pressure increase before discomfort occurs The HCO halts the descent and reduces pressure slightly

Patients that are not otherwise impaired easily perform Valsalva to equalize the pressure sensation
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Chapter 3

THE PHYSIOLOGICAL REACTIONS

TO PRESSURE

Objective 

This chapter will expand upon our previous knowledge regarding the laws of physics by
matching them to the patient’s physiological response to increased pressure.  Upon completion
of this chapter the student will be able to identify the causes and location of squeeze and

barotrauma, explain the physiological reactions to increased pressure and explain the
mechanism of gas solubility, bubble formation and Decompression Illness.

Primary / Direct Effects of Pressure

In our earlier discussion of the gas laws we learned that the solid bone and liquids in our body are
essentially incompressible.  We also learned that it is the gas-filled spaces that are immediately and
significantly effected by pressure changes.  Boyle’s Law is the mechanism at work.  As the
pressure increases in the environment the volume of contained gases decreases creating an uneven

application of pressure.  This uneven application of pressure is called squeeze.  When we feel the
pressure change in our ears, this is a physiologic reaction to squeeze.  Excessive squeeze can lead
to tissue injury.  Any pressure-related injury is called “barotrauma”.  

The process of introducing more Air into body Air spaces is called equalization.  Equalization of
pressure eliminates the discomfort and protects against squeeze.  For this reason it is necessary that

divers, chamber operators and patients learn the proper techniques of equalization for each of the
body air-spaces that may be subject to squeeze.  We will expand more fully on this point as we
proceed.

How and Where Barotrauma Occurs

We are primarily concerned with ears, sinuses, and to a lesser degree, lungs, teeth and intestines
with regard to the effects of pressure differentials.  Each of these areas have gas content that can

be temporarily sealed, acting as a closed container and following the Boyle’s Law compression.
This is the primary discomfort, pain and trauma issue with hyperbaric patients.   We will first
consider the problem of ear squeeze or barotitus (Aerotitis Media).
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Ear Squeeze -  Aerotitis Media

The ear may be described in terms of
the outer ear, the outer ear canal, the
tympanic membrane, the inner and
middle ear, and the eustachian tube. 
The tympanic membrane or ear drum is
a relatively thin membrane which seals
off the inner and middle ear from the
external environment.  This membrane
and its connective tissue are the areas
most subject to damage from excessive
squeeze.  Moving further into the ear
from the tympanic membrane, we find
the inner ear and middle ear which
contain the hearing and balance
mechanisms of the body.

Figure 3.1    The Outer and Inner Ear    

There is also a small tube which connects the inner and middle ear with the back of the throat
called the eustachian tube.  This small tube opens in the mandible socket area.  The eustachian
tube allows Air to pass from the throat into the inner and middle ear.  The eustachian tube is of
critical importance to hyperbaric patients and divers because of the role it plays in equalization.

Now, let us consider how ear squeeze could potentially take place.  As  the external pressure
increases on the tympanic membrane with no interaction on the part of the individual, the
pressure will tend to push the membrane inward because no further Air has entered the inner and
middle ear through the eustachian tube.  Boyle’s Law describes the compression of the volume
of the inner ear at the expense of the tympanic membrane.  Damage can occur with a pressure
differential of as little as ½ psi when at 5 psi or 10 feet of depth.  Injury could occur with
further descent of only one to two feet.  Further descent/pressure will cause the ear drum to
rupture inward.  The most serious result of ear squeeze is the impairment of auditory acuity or
loss of hearing.  

How can we recognize that ear squeeze is taking place?  First, we would feel the pressure,  if no
change occurs and pressure increases we would next feel discomfort and fullness in the ears and
then pain.  We want the hyperbaric patient to react when they first feel the pressure.  If no
reaction is taken to equalize they pressure differential continues to increase as the dive proceeds
deeper.  Pain is the result.  If the pressure differential is too great, no amount of patient effort
will be successful.  Reduce pressure or abort the dive is the only options.
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Pain is the primary symptom that the tympanic membrane and its connective tissue are under
stress.  The pain generally occurs prior to an actual rupturing of the ear drum.  The pain should
never be ignored because it indicates that tissue damage is beginning.  The chamber operator
should be carefully observing the patient during the descent.  Stop the descent and actually
reduce pressure slightly should the patient indicate pain or discomfort in the ears.

Vertigo and/or nausea and dizziness are often experienced if the ear drum is ruptured, and, in
some cases, the individual  may become unconscious.  For divers, these possible conditions are
exacerbated by cold water coming into contact with the balancing mechanism in the middle ear.

Sometimes ear squeeze occurs during ascent.  However, this condition is very rare because the
normal eustachian tube automatically releases pressure from the inner and middle ear on ascent. 
This rare malady usually occurs when the individual is being compressed with a cold or
congestion.  Nasal or sinus congestion are contraindications that must be addressed before
treatment.  Do not dive a patient with a cold or who cannot breathe through their nose.

It is also possible for an individual wearing a hearing aid to suffer reverse-block ear squeeze. 
Air is trapped between the plug and the tympanic membrane at a pressure of approximately one
atmosphere.  If the diver / patient  descends and attempts to equalize by allowing ambient
pressure to enter the inner or middle ear, a pressure differential will exist.  If the external
pressure continues to increase, the volume in the captured gas space will decrease and cause the
ear drum to rupture outward.  Therefore .........   WARNING!
Never dive a patient with a hearing aid installed . 

If the pain of ear squeeze persists after the compression / dive, a physician should be contacted
immediately.  In the event of a ruptured ear drum, indicated by blood in the ear canal, a physician
should be contacted as soon as possible.  Allow nothing to get into the ear until medical
treatment can be rendered by properly qualified personnel.

Specific prevention techniques for ear squeeze must be learned and consistently practiced by the
safety conscious.  Prevention is the most important segment of the entire discussion on ear
squeeze.

Prevention of Ear Squeeze

Ear squeeze is prevented by the following equalization procedures : yawning, swallowing,
rotating the jaw or the Valsalva technique.  The Valsalva technique is performed by pinching off
the nostrils and blowing gently until the pressure is equalized.  The Valsalva method should be
used very carefully only if yawning, swallowing, and rotating the jaw are found to be
insufficient.
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These equalization techniques relax the muscles controlling the opening of the eustachian tube
and allow ambient pressure to enter the inner ear.  Every patient must be properly counseled
concerning equalization of the ears and sinus prior to compression.  

Occasionally patients are unable to properly equalize or may be otherwise physically or mentally
disabled and unable to be trained.  Also children may sometimes be difficult to dive.  Infants are
especially prone to ear squeeze issues.  In all of these cases it is possible to manage the acute
barotitis by means of myringotomy, which is the surgical perforation of the tympanic membrane.
Placement of small tubes to automatically equalize pressure differentials should follow.  These
tubes will be spontaneously extruded after several months leaving a healed membrane intact.

Here are a few general notes of CAUTION which the patient should be made aware regarding
equalization of the inner ear: 

Do Not compress with a cold.  The mucous will tend to block the eustachian tube making
equalization very difficult.

Never try to force Air into the inner ear.  Blow gently along with jaw rotation if the valsalva
technique is used.

Do not dive a patient with hearing aids, ear plugs or excessive cerumen.

Do Not wait for pain to begin to equalize. You must develop the proper descent technique to
protect your ears from possible squeeze.  Begin to equalize immediately upon descent. 
Control the rate of descent so the pressure never gets ahead of the equalization process.  
Iyt is often most helpful to hold the pressure at 3-4 psig until the patient is comfortable before
proceeding with the descent.

At the physicians direction, decongestants may be administered prior to the dive for patients who
have experienced difficulty in the past.  Spraying the nose liberally with topical vasoconstrictor
such as oxymetazoline ( Afrin® ) or phenylephrine ( Neo-Synephrine® ) 10 minutes before the
dive  is a great aid in administering a comfortable dive for these patients.

The key to the correct equalization procedure is simple : If any pain develops, stop the 
descent, ascend a few feet until the pain subsides, clear, continue the descent clearing all
the way to the target depth / pressure.
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Sinus Squeeze  (Aerosinusitis)

We have four pair of sinuses: the frontals, the
maxillaries, the ethmoidals, and the sphenoids.

The sinuses are hollow spaces in the bones of the
skull and are lined with mucous membrane.  They
are connected to the nasal passage by narrow
tubes which can be blocked by congestion or
irritated tissue.

The sinuses serve to lighten the skull, warm and
humidify the breathing gas, and resonate the
voice.  
See Figure 2.2 to locate the position of each pair
of sinuses.  

The frontal and maxillary sinuses are the most
important with respect to squeeze.

Figure 3.2  The Sinuses             

Sometimes mucous or congestion caused by colds, allergies, and infections will block the
openings (osita) of the sinuses and cause the membranes surrounding the openings to swell.  Gas
is thus trapped in the sinus at one atmosphere absolute with almost no way to equalize if the
ambient (external) pressure were increased.  

Upon descent, increasing pressure transmitted through the blood stream causes the membranes
inside the sinuses to rupture.  This causes the gas volume in the sinuses to decrease with the
remaining volume taken up by blood and tissue.

The primary symptom of sinus squeeze is usually a sharp pain or wedging sensation directly
above the eyes.  The pain and sensation of pressure may be lessened somewhat when tissue
damage take space within the sinuses.  If damage does take place, there may be a slight amount
of blood draining from the nose upon completion of the compression cycle / dive.

Usually sinus squeeze does not require formal medical treatment.  If the sinus congestion or pain
persists, consult your physician.  You should not compress until the sinus congestion clears up.
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Prevention of Sinus Squeeze 

Sinus squeeze can be easily prevented by not compressing / diving when you have a cold or any
sinus congestion.  Remember, the frontal and maxillary sinuses can be equalized by the Valsalva
technique at the same time pressure in the middle ear is equalized.  Spraying the nose liberally
with topical vasoconstrictor such as oxymetazoline ( Afrin® ) or phenylephrine ( Neo-
Synephrine® ) 10 minutes before the dive  is a great aid in administering a comfortable dive for
these patients.  However be aware that sinus congestion may not be fully cleared by use of
decongestants.

Hyperbaric patients may use any of the standard non-prescription decongestants without the
same risks associated with drowsiness.

Lung Barotrauma - Thorasic Squeeze and Over-expansion

We shall now consider a squeeze situation which does not occur during hyperbaric therapy.  If
fact, it is impossible to occur when a patient or diver is breathing continuously during
compression.  It needs to be mentioned here for accuracy only.  This condition would occur
during deep, breath-holding sport diving.  Following Boyle’s Law the lungs act as a flexible
balloon-type pressure vessel and will compress during a breath-hold dive.  Deep enough and
sufficient compression of the lungs will cause pain in the chest from the volume reduction.

There is the reverse reaction on lung volume that is a possibility.  Obviously, continuous
breathing maintains normal expansion and contraction of the lungs.  As above, breath-holding
while compressing causes the lung volume to decrease.  However a more serious, although rare
situation of lung expansion is possible.  Over-expansion of the lungs can occur during hyperbaric
therapy during a decrease in pressure (on ascent) if the patient has a glottis spasm or breath-
holding due to a CNS seizure.  We will be discussing this reaction to “too much Oxygen” in
detail in the section on Oxygen toxicity.

The lungs can only stand an over-pressure of approximately 2 psi.  Therefore the immediate
reaction to a choking situation should not be to drop the pressure.  Pressure reduction should
only occur if the patient is breathing sufficiently to inflate and deflate the lungs.

Lung over-expansion is serious and life threatening.  It can result in less serious maladies:
subcutaneous emphysema, mediastinal emphysema, and pneumothorax.  These injuries are
grouped together because the signs and symptoms overlap.  It is not important to diagnose which 
malady you may be looking at.  Arterial Gas Embolism is the most serious result of over-
expansion of the lungs. We will address this separately.
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In subcutaneous emphysema, the gas bubbles lodge in the neck and the area around the collar
bones. In mediastinal emphysema, the gas bubbles lodge in the tissues surrounding the heart. In
pneumothorax, the gas bubbles lodge in the pleural cavity and collapse the lung.  All three of the
above injuries are caused by gas bubbles escaping from ruptured alvioli into the various tissue
layers of the chest and neck.  

In subcutaneous emphysema the gas escapes from the lungs into the area of the heart
(mediastinum) and moves up along the windpipe (trachea) into the region around the collar bone
(supraclavicular region) and the neck. 

In mediastinal emphysema gas escapes from the lungs into the area of the heart (mediastinum).
The gas presses on the heart and the surrounding blood vessels. 

In pneumothorax gas escapes from the lungs and moves between the covering of the lungs
(pleural lining) and the rib cage. The expanding gas will tend to collapse the lung and may press
against the heart affecting circulation.

Each injury evidences certain characteristic symptoms or signs as determined by the body's
responses to the different positions of the gas bubbles.  However all of these barotrauma exhibit
the sign of breathing and circulatory difficulties.  The signs and symptoms are usually mild and
short-lived in the HBOT environment as the patient is usually breathing Oxygen which is easily
metabolized.  Oxygen bubbles are still harmful but are short lived as every cell eats Oxygen. 

All chamber operators should evaluate their ability to react properly in an emergency.  Training
in Oxygen Administration, First Aid and CPR are basic skills that enhance the facility safety and
the operator’s confidence and competence level.  Your ANDI  Training Facility is the best source
of this training

Arterial Gas Embolism

Embolism is a word derived from the Latin “embolus”  meaning  blockage.   Some blockage of
the bloodstream, from whatever cause is an embolism.  Air embolism or arterial gas embolism
occurs when a bubble or bubbles enter the bloodstream through damaged lung tissue, arteries
or though a PFO14 causing a blockage in a blood vessel.  The alveoli rupture at an overpressure
in excess of 2 psi and release gas bubbles into the lung circulatory system (pulmonary capillary
bed).

     14 PFO or Patent Foramen Ovale is a condition in which the incomplete closure of the heart chamber

walls permit venous blood to enter the arterial side without passing through the pulmonary vessels. 
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The gas bubbles travel through the pulmonary vein to the left side of the heart into the aorta and
finally into the carotid arteries leading to the brain.  The gas bubbles tend to rise and since the
victim is usually in a head-higher attitude, the bubbles will easily follow the circulatory route to
the brain. 

The arteries leading to the brain branch into increasingly smaller vessels until the smallest blood
vessels, the capillaries, are reached.  All gas bubbles will be expanding (Boyle's Law) at the
same time the blood vessels are narrowing.  Ultimately, circulation will be blocked or obstructed. 
The brain is extremely sensitive to such circulatory obstructions and may be irreversibly
damaged if circulation to the affected parts is not resumed within 4 to 6 minutes. There may be
many emboli or obstructions to brain (cerebral) circulation present.

As mentioned this situation is extremely rare but possible in HBOT.  Additionally, the patient
is breathing Oxygen which is easily metabolized.  Oxygen bubbles are still harmful but are short
lived as every cell eats Oxygen.  When discussing diving maladies “the bends” or decompression
illness are familiar terms.  These are caused by inert gas (usually nitrogen) bubbles causing
problems as they cannot be metabolized (inert).  There is no such malady as “Oxygen bends”. 

AGE is not only a malady relating to divers, AGE is a frequent and grossly under-diagnosed,
iatrogenic15 event in modern medical practice, with significant morbidity and mortality.  

It is interesting to note here that the treatment for the AGE malady is recompression in a
hyperbaric chamber.  This is best accomplished in a chamber that is capable of reaching 6 ata. 
The standard treatment protocol for AGE is US Navy treatment table 6 which requires
pressurization to 6 ata to crush the bubbles and through the Henry’s Law reaction, drive the
bubbles back into solution in liquid form where they can be off-gassed in the pulmonary system
in the normal fashion.  Re-read this section after the section on diffusion and bubble formation.

Tooth Squeeze  - ( Aerodontalgia )

Sometimes, when teeth are filled or when significant decay is present, a small Air pocket is left
between the filling and the nerve ending inside the teeth.  As the ambient pressure increases
during descent, the pressurized blood and tissue will be drawn into the shrinking and closed gas
space.  Only a slight displacement of nerve tissue will cause considerable pain to develop in the
affected teeth.  There is nothing possible for the chamber operator to do except abort the dive.

     15  Induced inadvertently by a physician or surgeon or by medical treatment or diagnostic procedures. 

Causes of iatrogenesis include: side effects of a treatment, drug interactions, medical error, negligence, un-
prepared surgeons with personal complications, unnecessary treatment for profit.  Unlike an adverse event, an
iatrogenic effect is not always harmful, i.e. a scar as a result of surgery.
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The patient must consult with their dentist to remedy the condition.  You will definitely be made
aware of the problem, usually at the first 8-10 psig of pressure.  It is quite painful. 

Intestinal Squeeze

Intestinal squeeze is distinguished from other body cavity squeezes in that it occurs only upon
ascent.  The squeeze may take place within the stomach or in any part of the digestive tract. 
Intestinal squeeze is caused by the digestion of gas producing foods during the compression
process / dive.  Gases formed in the digestive tract will automatically be pressurized to ambient
or surrounding pressure during the dive.

Intestinal squeeze can cause intense pain and discomfort if the ascent is too rapid and fails to
allow the expanding gases to escape slowly.  Usually no treatment is required; however, if the
pain persists, a physician should be consulted.

Prevention of Intestinal Squeeze 

Do not eat gas producing foods prior to compressing / diving.  If the patient complains of
intestinal pain on ascent, slow the ascent rate to protect against any possible injury.

Indirect / Secondary Effects of Pressure

We have already learned about the actions caused by the “primary” effects of pressure in the
descriptions of squeeze and overexpansion.  By “primary”, it is meant not as the most important
but rather that which is first apparent.  More importantly, we learned the simple steps of
prevention. However, there are other diving maladies caused not by the uneven direct application
of pressure but by the consequence of physical or chemical effects on human physiological
processes.  Different gases cause different effects on our well-being dependent on time and
pressure.

Physiological Effects of Henry’s Law

As we increase the ambient pressure, the partial pressures of any gas in your breathing mixture
will be greater than the partial pressures of those gases in your blood stream and tissues.  The
difference in pressure between internal and external partial pressures is described as the
gradient. 
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The characteristic of a gas to move from an area of higher concentration, your breathing mixture,
to an area of lower concentration, your blood and tissues, is referred to as diffusion.  Diffusion
is the result of a gradient.  No gradient; no diffusion.

The process of diffusion will continue until the internal partial pressures, as that in blood and
tissues, equal the external partial pressures as in the breathing gas.  This describes the term
saturation.  The tissues are saturated when there is no gradient or diffusion.  As you read this
the partial pressure of your breathing gas is equal to the partial pressure of the dissolved gases
in the pulmonary veins.  No more gas can be absorbed at this pressure.  Now again, Henry’s
Law.

When we increase the pressure, we increase the liquid’s ability to hold gas in solution. 
Create the gradient; initiate diffusion; increase solubility; increase the amount of Oxygen
in the plasma; deliver more Oxygen to the tissues; achieve saturation.  That’s HBOT in a
few phrases.

The Mechanism of Oxygen Saturation

A normal level of Oxygen in arterial blood cannot ensure that tissue Oxygen tensions are correct. 
Even totally saturated hemoglobin cnnot insure that tissues are receiving the correct amount or
even sufficient amount of Oxygen.  Many diseases are associated with ischemia16 and poor
Oxygen delivery because of tissue trauma.  The volume of Oxygen delivered to normal tissue,
is the sum of the amount carried in saturated hemoglobin, plus the amount in physical solution
in plasma.  When breathing 100% Oxygen, this is approximately 2 vol% in physical solution for
each atmosphere (760 mmHg) of pressure.17  

Oxygen content at any given point in tissue has three factors: the tissue’s distance from
functioning capillaries, the Oxygen requirement of that tissue and the Oxygen tension in the
capillary.  Hyperbaric Oxygen therapy works by elevating the plasma Oxygen level in proportion
to the partial pressure of inspired Oxygen.  Therefore at 3 atmospheres the amount of Oxygen
dissolved in the plasma is increased to approximately 6 vol% even though the amount of Oxygen
carried by hemoglobin remains the same.  

     16   Ischemia is a restriction in blood supply to tissues, causing a shortage of Oxygen and glucose needed for

cellular metabolism (to keep tissue alive).

     17  At sea level breathing air, there is 0.7 ml volume of Oxygen dissolved in 100 ml of plasma. Breathing

100% Oxygen shifts the dissolved level to approx 2.0 ml volume.
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At this pressure of Oxygen there is sufficient tissue perfusion18 to sustain life without blood.

The Mechanism of Bubble Formation and DCI.

This section will discuss the physical mechanism of bubble formation and offer a simple
overview of Decompression Sickness or DCS.  DCS is the term used for the condition in which
free bubbles of inert gas (usually nitrogen) originate from the Henry’s Law mechanism, collect
and cause tissue damage.  Once these bubbles collect and travel in the pulmonary system they
cause a full series of physiological and neurological issues which are grouped together and called
Decompression Illness or DCI.  DCI is merely the presence of bubbles and makes no distinction
as to the cause, whether Boyle’s law or Henry’s Law.  AGE is a condition grouped under DCI. 
This information does expand the Henry’s law understanding and is simply “good to know”. 
However should we be treating any diving disease this becomes “Required Knowledge”. 

How Does the Malady Take Place?  

Decompression sickness occurs when the diver has remained at depth too long and surfaces too
quickly thus exceeding the tissue tolerance gradient and allowing the excess Nitrogen to come
out of solution in the blood and tissues in the form of free gas bubbles.  DCS is caused by a diver
becoming supersaturated with Nitrogen to too great a level and allowing the external pressure
to be released too quickly, i.e., ascending too fast.  The effect is much like that achieved when
the top of a carbonated beverage container is released too quickly and bubbles form.  If the
pressure is released slow enough, bubble formation will not result.  The malady is a function of
the pressure of Nitrogen and the time of exposure to that pressure.  Once the bubble has formed
its cause is usually indeterminable and the resulting maladies are grouped together as
Decompression Illness.

At present, you have about one liter of dissolved Nitrogen in your tissues and blood stream.  If
you were to descend to 33 ft (2 ata) and remain until complete saturation at depth took place,
there would be two liters of dissolved Nitrogen in your tissues and blood stream.  We now know
that this phenomenon is described by Henry's Law of Solubility which we have previously
explained.  And again here .....  the amount of a gas that will dissolve into a liquid (such as your
blood and tissue fluids) is directly proportional to the partial pressure of that gas in the
surrounding medium (for example, the breathing mixture). 

     18  Perfusion is the process of a body delivering blood to a capillary bed in its biological tissue.
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It takes approximately 24 hours for complete tissue saturation to take place at any depth. 
Therefore, if a diver remained at 4 ata (99 ft) for 24 hours breathing compressed Air, the diver
would have 4 times as much dissolved Nitrogen in his tissues and blood stream as he would on
the surface.  To say that a diver is saturated with Nitrogen at depth means that the gradient has
diminished to zero and the internal and external gas partial pressures are equal. 

What would happen if the diver were brought back to the surface after spending some time at
depth breathing compressed Air at ambient pressure?  The internal gas partial  pressures
would be greater than the external gas partial pressures. The descriptive term for this
condition is super-saturation.  There is an external gradient in this situation because the greatest
movement of gases is from the tissues and blood stream into the surrounding Air.

The Nitrogen remains in solution in the tissue fluids and blood stream so long as the external
gradient does not become too great.  This is the same concept as the can of soda stays fizzy as
long as the container stays sealed.  Break the seal, reduce the pressure and we get bubbles
forming as free gas.  Carbonated water or club soda in a clear container looks like water until
there is a sufficient external gradient.

It is proper to say that the human body can stand a certain level of super-saturation. We doen’t
get “the bends” when we fly in an airplane or drive through an under-river tunnel because the
gradient isn’t sufficient to cause free bubbles to form.  If that level is exceeded, i.e., if the
external gradient is too large, the Nitrogen will come out of solution in the form of free bubbles
in the tissues and blood stream causing various forms of tissue damage.

It was the British physiologist, J. S. Haldane, who first estimated the tolerance level for Nitrogen
super-saturation in the human body.  He estimated that the body could withstand a 2:1 tissue
gradient. Using Haldane's values, a diver could spend 24 hours at 2 ata / 33 fsw and become fully
saturated with Nitrogen at a partial pressure of 1.6 ata (.80 x 2 = 1.6) and return to the surface
pressure of 1 ata with no ill effect.  The partial pressure of Nitrogen at the surface is .8 ata (80%
x 1 = 0.8). The tissue gradient would be 1.6 to .8 or 2 to 1.  The 2:1 tissue gradient ratio became
the basis for the US Navy’s and the Royal Navy of Great Britain’s stage decompression
technique.

We learned 75+ years later that Haldane’s ratio is not exactly correct. Close but not close
enough.  ANDI’s decompression tables and others including those designed into the Personal
Dive Computers of today use a more conservative approach.
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It becomes clear that if the diver were to go deeper than 2 ata, it would take a certain amount of
time for the maximum tolerable tissue gradient to be reached.  The time a diver can spend at a
specific depth and surface at a rate of 9 meters per minute ( 30 feet per minute ) without stopping
to stage decompress is based on the amount of time it would take for various body tissues to
reach their maximum tolerance gradient.  This is the time/pressure value that permits a direct
ascent to the surface without stage stops to gradually lower the gradient.  

Since No-Stop-Required limits are based upon the partial pressure of Nitrogen in the breathing
mixture, the simple answer to extending those time limits or providing a larger safety margin is
to breathe less Nitrogen.  The relationship is merely math and physiology.  This is the basic
concept of diving with SafeAir®.   The first training system and infrastructure for SafeAir®
diving was developed by ANDI’s founder, Edward Betts.  This changed the way the entire world
use breathing gases and opened the door to the new technology of technical diving and closed
circuit rebreathers.   As an example of a dive table look at the following two charts. 

NSR Limits for Air Diving   (79 N2 / 21 O2)  excerpted from  Decompression Table A-1

30 40 50 60 70 80 90 100 110 120 130
Depth

fsw

9 12 15 18 21 24 27 30 33 36 39
Depth
msw

300 125 85 55 40 33 25 23 20 17 15
NSR

Limits

NSR Limits for SafeAir 36 Diving   (64 N2 / 36 O2)

30 40 50 60 70 80 90 100 110 120 130
Depth

fsw

9 12 15 18 21 24 27 30 33 36 39
Depth
msw

no
limit

400 300 125 85 55 40 33 25

exceeds the 
depth limit
for SafeAir

36

NSR
Limits

It was pointed out earlier that it takes 24 hours for Nitrogen absorption (taking in Nitrogen) to
reach the level of saturation at any given pressure.  When a diver surfaces in a supersaturated
condition, it takes 24 hours for the partial pressure of Nitrogen in the diver's tissues to return to
the Nitrogen partial pressure in the surrounding Air.  The de-saturation process is called
Nitrogen elimination or off-gassing.
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Divers must refrain from flying in an Airplane until the Nitrogen remaining in their tissues is low
enough to tolerate the reduced ambient pressure in a pressurized cabin.  The ambient pressure
would be further reduced if flying in an Airplane that does not have a pressurized cabin.  The
ANDI  Dive Tables address the “time to fly” issue clearly in the instructions for use.

We should now consider some of the conditions of Nitrogen absorption and elimination.  Most
of our discussion has been devoted to the consideration of Nitrogen absorption and elimination. 
Why should we not also be concerned with Oxygen absorption and elimination?  Every cell in
the human body metabolizes Oxygen.  Oxygen does not enter into considerations of absorption
and elimination (Henry's Law) until extreme partial pressures are applied.  Pressure beyond
human tolerance and safety. For sport diving, advanced exploration activities and even extended
hyperbaric Oxygen therapy this is not a problem.  We will consider other possible problems with
high partial pressures of Oxygen in later chapters.

Oxygen taken into the body through the lungs will combine chemically in the human body, and,
to a certain level, even if the Oxygen partial pressure is raised and the ambient pressure reduced,
the excess Oxygen will be rapidly eliminated through normal bodily functions. 

Why, then, is Nitrogen a problem?  Inspired Nitrogen (Nitrogen taken into the body through the
lungs) is chemically inert. The inspired Nitrogen does not become involved in body chemical
reactions, and, therefore, is not used up as in the case of Oxygen.  The inert Nitrogen simply
continues to pack into the blood stream and tissues so long as the diver remains at depth. 

There is a constant supply of breathing gas at ambient pressure in the lungs moving toward
equilibrium (saturation) if the diver remains long enough at depth.  Each breath could be
compared to the stroke of a pump attempting to increase the pressure in a closed system.  Each
breath packs more Nitrogen into the blood and tissues.  It should be pointed out that a rapid
breathing rate and higher than normal workloads will pack the Nitrogen into the tissues more
quickly than at normal breathing rate.  

The process of raising the partial pressure of Nitrogen in the blood and tissues to ambient
pressure does not occur instantaneously.  There is a Time / Pressure relationship as
demonstrated by the dive tables.   tN2 / PN2

Three factors are involved in how quickly the tissues are brought to equilibrium: the efficiency
of the blood supply to the tissues, the amount of fatty or lipid content in the tissues and the
partial pressure of the Nitrogen.  Be aware of this time / pressure relationship.  As the partial
pressure of the Nitrogen goes up the no-stop-required time limit goes down.  As the partial
pressure of Nitrogen goes down the no-stop-required time limit goes up.  This holds true for any
mixture containing an inert gas fraction.
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The tissues will reach saturation more quickly if they have a rich blood supply.  Remember,
these tissues will also eliminate Nitrogen more quickly upon ascent.  The tissues with a high
lipid content will absorb 5 times as much Nitrogen as will tissues with a high muscle content. 
These tissues also have a reduced blood supply and give up Nitrogen slower.

If two variables, circulatory efficiency and lipid content are applied to the consideration of
human tissue types, it should be pointed out that we have hundreds of tissue types each having
a different rate of gas absorption and elimination. Various parts of your body will absorb and
eliminate Nitrogen at different rates.  

The following is a summary of the physical laws that pertain to the body's response to breathing
a Nitrogen / Oxygen mixture at increased pressure.

1. Inspired Nitrogen is chemically inert in the human body. 
2. Nitrogen enters the blood stream in respiration and packs into the tissues when a gradient

is present.
3. It takes approximately 24 hours for complete Nitrogen saturation to take place at a given

depth. 
4. The rate at which tissues take on Nitrogen is dependent upon the efficiency of the blood

supply to that area of the body. 
5. The amount of Nitrogen taken on by the tissues is largely determined by the lipid content

of the tissues. 
6. The tissues absorb Nitrogen in direct proportion to the increase in the partial pressure of

that gas ( PN2 ) in the surrounding medium, i.e., the breathing gas at ambient pressure.
(Henry's Law)

7. Hundreds of different tissue types in the human body absorb Nitrogen at different rates.
8. A diver returning from depth to the surface will be supersaturated with Nitrogen. The 

tissues will eliminate excess Nitrogen at much the same rate as they absorbed it.
9. Inert gas  will escape from the tissues and blood stream in the form of free bubbles if the

external tissue gradient is too great.
10. Since the entire human body is composed of various tissues and no cell is greater than a cell

thickness away from a blood vessel, all parts of the body could therefore be affected by
decompression sickness.   DCS evolves into DCI.   DCI is the term for the group of bubble
related injuries.
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Treatment  

Treatment for decompression illness can only be diagnosed by competent medical personnel. 
In almost all cases, recompression is the primary treatment.  Treatment should not be delayed. 
The sooner recompression treatment is begun, the less chance there is for any lasting tissue
damage.  Seek competent medical aid immediately.

1) Administer CPR if required.
2) Administer Oxygen.
3) Treat for Shock.
4) Seek medical assistance from trained personnel. 
5) Transport the patient to a hyperbaric facility for further evaluation.

Do not discontinue the administration of Oxygen during transport.
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Chapter 3  Application Questions

1. What causes the sensation of increased pressure?

2. What process relieves this pressure sensation?

3. Where does uneven application of pressure ( squeeze ) occur in our body?

4. What determines a tissue’s Oxygen content?

5. What is the cause of diver’s decompression illness?
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Chapter 4

THE PATHOPHYSIOLOGY OF OXYGEN

Objective 

This section will expand upon our previous knowledge regarding the laws of physics with the
emphasis on the patient’s physiological response to increased pressure of Oxygen as related
to hyperbaric activities.  Upon completion of this chapter the student will be able to list several
of the more significant reactions to hyperbaric Oxygen, explain the Oxygen clock concept, list
the signs and symptoms of CNS Type Oxygen Toxicity, demonstrate the use of the ANDI
Chart 2-4H listing the exposure limits of Oxygen and to explain the “why and how” of
implementing air breaks in the treatment process.

Introduction

The topic of Oxygen pathophysiology19 is extremely complex with many areas yet to be fully
understood by modern medicine.  This text will limit the discussion to what is necessary and
helpful knowledge for the certified chamber operator and in no way considers this a substitute
for more complete medical information.  This topic is written for non-medical personal. 

Effects of Increased Oxygen Pressure

As was discussed in Chapter 1, there are 6 primary effects resulting from HBO.  These were listed there
however we should revisit these and then expand these a bit.

HBO is a vasoconstrictor, it therefore reduces edema

In all HBO treatments, raised arterial PO2 causes vaso-constriction, reducing blood flow and
edema.  Despite decreased blood flow to systemic organs, overall tissue Oxygenation
paradoxically improves due to high PO2 and increased blood Oxygen.  Any inflammatory
condition reacts favorably to HBO.   The constriction does not produce hypoxia, so HBO can
reduce edema and increase Oxygenation to an area at the same time.

     19  Pathophysiology is the study of the disturbance of normal mechanical, physical, and biochemical
functions, either caused by a disease, or resulting from a disease or abnormal syndrome or condition that may
not qualify to be called a disease.  An alternate definition is "the study of the biological and physical
manifestations of disease as they correlate with the underlying abnormalities and physiological disturbances.
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CO2 is a more potent vasodilator than Oxygen is a vasoconstrictor. In areas with CO2 build-up,
vasodilation increases Oxygenation.  Swelling and edema are stopped by preservation of ATP.
ATP or adenosine triphosphate is the power source for cellular activity.

Another related benefit is identified in the fact that HBO has a concomitant analgesic effect (pain
reduction) due to the reduction of edema and inflammation.

HBO promotes neovascularization

In compromised and ischemic wounds, impairment of the micro-circulation causes hypoxia.  In
hypoxic areas the Oxygen partial pressure could be as low as 2 mmHg.  Some fibroblasts can
survive though inactive at this low PO2 level.  However when the PO2 is elevated, by means of
HBO to 20-30 mmHg fibroblasts divide producing collagen and forming new capillaries 
(neovascularisation).  HBO also promotes (indirect, delayed) neovascularization.  Several days
following treatment there is a benefit derived even though Oxygen levels may have returned to
pre-treatment levels.  Although decreased Oxygen tensions stimulate angiogenesis, underlying
supporting collagen is needed for it to be effective. HBO increases the tensile strength of
wounds, and collagen deposition improves providing benefit in non-healing, slow healing
ischemic wounds.

HBO enhances the killing power of Leukocytes

Leukocytes, when deprived of Oxygen exhibit diminished activity and are unable to kill the
organisms they normally ingest.  They need Oxygen to kill the invading organisms and are active
only when enough Oxygen is available to them. Their activity and killing ability are greatly
enhanced when blood Oxygen levels are elevated with HBO.

Oxygen tension below 30 mmHg impairs the ability of polymorphonuclear leukocytes to kill
bacteria ( phagocytosis ).  This Oxygen level is found in the common wound and even lower
levels in diabetic ulcers.  The leukocytes cannot hunt and kill in this environment because there
is no oxidative burst to produce peroxide and toxic radicals for microbial killing.

HBO kills anaerobic bacteria

Related to but different from the previous, HBO kills anaerobes even without leukocyte activity. 
High dose Oxygen corrects tissue hypoxia, the growth medium of anaerobes.  This is primarily
bacteriostatic but also weakens the organisms.  Oxygen free-radicals produced overwhelm
anaerobes, which lack superoxide dismutase and catalase to counteract.  
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In addition, when a cell dies from bacteria infection it releases various chemicals toxic to its
neighbors.  These cyto-toxins kill more cells and provide the media for more bacteria growth. 
HBO halts exo-toxin production stopping this chain reaction.

In certain circumstances HBO has a specific use in combating infections that are most harmed
by HBO such as gas gangrene.

Hyperbaric Oxygen enhances aminoglycocide activity and function.20  Essentially HBO makes
anti-biotics work better.  We call this interaction pharmakenesiology. 

HBO more rapidly heals vaso-deficient, poorly perfused tissue

The tissue that heals the slowest is that which has the least blood supply such as the "white
tissue" in the body.  Tendons, ligaments, meniscus in the joints, spinal discs, bones and even
brain tissues are all capillary deficient and each exhibit more rapid repair when benefitted by
HBOT.  What determines a tissue's Oxygen content?  Actually there are several factors,
primarily: the tissue's distance from functioning capillaries; the Oxygen requirement of that
specific tissue as different tissue types have different requirements; the Oxygen tension in the
nearest capillary which determines availability.  These factors are critical in all healing
processes.

The most common use of HBO within the USA today is that of wound healing of diabetic ulcers. 
It is through the Henry’s Law mechanism that tissue with little or no blood supply derive the
extra Oxygen (delivered in the plasma) needed to repair.

HBO regenerates damaged nervous system cells

It is now becoming well-known that HBOT is beneficial in the repair of damaged neural tissue. 
While there may be subtle differences in acute injury between electrical, chemical, ischemic,
hypoxic, traumatic and other injuries, after a brief period of time the inflammatory processes are
very similar. More importantly the pathology is nearly identical.  Wound healing is really very
similar in all cases. HBOT neutralizes the toxic cellular by-products and can return damaged
neurons to prior activity.

     20  Aminoglycocides are antibiotics effective against aerobic Gram-negative bacilli and Mycobacterium

tuberculosis.  Aminoglycocides get their name because they form from amino sugars joined by a glycoside to a
central hexose.  Common aminoglycocides are streptomycin, neomycin, and gentamycin.
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Reducing Reperfusion Injury

There is another non-controversial benefit of HBO that is under-utilzed to a great extent. We
understand that tissue ischemia leads to cell damage and death.  However, restoring blood flow
(reperfusion), causes a second series of oxidative events producing additional injury.  Of course
medical professionals react to quickly restore tissue Oxygen levels but the re-perfusion is always
a problematic issue.  HBO reduces the secondary events by actually preventing the oxidative
activation.

Reperfusion injury follows accident or illness where a person might lie still or unconscious for
long periods such as drugged or drunk, sick, stuck in a cave-in or some situation that places
pressure on a limb producing blood flow occlusion, loss of circulation, and death of tissue.  It
also occurs in harvested organs in transplants, free flaps in plastic surgery, decompression
fasciotomy and re-attachment of traumatic amputations and more.

Gas Bubble Reduction (Henry’s and Boyle's Law)

At any point in which free bubbles exist within the body from any cause or source the primary
treatment is HBOT.  By increasing the ambient pressure the bubbles are immediately reduced
in size thus relieving the stress on surrounding tissue and hopefully is sufficient to remove any
pulmonary blockage.  The secondary event is the absorption of the bubbles by the surrounding
liquid, both tissue and blood.  Diffusion begins and the bubbles can be eliminated in the lungs
without further damage.  A tertiary benefit is experienced through a reduction of edema and
inflammation.

A side question arises here to the operator, technician and even the medical practitioner (but not
to the engineer).  Why do we require 6 ata to treat AGE or Decompression Illness?  Firstly,
consider Boyle’s Law; double the pressure, halve the volume.  Triple the pressure, third the
volume.  In arterial and capillary blockage the concern is really bubble diameter not bubble
volume.  Bubble diameter (a sphere) does not reduce in a directly proportional relationship.  The
actual reduction in a sphere’s diameter with a doubling of pressure would be approximately 21%. 

The normal response to the question, “ what happens to a sphere when the pressure is doubled?”,
is that its size is halved.  Yes, the volume is one-half.  The bubble diameter at 2 ata  = 0.793.  It
requires 8 ata to approximately halve bubble size (volume).  Most high pressure chambers are
rated for 6 ata which is where the protocol originates.  One cannot establish a standard protocol
of 8 ata if only 1 chamber in 1000 has that capability.  Hence chamber treatments for DCI are
at 6 ata, which comes very close to halving bubble diameter.  6 ata = 0.167 volume and 0.551
diameter.  Now you know, “grasshopper”.
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The Oxygen Clock

We have previously described in the discussion of DCS that there exists a “Time / Pressure
Relationship” with regard to inert gas exposures.  There exists a similar time/partial pressure
relationship with Oxygen.  As we breathe Oxygen with elevated partial pressures above about
.5 ata, tO2 (Oxygen exposure time) must also be monitored.  ANDI has developed charts and
methods of tracking Oxygen exposures that have become standard practice withing the world-
wide diving community.  The field of hyperbarics is rapidly accepting these methods as well.

The Oxygen clock concept is simply expressed as a “Time / Pressure Relationship” in which the
pressure and time are inversely proportional.  As the partial pressure (PO2) goes up the time of
safe exposure (tO2) goes down. 

It is Dalton’s Law that explains the pressure dosage of Oxygen.  The clinical dosage has two
additional variables to consider.  The time of the exposure and the dilution factor of the BIBS
which we will discuss further.

Clinical dosage is comprised of some pressure of Oxygen applied over some time.  There is no
standard unit that expresses this.  ANDI addressed this issue.  In the ANDI System the unit of
dosage is the ata-minute.  ANDI is certain that this will become more widespread in its usage
and acceptance.

PO2   x   tO2 = ata-minute
PO2 actually delivered  x   tO2 at target pressure  = ata-minute

The mechanisms of Oxygen toxicity and its ranges are not entirely clear.  However, the
following is known to be true.  Oxygen is an incredibly active molecule and readily combines
with other substances both organically and inorganically.

Within our bodies benign and necessary organic compounds are frequently damaged as they
combine with Oxygen.  There is a normal amount of oxidation constantly occurring.  Even at .21
ata PO2,  Oxygen tends to form small amounts of nastily corrosive substances called oxidants.
These oxidants include such substances as hydrogen peroxide, epoxides and superoxides.  There
even briefly exists the super oxidant referred to as a “free radical” or  un-combined monatomic
Oxygen.  The highly reactive molecule of O2 is far more stable and less reactive than the free
atom “O”.  The monatomic  Oxygen  atom is the ultimate oxidizer.  The body counters to keep
these “beasties” in check with anti-oxidants like selenium, catalase, vitamin C, vitamin E and
even superoxide dismutase (SOD),  (enzymes that “scavenge” these “oxidants”).  There is an on-
going reaction of radical-producing and radical-absorbing reactions.
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Higher partial pressures of  Oxygen  produce higher levels of oxidants.  As the pressure and time
increase and or extend, at some point the body's ability to handle the oxidants will be exceeded. 
This is a relationship that requires both time and elevated pressure.  It is a very complex situation
with hundreds chemical reactions occurring simultaneously.  Interestingly, our cells have
harnessed this highly reactive molecule, Oxygen, for the purpose of making energy. 
Carbohydrates, fats and proteins, in the presence of Oxygen are converted to energy, water and
Carbon Dioxide.  The more energy we require, the more Oxygen we use therefore the more
Carbon Dioxide we produce.

In a diving mode or as a result of any workload higher levels of Carbon Dioxide would simply
be exhaled in normal respiration modes.  At high workloads, especially under increased partial
pressures, we can begin to build up Carbon Dioxide in the bloodstream.  Higher levels of PCO2

trigger a faster respiration rate to “blow off” the CO2.  This higher level has a two-fold effect. 
First, increased Carbon Dioxide dilates the blood vessels in the brain increasing Oxygen delivery
and exposing the brain to even more Oxygen.  Second, the blood becomes more acidic, which
causes the hemoglobin to lose Oxygen faster increasing exposure of the brain to elevated Oxygen
levels.

Oxygen Toxicity is a function of three variable factors:

PO2,   tO2,   and   PCO2 

However, Carbon Dioxide is the prime catalyst for Oxygen Toxicity.  In a hyperbaric exposure
such as HBOT, it is imperative to realize that any activity, even speaking will increase the CO2

load and push the chemical equation further toward the “too much Oxygen” condition.  The anti-
oxidents have been used up and the brain reacts in several ways to protect itself from this
condition which  is referred to as Oxygen Toxicity.

CAUTION : Do not carry on conversations with your patient while at target pressure.

NOAA21 published tables in April 1990 setting forth the recommended High Dose, Short-Term
Oxygen exposure limits.22  It was derived from the older standard referenced in the 1973 US
Navy Manual.  ANDI updated these values in 1989 and designated this table as Chart 2-4.

     21 National Oceanographic and Atmospheric Administration

     22 This table supersedes the US Navy recommendations that were used until this new table was published.  In
April 1990 the US Navy table was updated to conform with the NOAA limits.
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We are illustrating this in abbreviated format for a historical and evolutionary explanation only. 
These values are for divers and are shown here to illustrate the effect of CO2 loading on
Oxygen exposure times (tO2).  Compare these values with the “at rest” exposures listed on Chart
2-4H.

CHART 2-4   Oxygen PARTIAL PRESSURE  -  EXPOSURE TIME LIMITS

Oxygen
Partial

Pressure
(PO2)

Maximum
Duration

for a Single
Exposure

Maximum
Total Duration
for a 24-Hour

Period

( ata ) (min) (hrs) (min) (hrs)

1.6 45 0.75 150 2.5

1.55 82 1.37 165 2.75

1.5 120 2.0 180 3.0

1.45 135 2.25 180 3.0

1.4 150 2.5 180 3.0

1.35 165 2.75 195 3.25

1.3 180 3.0 210 3.5

Dive the Future .............. with ANDI
The Premier International Educational Agency for Advanced Diving Technologies

Let us now compare this with the ANDI chart 2-4H which was developed for Hyperbaric
Exposures.  Based upon U.S.Navy treatment tables, the NOAA limits and ANDI’s Chart 2-4 
used for decades, ANDI has had excellent results incorporating these exposure limits with our
recommended methods of treatment.
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ANDI  CHART 2-4H

Oxygen PARTIAL PRESSURE  -  EXPOSURE TIME LIMITS

Oxygen Partial
Pressure (PO2) in

ata

Maximum
Single Duration

Exposure minutes

Maximum Total
Treatment Duration

with Air Breaks

Maximum
Single Day

Exposure minutes*

2.5 25 75 150

2.4 25 75 150

2.3 25 100 200

2.2 25 100 200

2.1 25 125 250

2.0 60 150 270

1.9 75 180 300

1.8 75 180 300

1.7 90 180 360

1.6 120 180 360

1.5 150 180 360

1.4 180 not required 360

1.3 180 not required 360

1.2 200 not required 480

1.1 240 not required 600

1.0 300 not required 720

Air Breaks are mandatory for dosages >2.0 ata and are performed by breathing Air at
chamber pressure for 5 minutes after every 25 minutes on O2.  Remove the mask, BIBS or
switch the O2 supply to Air supply.  For patient comfort, limit treatments to 180 min. max.

This chart is intended to illustrate how the time / pressure relationship works and represent
an estimate of the limits for hyperbaric therapy.  It shows durations currently used in
hospitals and clinics and are based on the well-established, historical values.  Oxygen
toxicity is a complicated issue with many variables.  No medical endorsement is intended.

Copyright ANDI - All Rights Reserved - January 2004
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Oxygen Toxicity

Human physiology is effected in two ways as a result of “too much Oxygen”.  Different reactions
occur for different types of exposures.  This is due to the extremely complex nature of Oxygen's
mechanism for causing toxicity problems.23 24 25  For educational purposes we can consider that
there are three kinds of exposures:

Low Dose - Long Term Exposure;  such as in extended exposures below 0.5 ata dosage and
greater than 12 hours.  Exceeding this type of exposure limits results in Pulmonary / Whole Body
Toxicity also referred to as the Lorrain Smith effect.

High Dose - Short Term Workload Exposure;  such as in diving activities where exposures are
targeted below 1.6 ata and time limits below 12 hours. Exceeding this type of exposure limits
results in Central Nervous System Toxicity26 with earlier onset due to the catalyst of increased CO2

loading.  High workload dives require lowering the PO2.  Beyond 1.6 ata PO2, CNS  Oxygen 
toxicity is more likely to occur.  Exposures above 1.6 ata may be tolerated for short durations
without toxicity symptoms appearing if the balance of the physiological equation permits.  
Normally this only works for "at rest" situations.

High Dose - Short Term Exposure;  such as in diving at rest (stage decompression) and
hyperbaric treatment activities where exposures are controlled and targeted between 2.8 ata and
time limits below 12 hours.  Exceeding this type of exposure limits results in Central Nervous
System Toxicity.  Dosages of 2.0 ata PO2 are routinely administered during hyperbaric therapy
without ill effect.  Even 2.8 ata PO2 is frequently administered for short periods.  Usually the patient
is in a supine position (lying on the back), totally at rest and not speaking.  This is to keep the CO2

at manageable levels.  Should toxicity symptoms manifest themselves, the operator would reduce
the O2 dosage until the symptoms disappear.   Convulsions can occur up to several minutes after
the high dosage is stopped.  There are no permanent adverse effects of CNS O2 toxicity-induced
seizures, as long as adequate respiration is maintained.  Of course convulsions occurring while
underwater using conventional SCUBA usually result in death by drowning, hence the lower
applied limits.

Review the charts that apply.

     23 Yarborough, OD, Welham W. Brinton EJ, Benke AR 1947.  Symptoms of  Oxygen  poisoning and limits of
tolerance at rest and at work . NEUD Rept, 1-47.  Washington DC:USN Experimental Diving Unit.

     24 Lambertsen CJ, 1978 Effects of hyperoxia on organs and their tissues.  In: Robin E., Ed, Extrapulmonary
Manifestations of Respiratory Disease.  New York: Marcel Decker.

     25 Clark JM, Oxygen Tolerance in Nitrox Diving.  Workshop on Enriched-Air Nitrox Diving, September
1989.  National Undersea Research Program, Rockville MD.

     26  This is often referred to as the Paul Bert effect after the scientist who first investigated the condition.
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Oxygen Toxicity Effects 

Pulmonary / Whole Body Toxicity

During very long exposures to elevated partial pressures of  Oxygen  at ranges approaching 24
hours, it was discovered that there was an adverse physiological effect.  This is called the Lorrain 
Smith effect after the researcher who investigated this malady in the early 1920's27.  Also called
“whole body toxicity” or “pulmonary  Oxygen  toxicity”, some of the symptoms are similar to
pneumonia.  Although pulmonary Oxygen  toxicity is well beyond the range of both
hyperbaric and recreational/sport divers exposure, no discussion of Oxygen would be
complete without mention of this side effect of “too much” Oxygen.  The symptoms of
pulmonary toxicity are listed on List 2-6 but as we will learn, play a very small role in the Oxygen 
issue for hyperbaric medicine.  It does however explain why we cannot have a patient on 50%
Oxygen for 24 hours or longer.  This Low dose - Long term exposure of 0.5 ata would be too much
as our charts indicate.

Symptoms of pulmonary Oxygen toxicity may present during the longer treatment protocols for
DCI or following exposure to multiple treatments in a short time span, as with acute necrotizing
infection or gas gangrene protocols where 12-20 treatments will be completed in a week.

LIST  2-6  Pulmonary Oxygen Toxicity / Whole Body Toxicity Symptoms
(These Symptoms can Occur in any Order)

! NON PRODUCTIVE COUGH - Coughing with no Phlegm

! INCREASE IN BREATHING RESISTANCE - Working Harder to Breathe

! DIFFICULTY IN TAKING A COMPLETE BREATH - Reduction of Vital Capacity

! NOTICEABLE CLUMSINESS AND/OR LACK OF COORDINATION

! SORENESS IN CHEST AND STERNUM

     27 James Lorrain Smith (1862–1931) was a Scottish pathologist known for his works in human
physiology, especially his research on respiration in collaboration with John Scott Haldane
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CNS Oxygen Toxicity

High doses of Oxygen can only be tolerated for limited time periods.  The central nervous system,
specifically the brain is seriously effected.  In the HBOT process with exposures above 2.0 ata,
Grand Mal seizures become more likely.  Signs and symptoms may occur in any order and may
manifest without warning.  These indications are listed below and should any present, the operator’s
reaction should be to lower the dosage by either flushing the chamber with air or switching the
patients breathing gas through the BIBS.  

Note here that the FIRST action taken by the chamber operator should be to reduce the dosage and
not simplistically reduce the pressure.  A gas switch from 2.5 ata chamber pressure will
immediately result in an oxygen dosage of 0.5 ata.  To create the same effect by reducing pressure
the operator must ascend from 22.5 psig chamber pressure to 7.5 psig chamber pressure.

Reversal of all sysptoms should occur with a few minutes.  No permanent damage occurs provide
that the patient experiences no physical / mechanical trauma such as from tongue-biting or arm-
thrashing.

Resumption of the treatment can proceed once symptoms have subsided with the caveat that a more
conservative dosage or more frequent air-breaks are applied.  See Air-Breaks below.

Not discounting the potential physical trauma which isn’t life threatening, it is possible that a real

emergency presents from a patient aspirating vomit.  This is life-threatening.  This is a critical point
in handling this emergency: do not simply react by implementing and emergency ascent.  Be certain
that the patient is ventilating before rapidly decreasing chamber pressure.

The  Oxygen  time limits, or tO2's established for single exposures allow for extremely extended
dive profiles (2½ to 6+ hours) and present no Oxygen hazards.28 29 30  Repetitive dives may be made
within safe limits by allowing the body to “reset” the Oxygen  clock.  For HBOT, the minimum
recommended surface interval for this purpose is 4 hours with 6 hours as the norm.  Oxygen in the
human system has a 90 minute half-life which means that we need 6 half-times to get to 98%
recovery.

Two dives per day with a 6 hour interval is a reasonable approach for the patient needing a more
aggressive protocol.

     28 Lambertsen, CJ.  1955.  Respiratory and circulator actions of high  Oxygen  pressure.  In: Goff LG,ed.  Proceedings of
the Underwater Physiology Symposium.  NSA-NRC Publ. 377.  Washington: National Acad Sci_National Research
Council, pp. 25-38.

     29 Butler FK, Thalmann ED. 1986. Central Nervous system  Oxygen  toxicity in closed-circuit scuba divers II.  Undersea
Biomed Res 13:193-223.

     30 Bachrach AJ, Matzen MM, eds.  Underwater Physiology VIII.  Bethesda: Undersea Medical Society, pp. 15-30
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LIST  2 - 2  CNS Oxygen Toxicity Symptoms
Consider the following list incorporating the acronym “CENT A DIVE”

C  - Convulsions and loss of consciousness
E  - Euphoria
N  - Nausea which may be intermittent
T  - Twitches and muscle spasms
A  - Anxiety level elevation
D  - Dizziness and vertigo
I   - Irrational and irresponsible behavior
V  - Visual disturbance, usually tunnel vision 
E  - Ear ringing (tinnitus)

Those symptoms in Red are exclusively oxygen related and are not related to CO2 or N2 pressures.

The Premier International Educational Agency for Hyperbaric & Diving Technologies
Copyright  ANDI International August 2004



ANDI Hyperbaric Chamber Operator 4.13

LIST 2 - 5      Oxygen LIFE SUPPORT RANGES  (values as dosage in ata)

0.10 - Not enough - death is eventual result

0.12 - Borderline function - asleep -  body functions shift hypoxic

0.16 - Minimum necessary to sustain work - resting function OK

0.21 - Norm-oxic - we exhale 15% to 17%  Oxygen  and 4% to 6% CO2 in normal

conditions. 

0.30 - Normal saturation dive doses. Exposures are usually 24 hours or more.

0.35 to 0.50 - Chambers and bells - low dose/long term - less than 24 hours

0.50 - Maximum saturation dive dosages - Lorraine/Smith effect symptoms begins to

manifest.

0.60 - Pulmonary/whole body stress loads may be clocked by utilizing Oxygen Tolerance

Unit  (OTU) values.

1.40 - Maximum dosage for extreme workload dives. Paul Bert effect becomes more likely

above this value.  Low range of HBO therapy.  

1.45 - Begins the “Caution Zone” for normal exposures and the limit for high workload

dives with  regard to CNS toxicity - Paul  Bert effect

1.60 - Maximum dosage for normal dives or "open-water" decompression  Only 45 minutes

single dive exposure as the limit - 2 + hour exposures are normal for HBO therapy

1.60+ - CNS  toxicity becomes a very likely occurrence - Paul Bert effect. Dosages in this

range are very dependent upon time and CO2 loading

2.0 - 100%  Oxygen at two ata (optimize out gassing of nitrogen) For “at rest” only

situations or Hyperbaric therapy.  HBO therapy permits 2 - 3 hour exposures

2.4 to 2.8 - EAN therapy at 6 ata (to reduce bubble size and prevent bubble formation)

Also the maximum dosage (2.8 PO2) used in HBOT

3.0 - 50 %  Oxygen  therapy at 6 ata  (reduce bubble size - maximum   Oxygen  dosage)

Short duration dosages- chamber therapy only.
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At atmospheric pressure it is possible to have partial pressures of  Oxygen  range between 0 and
1.0 ata because we could vary the % of O2 between 0% and 100%.  But, what effect does this
variation in the partial pressure of O2 have?  Well, at .21 ata PO2 everything is working fine because
this is norm-oxic, the normal amount that the human body is “tuned” for.  Under normal conditions
we exhale 15-17% O2 and 4-6% CO2.  As we lower the available Oxygen, we can function and
sustain normal work loads only as long as the PO2 is not lower than 0.16.  Below 0.16 the body
shifts to the hypoxic state but, if asleep or at rest life would continue.  Around .1 ata there is not
enough; death is the eventual result.  It would follow that in any breathing mixture there must
always be at least .16 ata PO2.  Not 16% but 0.16 ata.  There is no difference in these values at
atmospheric pressure but take another look at Chart 2-1.

We can raise the partial pressure of Oxygen by raising the percentage of O2 inspired or by elevating
the total pressure of the gas we are breathing as in a chamber, bell, or by diving.

Saturation diving is the best method of extending work time at any given pressure.  By not reducing
ambient pressure (surfacing) there is no decompression between work periods.  The decompression
schedule after the operation is almost the same whether the bottom time at depth is 30 hours or 300
hours as the saturation point is reached and there is no more in-gassing volume.  Saturation diving
is governed by the “Oxygen clock” concept, as is all hyper-oxic exposures.  The normal saturation
dosage is between .3 and .5 ata PO2.  The longer the exposure the lower the allowed dosage.

Air Breaks

The procedure in which the patient has their breathing gas changed from high fO2 to normoxic fO2

is called an Air Break31.  The process calls for a switch from the treatment gas to air for 5 minutes
after every 25 minutes of O2 use. 

The simple rule states 25 minutes on and 5 minutes off for all dosages above 2.0ata.

The physiological function of this procedure is to  “relax the Oxygen  clock” primarily to prevent
CNS toxicity symptoms.  It does also allow pulmonary recovery and extends exposure tolerance
limits significantly. The Air Brake serves to prophylaxe against and lower the incidence of all
aspects of CNS toxicity.  Intermittent air breathing also serves to treat pre-monitory signs and
symptoms, thereby reducing the potential for symptom progression to overt seizure.

Beginning in the early days of treating Navy divers the procedure became the standard for all
exposures above 2.0 ata.  Although apparently arbitrary it was based upon hard experience. 

     31  Air Breaks is the process of changing the breathing gas from high dose Oxygen to a lower dose to relax

the Oxygen clock as an Oxygen toxicity avoidance procedure.
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As more research was collected it can now be stated that the efficacy of air breaks are undisputed32.
Air breaks are especially important in patients who are paralyzed or otherwise debilitated and may
not manifest or be able to demonstrate the toxicity signs. 

As stated previously, the FIRST action taken by the chamber operator in managing a CNS reaction
should be to reduce the dosage and not simplistically reduce the pressure.  Why is the gas switch
so effective?  Example: a gas switch to air from a 2.5 ata O2 dosage will immediately result in an
oxygen dosage of 0.5 ata.  To create the same dosage shift by reducing pressure, the operator must
ascend from 22.5 psig chamber pressure to 7.5 psig chamber pressure.  This takes time and the
treatment is usually aborted at this point as the return to full target pressure also adds to the run-
time considerably.

Several research reports confirm that the duration of total O2 time to seizures was doubled with
multiple 5 min air breaks, and quadrupled with 10 min air breaks compared with continuous HBO
exposures. With more time spent on O2, the duration of air breaks was not sufficient for recovery
from O2 toxicity and for Cerebral Blood Flow to return to baseline.  Results show that an "optimal
window" of HBO exposure is required for benefits by intermittent exposure to air.  It appears that
the body recovers fairly quickly and the build up to toxic levels occurs slowly, hence the 25 / 5
ratio.

In a mono-place chamber that is filled with pure Oxygen under pressure, the patient must breathe
through a mask delivering ordinary air in order to take an air break.  With the chamber containing
100% Oxygen the flush of the entire environment requires a good volume of air.  Additionally, the
return to 100% Oxygen environment 5 minutes later often requires 15 minutes of Oxygen flushing
in the larger chambers.  For this reason it not common practice to perform air breaks by switching
the flushing gas.  In Oxygen environment chambers Air Breaks are usually performed by breathing
from a demand mask or other BIBS internally.  Many patients cannot place, position and remove
the air breathing device easily.  Out of convenience and carelessness many facilities omit the air-
break process as it is “too much trouble” or “probably not necessary”.

In multi-place chambers the tender may assist any patient that requires it.  Since the multi-place
chamber has an air environment the tender and operator have the option to either remove the mask
or hood or switch the breathing gas supply.  By switching the supply gas the patient needs to do
nothing and is not disturbed in any way.

     32  Brain Research - Research Report: Mikulas Chavkoa,  Richard M. McCarron, Extension of brain

tolerance to hyperbaric O2 by intermittent air breaks is related to the time of CBF increase.  Volume 1084, Issue
1, 21 April 2006, Pages 196–201
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It is possible to re-configure the Oxygen environment mono-place models to run on an air
environment to minimize Oxygen waste.  Oxygen is supplied to the patient through a BIBS in the
same manner as in multi-place systems.   Air Breaks are performed by simply removing the mask
or by the operator externally switching the breathing gas.

In any respect, all mono-place chamber should be equipped to provide intermittent air breathing. 

The application and sequencing of intermittent air breathing will be at the discretion of the
hyperbaric physician.  However, intermittent air breathing should be immediately instituted (by
either the multi-place chamber tender or mono-place chamber operator) whenever an acute change
in patient status occurs and is consistent with, or suggestive of, CNS Oxygen toxicity.

Note the definitions for :

Run Time

Treatment Time

Target Pressure

Target Dosage

Descent Time

Ascent Time
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Chapter 4  Application Questions

1. In addition to the 6 primary effects of increased oxygen pressure listed previously what else have we
learned regarding oxygen’s effects?

2. What is the “Oxygen Clock” concept introduced by ANDI?

3. What are the signs and symptoms of CNS type Oxygen Toxicity?

4. What is an “Air Break”?

5. What is the rule for Air Breaks?
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Chapter 5

THE APPLICATION OF PROTOCOLS

Objective 

Upon completion of this chapter the student will be able to list the 14 cleared indications for use
of HBOT and become familiar with and list the contra-indications of HBOT and list the components
of a proper Rx.  The student will become familiar with the options and benefits of the various BIBS
configurations available to deliver oxygen to the HB patient.  In addition, the student will be able
to calculate the actual inspired Oxygen and be able to use Chart HC-3 to determine the real
dosage.

Indications For HBOT 33

1) Air or Gas Embolus

When the natural channels for gases expanding within the lungs becomes obstructed the tissues may
be subjected to pressures sufficient to cause rupture.  The free gas bubbles may spread into the
body; into the pleural space causing pneumothorax; into the chest and travel into the neck area; but
most seriously into the bloodstream eventually reaching the brain and heart.  The sudden arrival of
Air or gas bubbles in the brain, lungs or other organs is ideally treated with rapid hyperbaric
Oxygen, which is the primary treatment.  Compression reduces the bubble size in accordance with
Boyles law permitting the reestablishment of normal blood flow.  This bubble compression in
association with increased blood Oxygen levels, increases the gradient of Nitrogen and other
undissolved gases in accordance with Henry’s Law permitting them to dissolve into solution where
they can be eliminated without danger.  In addition, cerebral edema is markedly reduced due to
Oxygen induced arterial vaso-constriction.

     33  Indications and descriptions as per Undersea & Hyperbaric Medical Society, 2014
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2) Decompression Illness

This condition arising from a too-rapid depressurization associated with diving activities, flying or
compressed air working, is caused by Nitrogen or other inert components of the breathing gas. 
Bubble formation is the result of this inadequate decompression.  Gas coming out of solution due
to decreased ambient pressure forms bubbles within the body tissues, and gives rise to a wide range
of symptoms.  The above condition of gas embolus is also present in more serious cases. 

The most generally presented symptoms include, neurological deficit, muscle and joint pain, and
general lethargy.  However any change from the norm in an individual who has been exposed to
increased ambient pressure should be investigated to eliminate the possibility of decompression
illness.  Presentation of decompression illness, particularly in recreational divers is often delayed
although the patients normally suspect the problem themselves.  Hyperbaric Oxygen treatment is
the definitive treatment, with similar rationale for the treatment of Air or gas embolus.  Treatment
protocols and schedules are well documented and standardized.

3)  Carbon Monoxide Poisoning   and   CO Poisoning Complicated By
Cyanide Poisoning

About 50% of all incidents are due to para-suicide with car exhaust, many of the remainder arise
from faulty domestic heating systems and fires.   Hyperbaric Oxygen is indicated in cases where
there has been significant contact with smoke, and where the patient also presents a neurological
abnormality, cardiac ischemia, or pregnancy.  A COHb level of  > 25% is conventionally regarded
as severe, although high blood gas levels are  very unreliable prognostically.  Signs such as
abnormal EKG, confusion, apathy and coma respond to HBO.

Hyperbaric Oxygen supplies to ischemic tissues compete with CO at binding sites on hemoglobin,
myoglobin, and intracellular cytochromes, where increased blood Oxygen tension displaces the
chemically stable carboxyhaemoglobins.  Late complications such as memory loss and coordination
disturbances are reduced with HBO by its capability of blocking endothelium derived
microcirculatory damage, reducing cerebral edema due to Oxygen induced arterial vaso-constriction
and reversing free radical attack on cerebrosides (brain lipids).

4)  Clostridal Myositis and Myonecrosis  (Gas Gangrene)

Deep tissue and muscle infection with clostridia is always mixed with other organisms, and
generally in partially or totally ischemic areas.  Clostridal alpha toxin leads to systemic illness and
multi-organ failure.  The treatment of this condition involves a combination of resuscitation,
surgery, antibiosis, and hyperbaric Oxygen.  Hyperbaric Oxygen is bacteriostatic against anaerobes
and stops exo-toxin production.
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Used prior to or in association with surgery, it can limit systemic collapse and can help to define
viable tissues, which will allow the planing and limitation of amputation levels.  Patients suffering
from this complaint commonly require critical care, and as a result should only normally be treated
in facilities which have these facilities.

5)  Crush Injury, Compartment Syndrome, Reperfusion Injury and Other
Acute Traumatic Ischemias

The rapid onset of tissue swelling, compartment syndromes, hypoxia and acute traumatic ischemia
can lead to limb loss within hours.  Rapid use of HBO in conjunction with resuscitation and surgical
intervention, can save a limb or limit the extent of amputation.

Reperfusion injury follows accident or illness where a person might lie still or unconscious for long
periods such as drugged or drunk, sick, stuck in a cave-in or some situation that places pressure on
a limb producing blood flow occlusion, loss of circulation, and death of tissue.  It also occurs in
harvested organs in transplants, free flaps in plastic surgery, decompression fasciotomy and re-
attachment of traumatic amputations and more.

6) Arterial Insufficiencies: Central Retinal Artery Occlusion, Enhancement
of Healing In Selected Problem Wounds

Central retinal artery occlusion is a relatively rare emergent condition of the eye resulting in sudden
painless vision loss. This vision loss is usually dramatic and permanent and the prognosis is poor.
Patients particularly at risk include those with giant cell arteritis, atherosclerosis, and
thromboembolic disease, a wide variety of treatment modalities have been tried over the last one
hundred years with little to no success, with the exception of hyperbaric oxygen therapy.

HBO is indicated where hypoxia has been demonstrated to be the cause of unsuccessful
angiogenesis.  Wounds or ulcers may be selected for HBO treatment using transcutaenous Oxygen
measurements, with control and baseline readings taken at several sites.  Although HBO will aid
almost all wounds, including surgical recovery, the indiscriminate use of HBO cannot be justified. 
It cannot give optimal benefit without conventional treatments, nor can it revive dead tissues in all
cases.

It is estimated that 7.2% of all hospitalizations in the USA involve diabetes with more than 20%
of these due to peripheral vascular disease and its related tissue damage.  Although HBOT may not
be of sufficient benefit in the most extreme cases, its benefit in the marginally-perfused wound can
be significant. 
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7)  Compromised Skin Flaps or Grafts

Encompassing the same mechanisms as 5) & 6) above,  HBO accelerates the formation of collagen,
which promotes angiogenesis between the failing graft and its base.  This can be measured in new
blood vessel walls.  The success of the majority of skin grafts is due to correct surgical selection
and technical skill.  Ischemia may however occur in skin flaps or grafts, due to underlying tissue
damage and hypoxia.  Early recognition of this problem is essential to enable timely rescue  of at
least part of a failing graft.

8) Severe Anaemia

Exceptional anaemia caused by Hypovolemia and Hemoedilution due to large volumes of
crystalloid or colloid intravenous infusion after trauma, can be improved by the administration of
HBO.  It is also useful in treating shock and hypoxia.  HBO benefits members of religious groups
who refuse transfusions.  HBO works by elevating the plasma Oxygen level in proportion to the
partial pressure of inspired Oxygen.  This allows maximum blood Oxygen transport with minimal
plasma and hemoglobin.  HBOT provides a way in severe anemia to successfully correct
accumulating oxygen debt in un-transfusible patients.

9) Intracranial Abscess

The term "intracranial abscess” (ICA) includes the following disorders: cerebral abscess, subdural
empyema and epidural empyema. These disorders share many diagnostic and therapeutic
similarities and, frequently, very similar etiologies.

Patients with certain conditions and complications continue to pose major therapeutic problems.
These include patients with: (a) multiple abscesses, (b) abscess in a deep or dominant location, (c)
immune compromise, and (d) no response or further deterioration in spite of standard surgical and
antibiotic treatment.  Under these circumstances, adjunctive hyperbaric oxygen therapy may confer
additional therapeutic benefit.  A number of mechanisms can be postulated by which HBOT could
provide benefit in ICA.  First, high partial pressures of oxygen may inhibit the flora found in ICA,
the predominance of which are anaerobic.  Second, HBOT can cause a reduction in perifocal brain
swelling.  Third, HBOT has the potential to enhance host defense mechanisms.  Finally, HBOT has
been reported to be of benefit in cases of concomitant skull osteomyelitis.

10)  Necrotizing Fascilitis  (Fourniers Gangrene and Others)

Superficial skin and facial necrosis can be at least as devastating as gas gangrene, here also,
Hyperbaric Oxygen Therapy is an adjunctive to other treatment, including resuscitation, surgery and
antibiosis. The rationale is based on interrupting the cycle of inflammation, edema and ischemia,
which allow the rapid spread of infection in these soft tissue types.
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Hyperbaric Oxygen while not antibiotic, may facilitate the effects of amnioglycosides, which in
conjunction with the increased activity and killing power of leukocytes caused by HBO, enhance
the successful prognosis of conventional treatments, when offered at an early stage.  For this reason
the treatment is effectively used against Progressive Bacterial Gangrene.

11)  Osteomyelitis (Refractory)

Osteomyelitis is an infection of bone or bone marrow, usually caused by pyogenic bacteria or
mycobacteria.  Refractory osteomyelitis is defined as a chronic osteomyelitis that persists or recurs
after appropriate interventions have been performed or where acute osteomyelitis has not responded
to accepted management techniques34.

12) Delayed Radiation Injury (Soft Tissue and Bony Necrosis)

Hyperbaric oxygen is among the most studied and frequently reported applications in the treatment
of delayed radiation injuries including osteoradionecrosis.  The infected necrosis of irradiated bone,
especially in the head and neck can cause intolerable pain and disability, which when combined
with the difficulty of seating grafts and prostheses, lead to disfiguring resections, and a distressing
patient outlook due to the inability to swallow when the necessary muscles are no longer anchored
to bone. HBO has been shown to improve both bone formation and the survival of grafts and
prothesis, while helping to prevent occurrence and reoccurrence of osteoradionecrosis.  In addition
there is evidence to show that it assists in recovery from irradiation induced xerostomia. 
Sometimes, acute injuries are so severe that they never resolve and evolve to become chronic
injuries indistinguishable from delayed radiation injuries.

13)   Acute Thermal Burn Injury
 
Severe thermal injury is one of the most devastating physical and psychological injuries a person
can suffer. Over 2 million burn injuries are brought to medical attention in the United States per
year. Of these, 75,000 require hospitalization, including 14,000 deaths and approximately 20,000
sustain injuries requiring admission to a specialized burn unit.  The early use of HBO in the
treatment of skin and deep tissue burns, has been demonstrated to limit the area and depth of
subsequent necrosis.   This must be combined with conventional resuscitation and treatment of the
burned patient.   However particular attention must be given to ensuring correct hydration. 

     34  A note of interest here that to date there exists no randomized clinical trials to support this
cleared indication.  “Good evidence exists”.  Author
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14) Idiopathic Sudden Sensorineural  Hearing Loss 

Idiopathic sudden sensorineural hearing loss is classically defined as a hearing loss of at least 30
dB occurring within three days over at least three contiguous frequencies. The most common
clinical presentation involves an individual experiencing a sudden unilateral hearing loss, tinnitus,
a sensation of aural fullness and vertigo.  While patients presenting with long term symptoms may
experience improvement when treated with HBOT, the medical literature suggests that early
intervention is associated with improved outcomes. The best evidence supports the use of HBOT
within two weeks of symptom onset.  The rationale for the use of hyperbaric Oxygen to treat ISSHL
is supported by an understanding of the high metabolism and paucity of vascularity to the cochlea.
 

Contraindications (Negative Side Effects) to HBOT

HBOT is one of the most benign treatment regimens available to the medical community. 
Nevertheless there are several conditions that the chamber operator should be aware of to better
serve the facility and the patient.  Patients should be cleared by a physician prior to undertaking any
medical therapy.  

Barotrauma is the most common side and troubling effect, usually in the form of middle ear
pressure problems.  As discussed in previous sections, this is identical to the pressure sensation
experienced during commercial aircraft landing.  Easily remedied by yawning rotating the jaw,
swallowing or pinching the nostrils and gently blowing.  If left unresolved this can be increasingly
painful.  This can be in the form of internal, middle or external ear squeeze with contusion and
rupture of the eardrum.  Sinus squeeze is also frequently associated with ear problems.  If correct
equalization does not occur sinus pain is the symptom often with bloody secretions.

These can be easily avoided by teaching correct auto-inflation techniques, and in some extreme
cases by the use of tympanostomy tubes.  Antihistamines may allow the treatment when sinus and
eustachian tube blockage is present.  The pressurization rate for HB treatment is a bit more than
descending in an airplane.  Almost all individuals can easily correct for and tolerate this pressure
change with brief pre-treatment counseling.

Claustrophobia can be a problem.  Especially in the smaller mono-place units but even in large
multi-place chambers this condition occurs in as much as 2% of patients.  Without a strong
cooperation and determination on the patient’s part even counseling and nursing care can not do
much to assuage this condition.  Patient will-power is the only short-term remedy.  In some cases
a sedative can be prescribed to assist the patient in acclimating to the HB environment.  Many
previously claustrophobic patients do adapt and adjust to the treatment with a few honest attempts.
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Progressive myopia, a temporary worsening of near-sightedness has been observed in some longer
courses of treatment (i.e.150+ consecutive treatments).  Although disturbing in and of itself, it is
important to note that this is temporary and vision typically returns to its pre-treatment level about
six weeks after cessation of therapy.  This condition usually reverses itself in courses of 50
consecutive treatments or less.  The usual protocols suggest that 40 treatments followed by a 2 week
rest period works best.  This is becoming the standard treatment regime used.  Patients should be
advised not to undergo eye tests and purchase new corrective lenses while undergoing HBO therapy
and for a period of at least 6 weeks post-treatment. 

Oxygen toxicity is avoided by the use of limited doses of continuous Oxygen (air breaks) and by
maintaining good hydration.  Historically the use of "air breaks" of 25 minutes on Oxygen and 5
minutes off,  during longer treatments and those above 2.0 ata has proven to be effective to delay 
toxicity seizures.  This air break protocol was used particularly for decompression illness and
Carbon Monoxide poisoning but is now becoming standard practice.

WARNING !  Do Not Compress Patients with the Following Conditions :

Absolute Contraindications:

Untreated pneumothorax

Bleomycin - Interstitial pneumonitis.  Any recent history?

Cisplatin - causes impaired wound healing.  Any recent history?

Disulfiram - Blocks superoxide dismutase lessening protection from Oxygen Toxicity
seizures.  Any recent history?

Doxorubicin - Blocks superoxide dismutase lessening protection from Oxygen
Toxicity seizures.  Any recent history?

Relative Contraindications: Medical Clearance Required

Pneumothorax, Pneumo-mediastinum

Pneumonia and / or any Air -trapping evidenced by Air Bronchogram, i.e.Asthma,
Emphysema

Recent drug abuse or other intoxications that may cause behavior disorders
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Any seizure disorder

Diabetics with tendency toward hypoglycemia

Behavior Disorder ( these patients may require a tender in the chamber )

Colds, Flu, Sinus congestion or coughing

Inability to equalize the middle ear pressure during compression

High Fever

Pregnancy (more of a legal contra-indication rather than medical)

With physician clearance and certain and additional precautions taken patients with the above
conditions MAY possibly be compressed.

Proper Rx for HBOT

It is to be stressed here that the certified chamber operator has the responsibility of delivering the
prescription as the attending or supervising physician has ordered.  It is not in the jurisdiction of
the technician to determine the protocol.  Information is provided here as a minimum knowledge-
base to have a well-informed operator.  Many physicians are still unfamiliar with HBOT protocols
and write very poor script.  Your training, experience and knowledge will compensate.  So what
does a good HBOT prescription look like?

See the ANDI sample here.
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PRESCRIPTION FOR HYPERBARIC OXYGEN THERAPY
PLEASE BLOCK PRINT THIS FORM

Date: _____________

Patient:  ______________________________________________________

Facility:  ______________________________________________________
 

Indication:  ___________________________________________________

Prescribing Doctor:  _____________________________________________

PO2   in   ata _____________ Treatment Duration  ________ minutes 

Frequency of Treatment :  _______________________________________

Number of Treatments in this Series :   _____________________________ 

HCO / CHT is permitted to adjust descent/ascent rate to patient’s comfort.

G OK for HCO / CHT to administer nasal decongestant if necessary for
patient comfort.

 G Patient is Infectious   G Patient is Contagious   

_____________________________________________________________

_____________________________________________________________

_____________________________________________________________

_____________________________________________________________

_____________________________________________________________

Prescriber’s Signature :   ______________________________________________

ANDI International
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Delivery Methods and BIBS Configurations

Although there are several variations to design and features of the various delivery systems they
are easily categorized into 3 basic types, all of which may be fitted with or without overboard
exhaust.  Demand Mask, Head Tent or Hood and Free-flow Mask.

Demand Mask System

This design evolved from diver’s breathing devices and
became the standard method for US Navy chamber
operations.  As is a scuba system, no oxygen flows with the
mask off as these systems deliver gas “on-demand”.  This
model requires more pressure (70 - 135 psig) to operate than
many hospital’s Oxygen delivery systems offer.  

The system was easily adapted to the task of insuring that no
exhausted oxygen would be passed into the chamber
environment.  These units are fitted with an overboard
exhaust feature that handles the pressure differential of
internal verses external and all exhaled gas is passed ex-
chamber.  Another benefit of this design is that the patient is
only breathing what the operator delivers.  Gas switches are
easy and immediate. 

ANDI has developed a simpler approach that works in
many chamber configurations.  In this demand mask design,
the operator has all of the options as in the version above
except that the patient exhales directly into the chamber
environment.  With sufficient flush rates the chamber fO2

can be easily managed.  ANDI has this version available in 
inlet supply pressure of either 60 psi OR 145 psi.
 
Both of the above models have removable mouthpiece
sections and are easily disinfected.  In both models shown
Air Breaks can be performed by a gas switch or by removing
the mask.
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Head Hood System 

This is a free-flow system that may be operated as ambient
exhaust or with an overboard dump. A constant free-flow of
approximately 20-25 lpm keeps the hood inflated and the
seal is created by means of a flexible neck seal.  This system
is adaptable to many chambers where the patient is reclining
or upright but not supine.  Also called a head tent, this
system can be adapted for treating infants in an air
environment whereby the neck seal becomes a waist seal.

Keep the flow up or there is the possibility of the patient
rebreathing exhaled gas increasing CO2 loading and reducing
dosage.

The down-side to this device is that the neck seals are
expensive ($40-50 each) and easily damaged. 

Free-Flow Mask System

Free-flow masks are inexpensive and easy to use.  They are available in several configurations.  Be
aware that masks without any reservoir bag require very high flow rates and are not practical for
hyperbaric uses.  Also those models with holes in the mask face cup instead of non-return valves
are also unsuitable.  These models may also be called “medium concentration masks” and defeat
the purpose of delivering as close to 100% oxygen as possible.  These models require
approximately 15 lpm as the constant flow rate. 

Standard Non-rebreather Mask 

This inexpensive model is fitted with a 1 liter reservoir bag
and has an elastic strap and a one-size-fits-all face seal.  These
face seals are not designed to make a gas-tight seal and there
is leakage around the face seal.  If the flow rate is insufficient
for the patient the patient is breathing ambient gas which is
leaking past the face seal on every inhalation.  

Manufacturer specs state that these masks deliver 90% of the
supplied gas with the other 10% provided by leakage around
the face seal. 6-630  Non-rebreather mask
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6-639DL Tru-fit NR Mask

Non-rebreather Mask with a Tru-fit Anesthesia Mask Face Seal

This variation of the above model offers a big improvement
over the standard mask.  Fitted with an anesthesia mask the
face seal is gas tight and comfortable.  Available in 5 sizes
the mask accommodates almost all patients.  This design
delivers 100% of the supplied gas with no leakage.  This
model is also fitted with a 1 liter reservoir bag. 

The Tru-fit face seal that is designed for hyperbaric patients
can be filled with saline solution for added comfort and
prevents any collapse of the air pocket in the mask cushion
seal.

High-volume Non-rebreather Mask with a Tru-fit
Anesthesia Mask Face Seal

This design option offers the larger patient a larger reservoir
bag.  The 2 liter bag satisfies almost all of the larger patients
without wasting oxygen needlessly.

The models 6-639 & 6-639DL are available with elastic straps or the deluxe head strap version
which was designed by Laura H. Betts of HyperbaricsRx.  The deluxe strap is adjustable while
worn and doesn’t snag in longer hair.

Model 6-636 Deluxe Head Strap

6-639 Tru-Fit Non-rebreather
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Understanding the Real Dosage 

By this point in the educational process it should be understood that the dosage of oxygen delivered
to the patient is the critical issue in HBOT.  It is the dosage that is the single-most important issue. 
When one considers the effort and expense contributed to the process by all parties it is clear that
the issue cannot be understated.

The dosage is determined not by the breathing gas be delivered to the patient but by the actual
inspired % of oxygen multiplied by the total pressure.

We learned earlier that: Dosage  =  fO2  x  P
True, but more correctly stated it should look like this:   IfO2  

Dosage  =  Actual Inspired fO2  x  P

This reflects the issue of “What is the patient actually breathing?”.

We have 2 additional variables in the equation that must be addressed when we are using any
chamber system that presents the patient with other than a 100% oxygen environment.  Oxygen
concentrators deliver 90 to 95.5 % oxygen.  This value is not varying hour to hour but may vary
slightly day to day.  Also as the sieve beds in the concentrator degrade the oxygen purity will fall.
Additionally the type of BIBS used will effect the inspired gas.  Mask leakage must be addressed.

To arrive at the actual dosage delivered to the patient we must account for the concentrator purity
and the mask or BIBS system being used.  Is it delivering 100% of the inspired gas without
leakage or dilution?  This can be very significant since a nasal cannula delivers, at best, 30% and
a standard non-rebreather mask with a reservoir bag is rated by manufacturers to deliver 90%
maximum and only then if  tidal volume is delivered.

Only a demand system or a free-flow anesthesia mask with reservoir can deliver 100% of the
inspired gas without dilution.
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To determine the inspired fraction of Oxygen ( IfO2 ) we need to account for the actual purity of
the gas and the delivery efficiency of the BIBS.  To determine the real dosage .....  The real PO2 at
the BIBS:

Multiply the fO2 being supplied  (e.g. 100% or 95% or 92.4 or ????)  by the mask efficiency.
This equals the inspired fration of oxygen.  We then multiply this value by the total pressure
in ata to find the PO2 expressed as “ata”.

IfO2  x  P  =  PO2

Example : Your Oxygen supply analyzes at 0.94 (94%) and the target dosage is 2.0 ata.  We are
using a standard non-rebreather mask ((10% gas leakage around the face seal).  

What is the inspired fraction of oxygen?

0.94 x 0.90 or .846

The patient is actually breathing 85% oxygen.

What is the pressure required to deliver this dosage?

We are asking for “what pressure in psig” so we can do the steps one at a time or all at once.

PO2  =  IfO2  x  P 

We know the PO2 target dosage; that’s 2.0

We know the inspired fO2 from the following: 

PO2 ata =    (concentrator fO2  x  mask efficiency) P ata

The units are in ata.
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We know two of the variables and need to solve for the 3rd.  We need to solve for P :

2.0 ata  =  (0.94  x  0.90)  P ata

2.0  =  0.846 x  P 

2.0  ÷  0.846  =  P

2.364 ata  =  P ata

to then convert to psig we need to multiply by 14.7 to get to psia:

2.364  x  14.7  =  34.7 psia

and lastly subtract 14.7 to get to psig:

34.7  -  14.7  =  20 psig

Of course we could do this all in one equation:

psig  =  [{2.0 ata  ÷ (.94  x  .90) } 14.7 ] - 14.7

[(2.0 ÷ 0.846) 14.7 ] - 14.7

[(2.364) ( 14.7) ] - 14.7

34.7  -  14.7

psig  =  20.0

And then again,  we can save a lot of time and use Chart HC-3
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Chapter 5  Application Questions

1. What are the UHMS Approved Indications for HBOT ?

2. What are the 4 common side-effects of HBOT ?

3. What are the components of a good Rx for HBOT ?

4. What are the 4 basic types of Oxygen delivery masks (sub-system components) ?

5. The dosage is determined not by the breathing gas be delivered to the patient but by the 
______________________   of oxygen multiplied by the total pressure.
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Multi-place Chamber after a Fire
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Chapter 6

OXYGEN HANDLING 

and 

SAFETY PROTOCOL

Objectives 

To acquaint technicians with the physical properties of Oxygen and clarify how Oxygen as a gas
differs from Air.  An understanding of Oxygen’s reactions, handling hazards and reasons for
Oxygen cleaning will be achieved.  The factors in an Oxygen reaction and Oxygen fire
prevention will become familiar.

Upon completion of this chapter, the student will be able to: identify Oxygen's physical
properties and reactivity capabilities;  the options for Oxygen supply; Define Oxygen Clean,
Oxygen Compatible and Oxygen Service; identify the two different types of Oxygen valve
connections used in the USA; be able to list the six steps in analyzing the percentage of Oxygen
in an unknown mixture; and list the 23 rules for Oxygen safety in the hyperbaric environment. 

Oxygen’s General Properties

Oxygen, under normal conditions is a colorless, odorless, and tasteless gas.  It is all around us
and necessary to support life.  Oxygen is by far the most abundant of the elements on earth. 
Fifty-five percent of the earth's crust is composed of Oxygen and its compounds. Water is a
compound of Hydrogen and Oxygen.  Oxygen, as a free element, makes up approximately 21%
of the earth's atmosphere; the “gas mix” that we breathe.  Most of the Oxygen in the environment
is the result of photosynthesis, the process by which green plant(both plankton and flora)convert
carbon dioxide and water into carbohydrates and Oxygen.  Oxygen in Air exists primarily as a
diatomic molecule, hence the familiar term O2.  Ozone (O3) is created by passing a strong
electrical charge through Oxygen molecules.  Another variation of the Oxygen molecule is
simply "O".  This monatomic molecule, called a "free radical" is unstable and the most reactive
of all commonly occurring natural substances.  Despite it's innocent appearance, Oxygen can be
a serious hazard.  Oxygen supports plant and animal life. Oxygen is a very reactive element.  It
reacts directly with most substances.  It also supports combustion, causes iron to rust, and
corrodes most metals.  When Oxygen combines chemically with another substance, the process
is called oxidation.
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Slow oxidation is involved in many familiar processes: the rusting of ferrous metal, the decay
of wood, the hardening of paint, the ripening of fruit.  The energy  to maintain life comes from
the slow oxidation of food in our bodies by Oxygen breathed in through our lungs and
transported by the bloodstream.  Rapid oxidation accompanied by the liberation of heat and light
is the process of combustion.

Although Oxygen is not flammable, the higher the partial pressure of Oxygen present, the
easier and faster everything will burn relative to Air.  Most metals react rather slowly with
Oxygen at normal temperatures and pressures, but will react more rapidly as temperature and/or
pressure is increased.  An example is iron in the form of steel wool.  It will not burn in Air, but
Oxygen lowers the ignition of materials it comes in contact with, thus steel wool in Oxygen
burns fiercely.

Commercially, Oxygen is produced by the process of fractional distillation of liquid Air, a
method which exploits the difference in the boiling points of Nitrogen and Oxygen - the primary
components of Air.  Nitrogen can be separated from Oxygen because Nitrogen boils at -196
degrees C, whereas Oxygen boils at -183 degrees C.  Approximately 30 billion pounds of
Oxygen are produced and sold annually in the U.S.A. using this process.  The gas may be
produced in varying grades of purity, with or without various trace gases present.  This process
is used throughout the world as the most cost-effective method of volume production.

Physical Properties of Oxygen
} Chemical formula:O2

} Physical state:gaseous @ standard temperature / pressure

} Molecular weight: 32.00

} Vapor density relative to Air: 1.105 @ 25o C

} Boiling point:   -183o C  (-297.4o F)

} Freezing point: -218.4o C (-361.1o F)
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Grades of Oxygen

Although there exist 10 standard grades of pressurized Oxygen available in the U.S.A. ,35  only
three types are recommended in the medical or diving administration of Oxygen.  These grades
are: U.S.P., L.O.X. and Aviator.

U.S.P.(U.S. Pharmacopeia) is “medical” grade, suitable for breathing and usually only available
up to 2400 psi (165 Bar).36

L.O.X. is liquid Oxygen, commonly delivered in low-pressure, thermally-insulated containers.
These containers are provided with two standard over-pressure safety-relief valves set at either
240 psi (16.5 Bar) or 400 psi ( 27.6 Bar).37

Aviator grade is the same as U.S.P., but with a lower dew point (drier). This is to inhibit the
freezing failure of equipment used at low ambient temperature (such as that by a  pilot in flight,
hence the name).  In Europe this gas grade is also called “Diving Grade” as well as Aviator
grade.  It is produced from LOX and pressurized to 2400 psig (165 Bar) has the same moisture
content (almost zero).

Sources of Oxygen Supply

High Pressure Cylinders

     35 Compressed Gas Association, Inc. Handbook of Compressed Gases. 3rd Edition. Arlington, 1989.

     36 Compressed Gas Association, Inc.Commodity Specification for Oxygen. CGA-4.3. Arlington, 1988.

     37 Air products and Chemicals, Inc. Liquid  Oxygen , Safetygram 1. Allentown, 1989.
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LOX Distribution SystemLOX w Boost Pump Recovery

High Pressure, Delivered Oxygen

This option encompasses having cylinders of pressurized
Oxygen delivered whereby the high-pressure is harnessed by
the use of a Regulator on the cylinder.  There is little if any
“up-front” expense as these cylinders can be delivered
relatively inexpensively (costs vary from region to region)
however because of the fact that a predictable amount will be
utilized for every session and that for every liter utilized a real
cost can be assigned, this method will cost more in the long
run. 

Liquid Canisters
or Dewars

Liquid Oxygen is by far, less expensive than high pressure cylinders.  Exploiting the density
difference between the gaseous and liquid state, LOX holds approximately 800 times the oxygen
per unit volume compared to gaseous cylinders.  The disadvantage is that there is no way to keep
the gas in its liquid state as it must be colder than - 300o F.  Warmer than this, the gas boils off,
building pressure until the safety relief valve releases free Oxygen into the area.  “Use it or lose
it” is a certainty here.
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ANDI  A-50

ANDI S22-HP

PSA Production Systems

   (Oxygen Concentrator)

Oxygen concentrators are devices that intake Air and through a
process of mechanical separation concentrate the Oxygen in the
final output.  Oxygen Concentrators produce breathing-grade
Oxygen by means of a process of Pressure-Swing Adsorption
(PSA).  See the description of how it works below.  

If purchasing Oxygen is difficult or expensive ..........  Make your
own on site.  The obvious advantage is that long-term Oxygen
production is relatively inexpensive (just the initial cost of the
apparatus plus the relatively insignificant electrical costs of
operating the unit).  Additionally, there is benefit to the fact that
the operator is working with “low pressure” Oxygen.  This is
simply easier and safer.

ANDI has the distinction of being the absolute first in the diving industry and one of the earliest

pioneers of the hyperbaric industry to adapt this technology to the purpose.  ANDI has worked
with Litton Life Support assisting them in the development of the Insta-Gas™ PSA System.
Island Scuba Centers of Freeport, NY, a Betts Family enterprise, was the world’s first scuba
center to produce on-site Oxygen, Ultra-pure Breathing Air and SafeAir® utilizing the PSA
process.

ANDI has since become a leading supplier / manufacturer of
these systems.  The ANDI-20H and ANDI-22HP are the best of

the small PSA Systems for the small chamber market.  ANDI
has installed many PSA systems to permit hyperbaric chamber
facilities to operate independently to become more efficient and
profitable.

The new ANDI S22-HP concentrator system can be used for
supplying higher demands in a variety of situations.  This system
is capable of storing 90 psig of Oxygen and replenishing the
storage supply automatically and continuously. 
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ANDI S-22HP System can easily operate 2 mono-place
chambers.

The ANDI Pressure Amp can take any oxygen source from any
pressure to 120 psig and store this gas automatically.  We have
come a long way in supplying oxygen to remote areas and areas
of high Oxygen cost.

How Pressure-Swing Adsorption Works
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PSA Systems utilize molecular sieve adsorption and the method of pressure swing adsorption
(PSA) to preferentially adsorb undesired gases in a compressed air stream.  In the PSA process
(refer to figure 1-1), compressed air is applied to adsorber column, “A”, which is filled with
molecular sieve.  As the compressed air flows through the column, the undesired gases are
adsorbed by the molecular sieve, while the desired gas is allowed to pass through the column,
where it is extracted as concentrated product gas.  When a column has produced a predetermined
amount of gas, the compressed air stream is applied to the opposing adsorber column, “B”,
which has previously been regenerated (see figure 1-2).  The second column, “B”, now becomes
the active adsorber, concentrating the desired gas, while the opposing column, “A” is
regenerated.  

Regeneration occurs simply by venting an adsorber column to the atmosphere, which causes the
previously adsorbed gases to escape and diffuse out of the system as vent gas.  To further aid
regeneration, a small amount of product gas, which has been concentrated by column “B”, is
used to purge any residual gases present in the regenerating column (“A”).  At this point the
column is regenerated and again ready to be exposed to the compressed air source and
concentrate gas.

This cyclical process repeats to continuously concentrate gas in a regenerative fashion, requiring
no consumable or expendable materials.  Each country will have local variances in the grades
of Oxygen and some developing areas may only have one grade available.  The grade you will
run across most will be whatever the local specification is for “Breathing Oxygen”, or “medical
grade” Oxygen.  In general, your country should have a standard commodity specification for
“Breathing Oxygen”.  Refer to your local guidelines for specifics.

Compatibility

Oxygen compatible: Relatively not reactive with Oxygen at the temperature/pressure limits
specified or intended.  For a product to be Oxygen compatible, ALL of its component materials
which will be in contact with the gas must be non-reactive. 

The definition above is necessarily a simplified one; we must also understand that, given the
correct conditions, almost any material will react with Oxygen.38

Compatibility requires appropriate selection of materials.  Materials must be  approved for
contact with other specific materials.  For example, a "carbonate" compound cannot be used in
an acidic environment, as the carbonate will deteriorate rapidly, releasing carbon dioxide.

     38 Benning, Ed. Flammability and Sensitivity of Materials in Oxygen-Enriched Atmospheres .Vol. 2 STP

910, M.A. Philadelphia: American Society for Testing and Materials, 1986.
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In the specific case of Oxygen or EAN contact, compatibility concerns involve both ease of
ignition and combustibility. Combustibility refers to a material's ability to burn and how easily
a material will continue to burn.  Ease of ignition  refers to the relative temperature at which a
material  will ignite.  Think of these common materials : paper, wood, nylon, rubber, steel, and
copper. These various materials all have different ignition temperatures due to a variety of
physical characteristics.  All will burn.  However, their relative compatibility with Oxygen
greatly varies.  Materials that burn in Air will burn violently in pure Oxygen at normal pressure
and explosively in pressurized Oxygen.  Also, many materials that do not burn in Air will do so
in pure Oxygen, particularly under pressure.  Similarly, materials that can be ignited in Air have
lower ignition energies in Oxygen.  Therefore, ambient temperature plays an important role with
respect to the suitability and reaction capability of materials, as we will see later on.

Common Materials Not EAN or Oxygen-compatible :

} Buna-N (neoprene) o-rings

} Seats or diaphragms made from neoprene

} Silicone-based lubricants, especially silicone grease

} Non-Oxygen-rated high and low-pressure hose

The issue of compatibility is very clear with regard to Air versus pure Oxygen, but difficult to
determine relative to the Oxygen content of Enriched-Air Nitrox. As a result of all of the
variables to be considered in Oxygen reactions, no definitive EAN compatibility statement can
be made. That is why ANDI, along with industry world-wide, requires SafeAir to be handled as
if it were an Oxygen Mixture or Pure Oxygen.  Any mixture with more Oxygen than Air must
be treated as if it were Oxygen. 39 40

     39   Compressed Gas Association. Handbook of Compressed Gases . 2nd Ed. New York:  Van Nostrand

Reinhold, 1981.

     40  National Fire Protection Association. Fire Hazards in Oxygen-Enriched Atmospheres. NFPA Manual.     

  53M-1990. Quincy, 1990.
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Compatibility of Metals

Metals for containers and piping must be selected carefully, depending upon service conditions.
The various steels are acceptable for many applications, but some service conditions may call
for other materials, (usually copper or its alloys) because of their greater resistance to ignition
and lower rate of combustion.41

  
All common metals will burn in Pure Oxygen.  The most familiar practice is cutting steel with
an oxy-acetylene torch.  The acetylene torch heats the steel, and then a stream of Oxygen causes
it to ignite.  The Oxygen lowers the ignition temperature of the steel enabling ignition.  Without
the Oxygen, the acetylene alone is insufficient to cause ignition and continue the combustion
process.  Even stainless steel can be easily cut with an oxy-acetylene torch. Stainless steel is not
usually flame cut because it is much harder to ignite.  Because of its higher ignition temperature,
it is often used in Oxygen systems at higher pressures than steel.  However, once ignited, it burns
just as readily as steel.  Both steel and stainless steel must be selected carefully and the system
must be properly designed to prevent Oxygen fires.  The same process of ignition can happen
accidentally in improperly designed Oxygen piping systems.42  43

Copper, nickel and their alloys have a higher ignition temperature, dissipate more heat and when 
burning produce less heat than iron alloys.  Therefore, they are hard to ignite and are self-
extinguishing.  Brass, bronze and Monel (nickel-copper) are commonly used in high-pressure
Oxygen systems.  They are also used for critical components in low-pressure systems. 

One would never correctly choose a steel or cast iron fitting in an Oxygen distribution system. 
The National Fire Prevention Association (NFPA) and the Compressed Gas Association (CGA)
recommends steel for storage systems but not for piping or plumbing (which includes the steel-
end fittings of flexible lines).  Further, in regions of high velocity or impingement, such as
valves, orifices, branch connections, and other critical areas, copper and nickel-based alloys
(brass and the alloy: stainless steel 316) are recommended. 

Low-pressure systems are best served by copper and brass and high-pressure systems are
best served by Monel or stainless steel.

41  American Society for Testing and Materials. Standard Guide for Evaluating Metals for Oxygen

Service . Pamphlet G94-88. Philadelphia, 1988.

     42  American  National Standards Institute. Chemical Plant and Petroleum Refinery Piping . ANSI B31.3,

New York.

     43  Industrial Gas Committee (IGC). “Loss Prevention Data, Oxygen”. Publication de la Soudure Autogene.

Data Sheet 7-52. Paris, 1975.
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For additional reference, ASTM G94 provides extensive data on metal ignition in Oxygen,
guidance for metals selection, and several practical examples.

A simplified list of metals used to illustrate relative compatibility follows.  The list is arranged
in order of compatibility from the most compatible to the least compatible common metal or
alloy.

More compatible ) Monel  (nickel-copper)

8 Copper

8 Bronze (copper-tin)

 8 Brass (copper-zinc)

8 Stainless steel (300 series)

8 Stainless steel (400 series)

8 Aluminum (various alloys)

8 Carbon steel

8 Plated steel (zinc or cadmium)

8 Titanium

Less compatible 8 Magnesium

The selection of materials is not an arbitrary process.  Care should be taken to properly assess
the conditions of service before a selection is made. Consult an expert.  Do not select fittings or
components merely because they’re easily available.

Be aware that most of the high-pressure flexible hoses used in our industry are fitted with steel
end-fittings.  This is, in itself, a potential hazard to be addressed.44

Compatibility of Non-Metals

Assume that all non-metals burn and do so violently in pure Oxygen.  This includes Delrin,
Nylon, polyethylene, Viton, Buna-N and almost all other polymers and elastomers used as seals
in piping components. They ignite more easily and form the kindling chain that ignites the
system.  Teflon™ and Kel-F™ are the only plastics commonly used in Oxygen systems.  They are
used as stem tips, stem packing, ball valve seats and gaskets. 

     44  Bamford, L.J.,  Newton, B. E., Bryan, C. J., Janoff, D. Ignition of PTFE-lined Flexible  Hoses by Rapid

Compression with Oxygen.
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Teflon™ tape is also used as a pipe thread sealant.  These materials begin to decompose at 400-
600o F (200-300oC) and will ignite at higher temperatures.

Of great significance regarding the ignition and decomposition of non-metals, is the fact that as
they oxidize they produce toxic gases even if they do not create an external fire.45 Teflon™-lined
high-pressure hoses have been involved in many auto-ignition occurrences and must be placed
in properly-designed systems and used with clean stainless steel end-fittings 10.

Compatibility of O-rings

The Buna-Nitrile type is approved for "incidental exposure to Oxygen" but not regarded as a
good choice for an Oxygen atmosphere. "Incidental exposure" approval means that it is possible
that Oxygen may contact the material under certain conditions.   It is not intended for continuous
contact.  This may mislead some lesser- informed into believing that there is no real concern in
using Buna-N material for continual exposure.  It is not a first choice for any EAN system,
especially in life-support equipment.  The denser Viton compound (a fluorocarbon) and
Ethylene-Propylene are far better choices and will last longer before failing in EAN and Oxygen
atmospheres. 

The selection of quality o-rings is critical to the reliable performance of products in which they
are used. The sealing surfaces and surface finish are both important. 

Smooth surfaces, where the imperfections are small and rounded, are easier to seal and are more
reliable than rough surfaces, where imperfections are relatively sharp and deep. This is because
the O-ring can deform more easily to match smooth surfaces exactly. In dynamic applications,
surface finish becomes more critical.  This is again amplified as the service pressure increases.
Also note that rough surfaces wear more readily and fail sooner. O-ring surfaces vary greatly
from manufacturer to manufacturer. 11 46  For this reason, do not merely select an O-ring because
"it fits" or "the price is right".  Do not compromise the safety and performance of the products
you are servicing by utilizing "any source" O-rings.  

     45  ASTM. .Standard Guide for Evaluating Nonmetallic Materials for Oxygen Service.  G63-87, ASTM.

Philadelphia. 1987.

     46 Nupro Precision Valves. "O-RINGS”. Technical Bulletin No.2., 1987
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Compatibility of Lubricants

For the past 30 years, the standard lubricant used by the diving industry has been silicone grease,
i.e. Dow - Corning 111™.  Around 1990, several major equipment manufacturers performed
another evaluation of this lubricant as the conditions of use had drastically changed due to the
evolution of the modern diving equipment system.

Originally rated suitable for use in high-pressure breathing systems of 2500 psi  (170 Bar) or
less, silicone grease was found to be deficient in compatibility with 3500 psi (240 Bar) Air. 47 
Also, experienced service technicians frequently found silicone grease on equipment being
serviced that was discolored and hardened.  This obvious oxidation process could easily be
avoided with a more compatible lubricant.  For use in high-pressure EAN or Oxygen-dedicated
equipment, silicone grease is completely unacceptable.  Of course, ordinary petroleum-based or
synthetic lubricants should never be used with Oxygen.  

The Oxygen industry has used as their most popular lubricant Dupont’s Krytox™ .  DuPont's
literature on Krytox™ lubricants indicates they have been tested thoroughly and successfully for
Oxygen service.  Linde lists other lubricants suitable for assembly purposes. Hooker
Fluorolube™, Halocarbon™ and 3M Kel-F™among others, are all fluorocarbon greases and are
all Oxygen-compatible. Oxygen-compatible lubricants often have markedly different properties
from conventional lubricants.  Many diving industry manufacturers as well as ANDI are
recommending Lubrication Technology’s Christo-Lube M.C.G™ as the preferred lubricant for
all high-pressure service applications, even Air service.

Diving equipment manufacturers such as Beuchat, Oceanic, Pro-Sub, Scubapro and Sherwood
all use Christo-LubeTM in the assembly process for EAN, Oxygen and even Air-only equipment.48 
This lubricant is virtually inert and possesses a high degree of lubricity compared to other
Oxygen-contact-approved products.

 Many believe this product to be the best available for this purpose.

     47  Senior engineers of Sherwood, Scubapro and Oceanic. Personal conversations with E. A. Betts

     48  Christo-Lube is distributed by American Nitrox Divers International.
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Oxygen-Clean

Simply defined, “Oxygen-clean” refers to the absence of contaminants.  Since Oxygen can
react violently with certain materials, it is imperative to keep Oxygen and easily-reactive
materials separate.

A chart identifying some common contaminants found on breathing equipment and chamber
surfaces follows.  Some are obvious, but others are less so.

Common Oxygen Contaminants Found on Equipment:

}   Silicone grease

}   Machining oils and thread lubricants

}   Cleaning solvents and detergents

}   Paint and marking crayons

}   Scale, burrs, metal filings

}   Chrome plate chips or de-lamination

}   Rust dust and other metal oxides

}   Carbon dust from filtration systems

}   Airborne dust and soot

}   Grease or oily fingerprints

}   Pipe thread sealants

}   Soapy water used to perform leak checks

}   Lint from cloths used to remove any of the above

Many compounds can serve as the kindling necessary to begin a violent reaction.  This is
especially true in pressurized systems.  Even in "Air-Only" compressor systems, there are
numerous fires and explosions from wearing action.  For example, fine particles of aluminum
thus created have been the cause of  many such incidents.  These would be more commonplace
if EAN was the contact gas.  A fire isn’t always the result in a contaminated equipment system.49

Instead, smoldering, charring, sizzling or other rapid oxidation of contaminants may be the
result.  Further, these conditions may not be detected without careful observation.

     49  National Aeronautics and Space Administration. Design Guide for High-pressure 

Systems, NASA 1113. Washington , 1984
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Hydrocarbon contamination is of special concern as the incomplete combustion of hydrocarbons
produce carbon monoxide.  This fact, coupled with the circumstance of providing service of life-
support equipment,  requires that we remove all possibility of toxic gas production in the
equipment we are handling.  Oxygen-cleaning procedures are not merely precautionary,  but are
necessary to minimize the risk to property and personnel.     

One must never assume that a product is Oxygen-clean unless it is  packaged and marked as
such. 

Equipment which is to be used for Oxygen or Oxygen-Enriched Air service must either be
purchased Oxygen-clean, or rendered Oxygen-clean by a variety of methods performed by
qualified technicians.50  This requirement is in accordance with the manufacturers’ guidelines. 

A component may be Oxygen-clean, but not compatible or compatible but often not clean.  For
example, certain rubber products may be cleaned for Oxygen service, but can NEVER be
Oxygen-compatible.  Likewise, brass fittings are compatible but surfaces may be contaminated.

Oxygen Service

This refers to a product’s or component's suitability for use in conjunction with Oxygen.  There
are three conditions required for a product to be rated for Oxygen Service.  Oxygen Service
requires Oxygen-clean and Oxygen-compatible components.  In addition, each product must be
designed, engineered and intended specifically for Oxygen contact. 

TO BE RATED FOR “Oxygen SERVICE”

1.  Oxygen-CLEAN  

2.  Oxygen-COMPATIBLE

3.  Designed/engineered for Oxygen Contact

Pure Oxygen and Oxygen Mixtures should never come into contact with materials which are not
rated for Oxygen Service.  Engineering specifications always include a specific parameter of
service.  For example, medical Oxygen delivery systems are often found to utilize plastic
components.  Their use requires specific temperature and pressure limits.  Most plastics will
ignite at elevated temperatures if combined with pure Oxygen.  Also note that the reactivity of
Oxygen increases directly with temperature and also with partial pressure.

     50  Refer to the Appendix for examples of manufacturer policy statements regarding equipment

compatibility and suitability with SafeAir and Oxygen.
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Oxygen Handling Hazards

As previously stated, Oxygen is a very reactive gas.  It is of special significance to the
hyperbarics and scuba industry wherein a familiarity with high-pressure Air is common.

It is this familiarity which provides a cause for concern. Air, for practical purposes, is a very
inert gas when compared to Oxygen. The Oxygen component of Air is well insulated with inert
gases. Materials that can be ignited in Air have lower ignition temperatures in SafeAir and
Oxygen Mixtures. Many such materials may be ignited by friction (frictional heating) at a valve
seat or stem packing or by adiabatic compression, produced when Oxygen at high pressure is
rapidly introduced into a lower-pressure system. 51 52 53

Adiabatic Compression can occur when Oxygen, under a significant pressure differential, is
released quickly into a lower-pressure chamber, container or system. The gas flow can easily
reach the speed of sound and cause a dramatic shift in temperature at any point of obstruction.
When the high-velocity gas stops at an obstruction, its temperature rises due to adiabatic
compression of the gas. This occurs so quickly that no heat is lost.  This rapid momentary change
in temperature can ignite most metals, even stainless steel (Copper and it alloys require the
highest ignition temperatures).  The smaller the heat sink (mass and conductivity), the higher the
temperature obtained. Also, the higher the initial temperature and pressure the higher the
resultant temperature at the point of compression.   A small-mass object, such as a tubing burr,
"thread whisker" or thread of teflon tape present in the gas stream can easily become the kindling
to fuel a fire. 54 55  

Even if no fire results, the smoldering or sizzling of a non-metal will produce toxic gases. The
incomplete combustion of a hydrocarbon-based contaminant will yield carbon monoxide into the
gas stream.

     51   National Fire Protection Association. "Fire Hazards in Oxygen-Enriched Atmospheres”. NFPA Manual
53M-1990.  Quincy, 1990.

     52   Werley, B.L."Fire Hazards in Oxygen Systems". ASTM Standards Technology Training Course book,

1st  Ed. Philadelphia :ASTM, 1990.

     53 National Fire Protection Association. "Bulk Oxygen Systems at Consumer Sites". NFPA Manual50-90.

Quincy,  1990.

     54  ASTM.  "Standard Guide for Designing Systems for Oxygen and Enriched Air Service". ASTM - G88 -

90 . Philadelphia, 1990. 

     55 Union Carbide Industrial Gases, Inc. Guidelines for Design and Installation of Industrial Gaseous Oxygen

Distribution Piping Systems, L-5110N. Linde Communications Dept.: Danbury, 1985.
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ADIABATIC COMPRESSION can occur when Oxygen under high pressure is released
quickly into a low-pressure system. The gas flow can reach the speed of sound, and if it
encounters an obstruction, the temperature can rise high enough to initiate ignition and
cause a fire.

A rapid build-up of heat at a concentrated point within the distribution system can also be caused
by flow impediment.  This is caused by a change in the internal diameter of a gas passageway
or piping system.  High-pressure gas flowing through restricted orifices and encountering a
downsizing of piping or tubing is usually accompanied by a rise in temperature.56 57 

     56    ASTM.  "Standard Guide for Designing Systems for Oxygen and Enriched Air Service".

ASTM - G88 - 90 . Philadelphia, 1990. 

     57   Werley, B.L."Fire Hazards in Oxygen Systems". ASTM Standards Technology Training Course book,

1st  Ed. Philadelphia :ASTM, 1990.
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Theoretical Maximum Temperature Obtained
When Compressing Oxygen Adiabatically
from 20oC and 1 Standard Atmosphere

Final Pressure (absolute) Final Temperature

psi bar oF oC

100 7 453 234

1000 70 1303 706

2000 140 1688 920

4000 280 2158 1181

5000 350 2330 1287

As we can see from the above table, there is more than sufficient heat potential for spontaneous
combustion to occur.

Another consideration regarding gas flow parameters is Frictional Heating.  This occurs when
the molecules of gas flow rapidly over and around a turn in the porting or at a valve seat.  Have
a look at any valve rated for Oxygen pressures over 150 psi (10 Bar).  Notice that the gas flow
makes no acute-angle turns and is usually limited to 90-degree changes in flow direction.  Most
scuba valves of current design have gas flowing through numerous sharp angles and turns which,
in part, make these valves unsuitable for Oxygen.

Sonic Resonance occurs when the gas flow reaches the speed of sound. 58  A resonating sound
occurring upon opening  a valve indicates that there is high-velocity gas flowing, a large pressure
differential and sonic vibration occurring.  This situation is avoidable, to some degree, by the
careful design and construction of a system and careful operation of valves.  If resonance is
heard, reduce gas flow immediately.  Sonic resonance presents two other potential problems in
high-pressure systems: Sonic Damage and Particle Impingement.  Sonic damage  occurs when
a fitting or component resonates to the point of destruction. Springs, floating seats and spacers
are especially susceptible.

     58  The speed of sound is approximately 655 miles per hour ( 1075 Km / h). The speed is dependent upon
the density of the medium through which the sound travels.  As the pressure increases, the speed of sound
increases.
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Particle impingement is a much greater hazard and occurs when fittings or components resonate
and release particles of corrosion, plating chips or burrs into the gas stream.  These particles then
travel at speeds approaching that of the gas itself.  When these high-velocity particles impact
with the tubing, fittings, angles, obstructions or tubing size reductions they can do so with great
force. The force of impact is directly proportional to the mass of the particle.  A spark can occur
at this point and become the source of ignition energy.  This is a prime reason that a well-
designed EAN system will contain no carbon steel or plated steel fittings.  Properly designed
systems address the careful selection of materials  and flow parameters to deal with these issues.

According to the Compressed Gas Association, (CGA) any gas mixture with a percentage of
Oxygen greater than 23.5% is to be handled as if it were Oxygen. Also, the National Fire
Prevention Association-(NFPA) recommended Oxygen-cleaning requirement begins at 23.5%.
Both Catalina and Luxfer Cylinders, among the largest manufacturers of aluminum cylinders in
the world, also state that beyond 23.5% Oxygen concentration, all cylinders are to be treated as
if dealing with pure Oxygen.   The reasons for these positions will become clear as we continue
our discussion.

FACTORS IN AN Oxygen REACTION:
     
Total Pressure of the Gas - ( P ) Partial Pressure of Oxygen - ( PO2 ) 

Percentage of Oxygen - ( fO2 ) Temperature of the Gas - ( T ) 

The Change in Temperature ( ∆T ) - Frictional heating, adiabatic compression, rate of pressurization, flow
impediment, heat of compression, etc.

Compatibility of Materials - Whether materials are more or less compatible.

Particle Impingement - Dependent upon particle mass, makeup, speed of the impact and the impacted material's
compatibility.

Type of Contaminants - A qualitative factor. Lubricants can be contaminants.

Quantity of Contaminants - A quantitative factor, also note that contaminants may be uniformly dispersed or
accumulated in a higher concentration.

Flow Impediment - Facilitates adiabatic compression.

Gas Velocity - Facilitates frictional heating and sonic resonance.

Due to the numerous variables and the different weight of contribution possible for each
variable, it is difficult to predict an event with any accuracy.  The difference between "safe" and
"unsafe" is not clear. It is too simplified an approach to identify only one factor with regard to
the limit of safety. Although it is generally accepted that the practical (non-scientific) limit of
Oxygen pressure for normal usage is 2900 - 3000 psi  (190 -200 Bar), it is foolish to maintain
that if we keep the pressure in this range it is always "safe".  Likewise, we cannot address EAN
percentage limits (fO2) alone as the only factor to consider.  Even Air systems can cause damage
to people and property if the aforementioned issues are ignored.

The Premier International Educational Agency for Hyperbaric & Diving Technologies
Copyright  ANDI International August 2004



ANDI Hyperbaric Chamber Operator 6.19

The engineering community maintains a very clear position with regard to Oxygen. Air also has
a very precise set of handling guidelines. Certainly EAN and Oxygen Mixtures, with all of the
variables they present, can come under no simple rule. For about 100 years now,  the rules
worldwide have been to treat EAN and Oxygen Mixtures as if they were Oxygen. This position
has yielded an excellent (although not unblemished) safety record. 59  Even the space agency
NASA has experienced painful lessons regarding the proper enforcement of Oxygen handling
rules. It was a design / handling error that resulted in the incineration of three of its astronauts. 
Consider the "Fire Triangle" which illustrates the three elements required for rapid oxidation or
fire:

The needed elements are: a gas with an Oxygen fraction, a fuel source and a mechanism for
ignition. In ordinary situations, any separation of the three elements will extinguish the fire. A
fire occurring in an EAN or Oxygen gas container or distribution system cannot be extinguished
until either the fuel (the container or fittings) is exhausted or the Oxygen is consumed. In this
case, the system is the fuel and the gas cannot be separated from it. The Oxygen is the source of
ignition energy. 60 27

According to numerous sources, although there are many factors involved, the primary cause of
Oxygen fires are particles in the gas delivery system.61 62 63 64 65

     59 National Fire Protection Association. Fire Hazards in Oxygen-Enriched Atmospheres . NFPA Manual

53M-1990. Quincy, 1990.

     60  Compressed Gas Association, Inc.Industrial Practices for Gaseous Oxygen Transmission and

Distribution Piping Systems CGA G-4.4. Arlington, 1980.

     61  National Fire Protection Association. Fire Hazards in Oxygen-Enriched Atmospheres . NFPA Manual 

53M-1990. Quincy, 1990.

     62  National Aeronautics and Space Administration. Design Guide for High-pressure Systems, NASA 1113.
Washington , 1984

     63   ASTM. "Oxygen Safety". ASTM Video G4-12-700880-31. Philadelphia, 1988.

     64   Werley, B.L."Fire Hazards in Oxygen Systems". ASTM Standards Technology Training Course book,

1st  Ed. Philadelphia :ASTM, 1990.

     65 Union Carbide Industrial Gases, Inc. Guidelines for Design and Installation of Industrial Gaseous Oxygen

Distribution Piping Systems, L-5110N. Linde Communications Dept.: Danbury, 1985.
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In the ANDI Certified Service Technician and Certified Gas Blender courses we delve into the
subjects of Oxygen Compatibility, Oxygen Service, Oxygen engineered systems, and Oxygen
cleaning of components and systems in extensive detail.  If you desire to learn more on these

subjects please contact your ANDI Training Facility or ANDI Regional Headquarters for
details on these courses.
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Color Codes on Cylinders

The Compressed Gas Association has had a standard cylinder color coding protocol for gas
cylinders since the 1930's.  However, color is only one method of identification.  Color-coding
may correctly indicate the gas contained in the container, but it is not adequate.  In the past there
was more emphasis placed upon the cylinder color than there is today.  There are still some
recommended, but not required codes in use in the USA.  For example:  Oxygen  i s green,
Argon is brown, breathing Air is yellow, and there is a list of others as well.   The CGA does not
require the color-code because there are other safeguards in place within the compressed gas
industry.  

Other countries use their own color codes to identify a cylinder's content. For example in
Germany the Oxygen color is blue.  

You must be sure that your Oxygen supply and emergency equipment is refilled with Oxygen. 
Do not rely only on a color code. 

Cylinder Valving

Also, there are different valves for each different gas: Argon, Helium (inert gases), Oxygen, Air,
Propane, Carbon Dioxide,  and others.  Gas cylinder’s use different valves for each different gas
to prevent mis-identification and mis-use.  There are even different valves for the same gases
where service pressure is the only difference.  

There exists a commonly used approved valve connection for portable medical Oxygen
cylinders.  This connection is designated by the CGA as “CGA 870” pin indexed valve.  There
also exists as a standard, the CGA 540 valve and connections used for industrial cylinders.  Note
the illustrations of these valves and connections on the following page.

There are other connections for Oxygen that are approved by your local governing body.  For
example each country has an approved connection that is used on industrial cylinders such as
larger welding or medical Oxygen cylinders.  For example, Australia, France, Germany, Japan,
UK and USA all use different connections for these cylinders.
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CGA 870 Valve

and

Valve Connection

CGA 540
Valve and 

Valve
Connection

Many countries have their own specific standard while others utilize standards in common with
others.  Regardless of your specific countries local regulations it is universally accepted that gas
cylinders and valves be specific for their intended use and be clearly and uniformly identified.

The Premier International Educational Agency for Hyperbaric & Diving Technologies
Copyright  ANDI International August 2004



ANDI Hyperbaric Chamber Operator 6.23

CGA 540 to 870 Usage
Adapter
        
Shown here is the adapter required to convert
the CGA 540 industrial valve to the Pin Indexed 
CGA 870 connector.  
Part # 6-643 

This useful connector permits the use of CGA
870 fitted Regulators and Oxygen delivery
equipment when only the industrial 540
connector is available.  Should your portable
cylinder with 870 connector become depleted
with this fitting any industrial Oxygen source
may be utilized.  

Utility adapter for connecting to 870
valves

This fitting may be used to connect 870  x  1/4"
NPT tapered threads to hoses, regulators, fill
whips, etc.

Part # 6-645

Refill adapter from 540 connecting to
870 valves

Shown here is the adapter required to refill
portable CGA 870 valved cylinders from CGA
540 industrial valved cylinders.

Part # 6-644

Ask your ANDI Training Facility or ANDI
Regional Headquarters for the correct fittings for
your region.
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Oxygen Analysis

In less regulated areas it is more important to verify the Oxygen concentration in your emergency
kit.  Since the popularity of SafeAir and technical diving has grown, more and more dive centers
and resorts have Oxygen analyzers available as standard equipment .

Fortunately, Oxygen is the easiest gas to analyze because of its unique reactive properties.  For
this reason Oxygen analyzers are the least expensive of gas analyzers.  Oxygen analysis is a
simple, easily learned process.

To fill the need for more accurate and durable Oxygen analyzers ANDI developed the Alpha 1
Oxygen analyzer.  We believe it is the finest Oxygen Analyzer on the market today.  Several of
the reasons for this decision is the units accuracy, ease of use, durability, waterproof casing and
Oxygen sensor longevity.  The long sensor life is due to the fact that it is the first analyzer that
can be isolated or “Turned Off” from the ambient Air while not in use.

Alpha I     Oxygen Analyzer with Mini Gas Samplers
ANDI Part # 7 - 925

Listed below are the steps for analyzing a sample gas using the Alpha I Analyzer:

1. Unscrew the cover over the Oxygen sensor located on the bottom of the unit.

2. Push the black On/Off to turn the unit On.
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3. Attach the plastic hose assembly into the Oxygen sensor port.  The other end should
be connected to a gas sampling device that limits the flow and pressure across the
sensor.

4) Flow a known % of gas through the hose which can either be Air or 100% Oxygen.
The easiest to use is usually Air due to its availability. The flow rate should be
between 2-6 lpm with the optimum being 2 lpm.  To assure accuracy of the analysis
use a pre-set flow device such as the ANDI mini-gas-sampler which is set at 2 lpm
(and is user adjustable.). 

5) Once the known gas is flowing over the sensor, the adjusting knob on the analyzer
should be set to the known percentage of Oxygen, i.e. 20.9% for Air and 99.9% for
pure Oxygen.  A less accurate but acceptable reading may be obtained by exposing
the analyzer to ambient atmospheric Air and calibrating to 20.9 %

6) After this value is stabilized the gas to be analyzed is then past through the hose.
When the display again stabilizes the resultant reading will be the % of Oxygen in the
sample gas.

Mini Flow Meter

A simple, inexpensive solution to determining
Oxygen flow rates.  Available in 3 ranges.

Range Part # 

 0.25  -  2.5 lpm 6-650L

 0.5  -  8.0 lpm 6-650M

 3.0  -  15 lpm 6-650H
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Fire Safety

FIRES INSIDE CHAMBERS

The following is an extract from the text by PJ Shellfield, and DA Desautels     It contains details
of reported chamber fires, their ignition sources and the outcome for the occupants. The list is
not complete, but gives graphic detail to one of the most hazardous aspects of hyperbaric
operations. In the period 1967, to 1996 there were some 39 fires in pressurized environments
causing 70 plus fatalities and only 8 injuries.  There are no known survivors of chamber fires
where Oxygen levels were above 25%.

The Historic Fire

The first reported chamber fire was in 1923 at the Cunningham Sanatorium in Kansas City.  A
nurse reported the “Tank ‘s on Fire !”. A doctor entered the chamber, herded the patients into
the lock and removed them without loss of life.  It turned out that the heating system was open
gas jets under the chamber and someone had turned them up a bit too high.

In 1974 a short circuit in the wiring of a bell at 33fsw consumed the Oxygen and produced toxic
fumes, both divers died,  the bell designer later committed suicide.  In 1976 a faulty welding
device caused a fire in a bell at 400fsw again both divers in the bell died.

From 1949 to 1979 eight fires were reported in air chambers (not those pressurized with
Oxygen) causing 11 fatalities and 5 survivors.  One of the main causes was condensed
hydrocarbon contamination from oil-lubricated compressors, this when combined with increased
Oxygen levels in the chamber, and an ignition source caused fires so rapid in development that
the occupants did not have time to use the fire fighting equipment provided.

As with all fire, the three elements required are Oxygen, Heat, and Fuel. In a high Oxygen
environment anything will burn. All that is required is an ignition source. It is vitally important
that anything that may be an ignition source is not inadvertently carried into a chamber.  Smoke
inhalation is also factor that has contributed to many deaths in chambers, a simple method of
switching the BIBS supply from Oxygen to air could have prevented some deaths.  Finally fire
suppression systems that can rapidly extinguish the fire are required.  In many fires the pressure
generated by the heat has rapidly increased the chamber depth to between 250 and 300 fsw,
preventing many occupants from escaping by quickly off-venting.  (Guy Lussac’s Law).
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Over 50% of all chamber fires have had an electrical ignition source, be it short-circuiting of
electrical equipment or electrostatic discharge. In 1975 a diver was completing his surface
decompression and felt warm and removed his wool sweater. This was in fact worn over a
synthetic fabric sweater, the resultant static discharge ignited the divers clothing and the diver
died of burns and carbon monoxide poisoning.  Subsequent tests showed that the mixture of
synthetic and woollen materials generate voltages of up to 50,000 V. with wool on its own,
generating voltages in excess of 10,000 V.  In response to this and subsequent accidents, wool
and synthetic fabrics are prohibited from chambers.

Low humidity levels increase the level of static discharge.  In 1976 a diver died when the
static discharge from an air muffler shorted across to the chamber hull, this caused a small fire
in the muffler which rapidly spread throughout the chamber. On investigation the humidity of
the incoming air was less than 50% and the pipework showed signs of condensed hydrocarbon
contamination.  Keep the rH at 70% to minimize the risk of static discharge.

With oil-lubricated compressors, small amounts of oil accumulate on the inside of the pipes, this
contamination does not show up in air purity tests, and waits for an ignition source.  Testing with
an ultra-violet light and / or the glass transfer test are the only reliable methods of identifying this
potential hazard.  If found the entire system must be purged with a detergent solution rinsed and
rechecked. The only way to ensure elimination of this hazard is to use oil-free compressors.

In another case, there were 6 students and 1 instructor in a chamber.  While passing 80 fsw the
instructor shouted for the compression to be stopped.  On questioning him as to “why”, he
explained that 3 inch static sparks were seen to be issuing from the end of the air muffler. The
chamber was carefully brought back to surface and the muffler examined. The fire retardant
paintwork behind the muffler was found to charred down to the undercoat.  Testing of the air
revealed that the relative humidity was 45%.  Fortunately there were no injuries, apart from some
very worried occupants, and several sets of clean underwear.

Electrical short-circuit has caused many fires and deaths in chambers, especially when high
Oxygen levels are used, one of the most publicized was the fire in the command module of
Apollo 1. Where three astronauts died when an electrical system shorted out. It is important
when installing electrical equipment in a chamber to ensure that the insulation is of a fire
resistant type and that suitable connection boxes are used.  No electrical equipment should be
permitted to trail on the floor, and that no supply to the chamber exceeds 12 volts. More
importantly chambers which use a high Oxygen environment must have excellent fire control
systems.

Francesco Martinisi, 4, was in the hyperbaric chamber on May 1, 2009, being treated for cerebral
palsy.  His grandmother, Vicenza Pesce, 62, was with him, keeping him company. The chamber
was poorly maintained and had not been properly cleaned.
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During young Francesco's session, his grandmother apparently reached back to adjust a cushion,
and a buildup of static electricity generated a spark near an earphone jack.  The spark ignited the
cable in the high ambient oxygen.  The oxygen aggressively accelerated the flames.  The child
lived for several weeks but died as a result of his burns.  The grandmother was burned to death
in her attempt to extinguish the flames.  These two deaths were the first in America in
hyperbarics and greatly damaged the acceptance of the modality.

FIRES IN CLINICAL HYPERBARIC CHAMBERS

The use of hyperbaric Oxygen therapy has brought the dangers of fire once more to the forefront.
Diving personnel are normally aware of the risks involved with chambers and Oxygen.  Medical
and Nursing staff are sometimes unaware of the risks involved, as a result there have been many
fatalities in medical chambers.  This only serves as ammunition to the sceptics in the medical
profession who are against HBO therapy. 

Many chambers used in hospital are of the mono-place design, constructed from an acrylic
plastic tube with metal doors mounted at both ends. These chambers are often compressed with
100% Oxygen which is circulated through an environmental control system.  In one fire a 4 year
old child was incinerated when sparks from a friction drive toy car that he had been permitted
to take into the chamber ignited the interior.  Two other children have died in separate incidents
from fire caused by spark producing toys.

In 1987 eight people died in a chamber fire in China when a child stated to play with a battery
powered toy (Game Boy).

From 1967 to 1993 four patients have been killed in Japan in single incidents, after taking butane
powered hand warmers into treatment chambers.  There are at least 6 other reported incidents
of fires of this type reported around the world.

An unconscious patient was placed rapidly into a monoplace chamber, after a period of time the
patient regained consciousness, and then incredibly proceeded to light up a cigarette.  The
resultant explosion killed the patient, shattered the chamber and severely injured 6 bystanders.

In 1996 a patient undergoing treatment or a circulatory disorder was killed when a static
discharge from a synthetic blanket ignited the chamber. The fire spread rapidly causing a
pressure rise in the chamber of 327 fsw.  That chamber was only rated for 66 fsw.  The chamber
then exploded blowing the doors off both ends, one of which hit the patients wife killing her
instantly.  This incident also injured several other passer-byes.
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From 1976 to 1987 several fires occurred in chambers caused by fibreglass instrument trays and
infant cradles rubbing against synthetic or woollen fabric causing static sparks, 

In 1989 a fire started in a chamber, the cause was a cotton blanket that had been pre-warmed in
a microwave oven.  Once in the higher Oxygen environment of the chamber this then ignited.
The fire was extinguished by the deluge system. 

At least two fires have been started in chambers by medical personnel removing Velcro secured
blood pressure cuffs.  Discarded medical dressing packs are a fire hazard especially when they
are allowed to accumulate under the floor plate  Other potential fire risks  are alcohol and ether
based sterilization swabs, certain petroleum-jelly based topical dressing, and paraffin gauze
impregnated wound dressings 

On one occasion static spark were seen to be emitting from a patient wired to monitoring
equipment, luckily the equipment was turned off before any harm could be caused

In one incident where 4 persons died, it transpired that the capacity of the overboard dump
system had been overloaded by the use of   “Y” connectors , to allow double the amount of BIBS
units to be fitted into the chamber. The resulting back pressure caused by this over-use raised the
Oxygen content to 35% on several occasions before the fire.  The cause of ignition was probably
electrical.

Whenever possible avoid the build-up of Oxygen in the chamber.  US Navy’s safety standard
reflects a limit of 25% oxygen content in their chambers.  Their perfect safety record justifies
this value.

There has never been a survivor of a chamber fire in which the chamber was operated with
an Oxygen environment.  When doing so ALL aspects of Oxygen safety must be ritualistically
adhered.

On one occasion a cleaner was seen to be using a spray wax polish inside the chamber. It later
transpired that the chamber was to receive several important visitors that day, and the cleaner
had be told to make an extra special job of the chamber, but had never been informed of the
correct cleaning regime.

Several fires have been caused by the use of quick opening valves, on Oxygen lines. Incorrect
pipework materials, restrictions in pipes, and incorrect cleaning and cleaning verification
methods.
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ANDI Safety Poster in Prominent View at HyperbaricsRx, Lauderhill, FL 

Fires have also started outside chambers, which have caused 8 fatalities and 10 injuries, most
of these have been caused by smoking within the vicinity of the chamber, and one where a
patient had dropped an alcohol impregnated swab into an ashtray.  

Summary: The preceding narrations are intended to heighten awareness and instill a sense
of urgency for proper maintenance and safety rules.  The List of Rules at the end of this
section has a PERFECT safety record.  It’s simple: FOLLOW THE RULES!
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FIRE PREVENTION

As it can be seen,  fires in Oxygen-rich environments ( even .30 fO2 ) spread rapidly, and are
almost always fatal.  100% Oxygen fires see no survivors.  Death is caused by a combination of
Burning, Smoke inhalation, Carbon monoxide poisoning, Asphyxia, Blast and Rapid
Decompression. As a result the prevention of fire by correct operational and engineering
procedures is essential.  It is with this in mind that the following rules must be adhered to at all
times.

1) Oxygen levels within the chamber environment must be closely monitored and controlled. 
Flash fires can more easily develop at 25% O2.  Multi-place chamber Oxygen levels must
never exceed 25%.  Some systems have alarms set to alert at 23%.

2)   Ensure that the fire control system is fully functional before chamber operations. 

3) Condensed hydrocarbon contamination must be checked for at regular intervals on systems
using oil-lubricated compressors.  Periodic cleaning and maintenance is required.

4) Gas humidity levels must be kept higher than 50% rH.  Low humidity enhances the chance
of a static spark, the source of possible ignition.

5) Electrical wiring must be designed and installed to prevent chafing and possible short
circuits.

6) Electrical wiring must have insulation that is fire retardant or resistant.

7) Electrical wiring must have insulation that does not emit toxic fumes when heated.

8) No Electrical supply of more that 12 volts is permitted in the chamber.

9) Ensure that the chamber is properly earthed or connected to ground.

10)  If possible purge all connection / junction boxes with nitrogen.

11) Ensure that the dump system is rated for the amount of BIBS units in use.

12) Ensure that the chamber is only painted with fire resistant / retardant paint.

13) Ensure that no Woollen or Synthetic Fabrics are ever permitted in the chamber.

14) No outside shoes are ever permitted in the chamber.
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15) If possible, ensure that chamber occupants wear only cotton or fire resistant clothing.

16) Only fire resistant, anti-static or cotton bedding is used in chambers.

17) When cleaning the chamber only use water based approved cleaners.  “Blue Gold” Cleaner
is approved for “Oxygen Service” cleaning procedures and is non-toxic and rinses clean
with out leaving a residue.  

18) Ensure that all members of the chamber staff are aware of the dangers of fire within a
chamber.  This list includes all personnel from the medical director to the floor cleaner. 

19) Search patients for spark or heat generating articles.  No pockets in the patients attire.

20) Ensure that Velcro fasteners are not used in chambers.  They can produce a static spark.

21) Ensure after every chamber run that no dressing wrappers remain or have fallen below the
gurney or are under the floor plates.

22) Check with medical staff to ensure patients are not dressed with petroleum based dressing
while in the chamber.

23) Ensure that patients connected with electrical monitoring equipment are correctly grounded. 
“Diathermie” earthing pads are ideal.

Finally, in the fires where the Oxygen concentration was above 28% there were no survivors. 
The international standard for the maximum Oxygen content in a chamber is 25%. It is
imperative that all chamber operating staff closely monitor Oxygen levels.  A flushing rate of
50 standard litres per minute (2  Std cubic ft) is required per person, for each person in the
chamber. 

Chamber staff must be instructed that if the Oxygen content of the chamber continually rises
despite flushing, Oxygen is to be stopped until the cause is ascertained and rectified before
continuing.

The Premier International Educational Agency for Hyperbaric & Diving Technologies
Copyright  ANDI International August 2004



ANDI Hyperbaric Chamber Operator6.32

Chapter 6  Application Questions

1. Oxygen is a very active element.  Although Oxygen is NOT flammable, what condition will
cause EVERYTHING TO BURN easier and faster relative to Air?

2. Define Oxygen clean.

3. Define Oxygen compatible.

4. Define Oxygen Service.

5. What is the name or CGA designation of the two types of valves used for Oxygen within the
USA?  Can you recognize them?

6. How does one analyze the fO2 in a gas mixture?

7. List and review all of the 23 items of Oxygen Safety rules as per the text.
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APPENDIX
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HYPERBARIC  TREATMENT  LOG   A-9 

Patient : ________________________     Date : __________ 

�  Patient Counseling     �  Attire check    �  Pre-Breathing check     �  Complete checklist

Target Pressure (gauge) _____   Target PO2 : _____   Proposed Duration  ______  

Oxygen Usage Run Time PSI Gauge Chamber fO2 PO2 at BIBS

Start : - 0 - 0.21

10 minutes

20 minutes

30 minutes

40 minutes

50 minutes

60 minutes

75 minutes

90 minutes

Start Time :____________ Treatment Ended : _______________

Conversion Table: Gauge Pressure to Absolute Pressure (at Sea Level)

Gauge Pressure (psig) Total Pressure (psia) Total Pressure (ata)
PO2 @ BIBS w 100% O2

Supply
PO2 @ BIBS w

Concentrator @ 95%

1 psig 15.7 psia 1.06 ata 1.06 ata 1.01 ata

2 psig 16.7 psia 1.14 ata 1.14 ata 1.08 ata

3 psig 17.7 psia 1.20 ata 1.20 ata 1.14 ata

4 psig 18.7 psia 1.27 ata 1.27 ata 1.21 ata

5 psig 19.7 psia 1.34 ata 1.34 ata 1.27 ata

6 psig 20.7 psia 1.41 ata 1.41 ata 1.34 ata

7 psig 21.7 psia 1.48 ata 1.48 ata 1.40 ata

If Using Concentrator:

Flow: ______

Purity: ______

If Using Pressurized
Oxygen:

  Cylinder Size: ______

Freeflow rate: ______

Demand Mask: G     

Start pressure: ______

End pressure: ______

Net used: ______
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HYPERBARIC SINGLE TREATMENT  LOG   A-10

Patient : ________________________     Date : __________ 

�  Patient Counseling     �  Attire check    �  Pre-Breathing check     �  Complete checklist

For Cylinder-supplied Oxygen

Supply fO2 : _____   Beginning O2 psi : _____  Ending O2 psi  ______  O2 Used : ______

Run Time PSI Gauge Chamber fO2 PO2 at BIBS Temperature

Start : - 0 - 0.21 0.21

The Premier International Educational Agency for Hyperbaric & Diving Technologies
Copyright  ANDI International August 2004



HYPERBARIC  TREATMENT  LOG A-11

Patient : __________________________     1st Dive Date of this Series : __________ 

�  Patient Counseling       �  Attire check      �  Pre-Breathing check       �  Complete Equip pre-checklist       � Waiver & Rx on File

Rx Dosage: _______      Target Gauge Pressure ________   Time at Rx Dosage __________

Date
dd/mm/yy

Dive #
Administering

HCO
Run Time

Start  / End

At Target

Start  / End

 fO2 @

BIBS

Chamber

Pressure

PO2 @

BIBS

O2 Flow

Rate

Total

ata-min

See Patient Notes and event details for these dives on reverse of this page
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HYPERBARIC   TREATMENT   LOG    A-12   (Air Breaks)

Patient : __________________________     1st Dive Date of this Series : ________________ 

At the beginning of each Dive complete the following:
�  Patient Counseling       �  Attire check      �  Pre-Breathing check       �  Complete Equip Pre-checklist       � Waiver & Rx on File

Rx Dosage: ___________   Target Gauge Pressure ___________   Time at Rx Dosage ______________    HCO _____________________

Dive # _________ Dive Date ________ Patient’s O2 Flow Rate ___________

Run Time

Start

At Target

Start

Air Break

1
At Target

Air Break

2
At Target

Air Break

3

At Target

End

Run

Time
End

Chamber

Pressure

fO2 @

BIBS

PO2 @

BIBS

Total

ata-min

Dive # _________ Dive Date ________ Patient’s O2 Flow Rate ___________

Run Time

Start

At Target

Start

Air Break

1
At Target

Air Break

2
At Target

Air Break

3

At Target

End

Run

Time
End

Chamber
Pressure

fO2 @

BIBS

PO2 @

BIBS

Total

ata-min

See Patient Notes and event details for these dives on reverse of this page
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Chart 1-4    METRIC - IMPERIAL UNITS CONVERSIONS

NASA's Metric/Imperial Equivalents

ata PSI kPa fsw  msw PO2 bar

1 14.696 101.33 0 0 0.209 1.01325

2 29.392 202.66 33 10.132 0.419 2.02650

3 44.088 303.98 66 20.265 0.628 3.03975

1  msw  =  1/10 bar

1 ata = 1.01325 bar

1  msw  = 0.101 ata

1  msw  = 3.2568 fsw

1 meter = 3.28 feet (distance, not pressure)

1 ata  =  760 mmHg (mercury)

fsw  ÷  3.2568  =  msw 

msw  ×  3.2568  =  fsw

1 kPa Î 1/100 Atmosphere

1 cu. ft.  =  28.311  liters

1 bar  =  0.98692 ata

1 bar  =  14.5037 psi

1 kPa = 10 millibar

1 ata  = 1013 millibars

33  fsw = 10.1326  msw 

1 foot = .3048 meter 

1 liter = 1 kg of water

1 gallon = 3.785 liters

1 kg/cm2 = 14.223 psi

1,000 liters = 1 cubic meter 

psia  =  psig + 14.7OR    psig + 1 ata

psia  =  ata  x  14.7   OR    psia  =  ata  ÷  0.068

psig  =  psia  - 14.7OR    psia - 1 ata    OR    psig  =  (ata - 1)  x  14.7

ata  =  [(psig + 14.7)]  ÷  14.7

ata  =  psia  x  0.068    OR    ata  =  psia  ÷  14.7
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PSIG to ata Conversions

Gauge Pressure (psig) ata

1.0 1.07

1.5 1.10

2.0 1.14

2.5 1.17

3.0 1.21

3.5 1.24

4.0 1.28

4.5 1.31

5.0 1.35

5.5 1.37

6.0 1.42

6.5 1.44

7.0 1.49

7.5 1.53

To determine the Total Pressure in ata:
Add 14.7 psi to the pressure you read on the gauge then divide that total by 14.7 psi.

(14.7psi + gauge pressure in psi)  ÷ 14.7 psi per ata
OR psia (rounded down) x 7   = answer   then divide by 100

example - 6 psig=20 psia x 7 = 140 ÷ 100 = 1.4

To determine the PO2 at the BIBS:

Multiply the fO2 being supplied (e.g. 100% or 95% or ????) by the total pressure in ata to find the PO2

expressed as “ata”.fO2 x P = PO2

Example :Your Oxygen supply analyzes at 0.95 (95%) and the maximum treatment pressure is 4.4 psi.
14.7psi + 4.4psi = 19.1psi : 19.1psi ÷ 14.7psi = 1.3ata      .95 x 1.3ata = 1.23ata

Answer:Therefore, the PO2 of the inspired gas actually being delivered is 1.23 ata

For this to equal the actual dosage delivered to the patient we must assume that the mask or BIBS
system being used is delivering 100% of the inspired gas without leakage or dilution.  This can be very
significant since a nasal cannula delivers, at best, 30% and a standard non-rebreather mask with a reservoir
bag is rated by manufacturers to deliver 90% maximum if tidal volume is delivered.  Only a demand system
or a free-flow anesthesia mask with reservoir can deliver 100% of the inspired gas without dilution.
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Blue Gold  Industrial Cleaner

ANDI has researched suitable cleaners for our specific purpose in accordance
with CGA G-4.1 and ASTM G-93-88 literature.  By year 2000, all signers of
the Montreal Protocol act will not use any Chloro-Flouro-Carbon (CFC) type
solvents.  CFC type cleaning solvents have proven to  present serious risks
to the environment and users.  The Oxygen industry has awaited the
availability of CFC alternatives.  One such alternative product that out
performs the norm is Blue Gold Industrial Cleaner produced by Modern
Chemical Company.

Blue Gold was tested to ASTM G72-82 and ASTM D-24076 standards.  The test confirmed that
Blue Gold with water rinsing is suitable for high pressure Oxygen Compatible parts cleaning.  The
product is also being reviewed by the ASTM G-4 Committee in connection with the selection of
approved cleaning agents.   This cleaner is also approved by most manufacturers of hyperbaric
chambers as compatible with their product and cleaning criteria.
 
The recommended usage of Blue Gold is 1 part to 20 parts water for standard dive industry
applications.  Blue Gold rinses clean leaving no residue or odor.  Solutions may be passed through
particle filters and reused as first rinses many times over.  In closed loop spray cabinets and sinks
, Blue Gold works well at 1 : 35 dilution ratios.  Blue Gold’s cleaning action is enhanced by heating
(60" C \ 140"F ), although excellent results are achieved at room temperature.  Ultrasonic cleaners
further improve the results for smaller parts. 

Blue Gold is especially formulated for the metal working industry as it is suitable for both ferrous
and non-ferrous metals.  Blue Gold is safe for polymer contact so plastics, silicones and neoprenes
are safely cleaned.  Blue Gold removes the concern for personnel safety as it is safe for skin contact. 
When disposal is necessary it may be poured into normal water drains.

As an industrial cleaner, Blue Gold is normally sold in drums however ANDI has made Blue Gold
available in 5 gallon or single gallon containers for practical handling and expense concerns.  For
additional information and Material Safety Data Sheets contact ANDI International, or ANDI
Regional Headquarters or Modern Chemical Company.

ANDI Part # 5-958Blue Gold cleaner   1  gallon

ANDI Part # 5-959Blue Gold cleaner   5  gallon
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E.P.A. Registration No. 70263-6

ACTIVE INGREDIENTS:
Octyl decyl dimethyl ammonium chloride 1.65%
Dioctyl dimethyl ammonium chloride 0.66%
Didecyl dimethyl ammonium chloride 0.99%
Alkyl (C14, 50%; C12, 40%; C16, 10%)
dimethyl benzyl ammonium chloride 2.20%
Inert ingredients 94.50%
TOTAL 100.00%

Micro-Ban Hospital Grade Disinfectant

For Household, Hospitals, Institutional and Industrial Use

Disinfectant-Cleaner-Sanitizer-Fungicide
Mildewstat-Virucide-Deodorizer-Bactericide

TMicroban QGC delivers non-acid cleaning performance in an
economical (2 ounce per gallon) dilutable formula. 

TMicroban QGC cleans, disinfects, and deodorizes in one labor-
saving step.   Effectively controls malodors.

TMicroban QGC will not leave a residue of grit or soap scum.

TMicroban QGC can be used with a trigger sprayers, mop and bucket,
sponge or by soaking.

TMicroban QGC is a Disinfectant for Veterinarian, Animal
Care, and many Agricultural applications.

TEffective in hard water up to 400 ppm hardness

TInhibits the Growth of Mold & Mildew

TEffective Against a Broad Spectrum of Bacteria [(Including
MRSA)], is virucidal (including HIV-1, the AIDS virus),

fungicidal. 

TEconomical and with a long effectiveness shelf-life.

Distributed By : ANDI International

1 Gallon / 128 oz. / 3.75 liter plastic container

Part # 6-230$ 48.00
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ALPHA-I    ANALYZER

ANDI is proud to introduce this product to the diving community.  This analyzer addresses many
of the weaknesses found in similar products.   Available from ANDI distributors world-wide, this
unit has “CE” approval for European distribution.  The unit is rated “Waterproof to IP65 standard”
(water jets / sprayed water) and is housed in a rugged die-cast aluminum case.  A poly-carbonate
protective window covers the LCD display.  The sensor is less temperature sensitive than other
brands (temperature stable over a range of -20 to +500 C). 

The Alpha-I incorporates a sealable
sensor chamber to significantly
extend sensor life beyond any
competing product; 3 years or more. 
 Shutting down the sensor is achieved
by means of threading on the
included Sensor Sealing Cap which
prevents the sensor from operating
once the remaining Oxygen has been
depleted from the now-sealed sensor
chamber.

Easy calibration is achieved by
means of a face dial.  The display
reading is very stable and the battery
is user replaceable. Use the Alpha-I
with ANDI's gas sampler (part# 7-
929) and your own SafeAir
compatible regulator for the absolute
best in repeatability and accuracy.  

By following proper analysis procedures, repeatability of +/- 0.1 % can be achieved making the
Alpha-I the most accurate hand-held analyzer in the industry.

Specifications

Case Die-Cast Aluminum Response Time < 40 sec. full reading

Waterproof IP65 standard Relative Humidity 0-99 % non condensing

Range 0 - 100 % Oxygen Pressure Range Atmospheric +/-10 %

Resolution 0.1 % Warranty 12 months

Repeatability +/- 0.1 % Battery life > 2 years 

Expected Accuracy +/- 0.5 % full scale Temperature Range  -20 to +500 C

Linearity Linear through full range ANDI # 7-925 Retail Price - $599 (2015)
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ANDI  Chart HC-3       Oxygen Dosage Conversion

Conversion Table: Gauge Pressure to Absolute Pressure (at Sea Level)

Gauge
Pressure

(psig)

Total
Pressure

(psia)

Total
Pressure

(ata)

PO2 @ BIBS
100%  O2 Supply

(ata) *

PO2 @ BIBS
Concentrator@94%

(ata) 

PO2 @ BIBS
Concentrator@94%

with std non-reb
mask@90%

0 14.68 1.00 1.00 0.94 0.846

1 15.68 1.068 1.07 1.00 0.904

2 16.68 1.136 1.14 1.07 0.96

3 17.68 1.204 1.20 1.14 1.02

4 18.68 1.272 1.27 1.20 1.08

5 19.68 1.340 1.34 1.27 1.14

6 20.68 1.408 1.41 1.33 1.20

7 21.68 1.476 1.48 1.39 1.25

8 22.68 1.544 1.54 1.47 1.31

9 23.7 1.61 1.61 1.53 1.37

10 24.7 1.68 1.68 1.58 1.42

11 25.7 1.75 1.75 1.66 1.49

12 26.7 1.82 1.82 1.73 1.54

13 27.7 1.88 1.88 1.79 1.60

14 28.7 1.95 1.95 1.85 1.65

15 29.7 2.02 2.02 1.91 1.71

16 30.7 2.09 2.09 1.97 1.77

17 31.7 2.16 2.16 2.03 1.82

18 32.7 2.22 2.22 2.09 1.88

19 33.7 2.29 2.29 2.15 1.94

20 34.7 2.36 2.36 2.21 2.00

21 35.7 2.43 2.43 2.27 2.06

22 36.7 2.5 2.5 2.33 2.11

23 37.7 2.56 2.56 2.39 2.17

24 38.7 2.63 2.63 2.45 2.23

25 39.7 2.70 2.70 2.51 2.34

26 40.7 2.77 2.77 2.57 2.40

27 41.7 2.84 2.84 2.63 2.46

28 42.7 2.91 2.91 2.69 2.51

29 43.7 2.97 2.97 2.75 2.57

30 44.7 3.04 3.04 2.81 2.63

* approx value used: 0.07 ata per psig increase.          Actual value is 0.068 resulting in rounding of values.
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From ANDI  International 
with the proud support of our Regional Headquarters:

The first instructor teaching manual for Enriched Air Nitrox diving.

The first integrated teaching system for Enriched Air Nitrox diving.

The first Gas Blender training program industry wide.

The first Enriched Air Nitrox Service Technician training program industry wide.

The first Breathing Gas Purity standards other than Air.

The first manufacturer endorsed equipment standards. 

The first Enriched Air cylinder inspection sticker, color wrap decal and cylinder contents tag.

The only Oxygen / EAN compatibility designation sleeves and stickers.   (pat pending)

The first international dealer network of Enriched Air Facilities.

The first multi-agency, multi-level professional liability insurance program.

The first insurable/insured Enriched Air Nitrox training program.

The best  student workbooks on Enriched Air Applications and Technical Diving.

The first multi-language offering of textbooks and materials for advanced diving technologies.

The highest standards in the industry, world-wide.

The Premier International Educational Agency for Hyperbaric & Diving Technologies
Copyright  ANDI International August 2004
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A Sample of Educational  Publications  from  ANDI  International

Open Water Sport Diver    EA Betts
The most complete and up-to-date training manual for the beginning scuba diver

Introduction to Enriched Air Diving    EA Betts
The basic introduction to the principles of SafeAir diving

The Applications of Enriched Air Mixtures    EA Betts
The complete course for SafeAir Users 

Oxygen Administration for Diving Emergencies    Tongren, Rudell & Betts
A hands-on text with good background material usable by everyone

Advanced Diving Activities    EA Betts
The divers guide to decompression and technical diving

Extended Range & Tri-Mix Exploration Diving    Wenngatz & Betts
A comprehensive study of modern diving technology

Oxygen Handling and Gas Blending Procedures    EA Betts
A “must have” manual for safe gas handling and breathing gas production

EAN & Oxygen Equipment Servicing Procedures    EA Betts
The “whys and hows” of maintaining breathing equipment for Oxygen service

Introduction to Rebreather Diving    EA Betts
The basics of the technology 

Recreational Diving with Closed Circuit Rebreathers    EA Betts
12 different unit-specific texts covering the principles and procedures.  Models include:

Inspiration, Megaladon, JJ eCCR, Hammerhead, KISS, Nautilus, etc.

Hyperbaric Chamber Operator    EA Betts
The Certified Hyperbaric Chamber Operators training and reference text

Cardio-Pulmonary Resuscitation : A Lifesavers Guide    Charlie Johnson
A good basic hands-on text in simple terms.  “How to” easily understood.

First Aid for Aquatic Sports Injuries    Charlie Johnson
A very complete presentation in an easy to understand format

The Premier International Educational Agency for Hyperbaric & Diving Technologies
Copyright  ANDI International August 2004



ANDI Hyperbaric Chamber OperatorAppendix 14

VISIT  ANDI'S WEBSITE

http://www.andihq.com

Industry News    Training Information

Dealer Directory

The Premier International Educational Agency for Hyperbaric & Diving Technologies
Copyright  ANDI International August 2004

http://www.andihq.com

