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This document 1s the book number four of the ensemble of four books
constituting the “Saturation diving handbook” described underneath.

Books

Description

Book #1: Definition and elements
for preparation

The document describes the scope of saturation procedures, the
NORMAM 15 PLC saturation procedures, and some elements to
consider when organising a saturation diving project such as the
necessary personnel, weather conditions, surface supports, systems of
communications, work procedures with ROV, supply chain to be in
place, etc.

Book #2: Gas supplies &
chamber management

This document describes safe practices and emergency procedures to
manage chambers and gas supplies for successful operations.

Book #3: Bell procedures

This document describes the main rules for the organization of safe bell
diving operations

Book #4: Diving accidents

This document indicates and explains accidents linked to saturation
diving operations and how to solve and avoid them.

February 2021 | First publication

August 2021 | Modified some texts regarding “Hydrogen sulfide”

This document has been generated by CCO Itd - 52/2 moo 3 tambon Tarpo 65000 Phitsanulok - THAILAND

The contents of this document are protected by a copyright and remains the property of CCO Ltd.

This handbook exists for the sole and explicit purpose to present guidelines which have been published by
competent bodies and which we consider as being relevant to commercial diving.

CCO Ltd is responsible for the administration and publication of this document. Please note that whilst every
effort has been made to ensure the accuracy of its contents, neither the authors, nor CCO Ltd will assume liability

for any use thereof.
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Important Note

This book is written with the only aim of informing people interested in diving activities of elements to
take into account to prepare successful saturation diving operations.

I express my sincere thanks to the people who support this project and provided me with useful documents
and advice, particularly, doctor Jean Yves Massimelli and Jean Pierre Imbert (Divetech).

Kindly note that this document does not replace specialized diver medical courses.

Christian Cadieux - manual author
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This summary identifies accidents and illnesses linked to diving activities by their main symptoms.

Note that diseases or accidents that are not of the same origin can have similar symptoms. For this reason, symptoms
should not be used alone but associated with other elements, such as the working conditions, the dive profile, the victim's
physical condition, etc., to try identifying their origin. That highlights the importance of the diving medical specialist, who
must be contacted in priority for any abnormal condition.

More details about these accidents are developed in point “C - Accidents linked to saturation diving”.

Symptoms linked to diving accidents.

Symptoms

Possible accident

Possible causes

- Speech impairment
- Fixed ideas
- Sluggish reactions

- Body T° equal or less than 35° (death
occurs at 25°)
- Too long time in cold water with an

suddenly at depth in cold water

- Confusion . . . . .
- Trritability Hvoothermia inappropriate suit, or 1nsufﬁ01eqt hot
. Hypothermid water delivery to a hot water suit.
- Amnesia
- Muscular rigidity
- Collapse , fainting
- If nothing is done: death
- Due to insufficient thermal protection
when launching the dive or the suit
- Rapid breath rate and spasmodic opening suddenly at depth.
respiration when reaching the water or Cold shock - Not to be confused with

hyperventilation due to worrying,
which often starts before launching
the dive.

- Headache

- Dizziness

- Dry skin

- Hot and flushed ( red skin)
- Dilated pupils

- Confusion

- Shallow and fast breathing
- Weakness

- Convulsions

- Rapid and weak pulse

- Collapse and loss of consciousness

Hyperthermia

The victim's core temperature is equal
to or greater than 39°, usually as a
result of a too-warm environment.

- Pain in the forehead

- Pain in the cheek area

- Bleeding nose

- Inability to clear the ears

Sinus Barotrauma

Infection or irritation of the sinuses

- Pain in the ear
Red color eardrum
Impaired hearing

Barotrauma of the external

car

- Bad equilibration during compression
- Blockage of the eustachian tube

- Pain under the ear
- High-frequency noises
Loss of hearing

Barotraumas of the middle

car

- Bad equilibration during compression
- Blockage of the eustachian tube
- Oval or/and round windows damaged
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Symptoms Possible accident Possible causes
- Upset balance
- Vertigo , Nausea ce . .
- Affected hearing - Bad equilibration during compression

- If using face mask with the ears
exposed to the water: Sudden vertigo
followed by stabilization

Eardrum rupture

- Blockage of the eustachian tube
- Water intrusion in the middle ear

Pain under the ear

- High frequency noises (tinnitus)
Dizziness

Nausea

Loss of hearing

Barotraumas of the inner

car

- Bad equilibration

- Blockage of the eustachian tube

- Oval or/and round windows damaged
or ruptured

- Cochlea damaged

- Pain in the maxillaries, mostly during

Teeth barotrauma

- Breathing gas trapped in the teeth

ascent
_ Chest pain - Suction into the helmet in case of no
_ Blee di1:1 lunes return valve failure resulting in

. glungs - depression in the helmet
- Difficulty breathing

- Pain in the neck and the shoulders

- Often associated with continuous flow
helmets (Can lead to Pulmonary

- Bleeding ears Squeeze . ;
- Hemorrhages of the eyes and the nose barotraumas assgczated with
- Bruised and puffy cheeks [fractures of the ribs and /or collar
bones in severe cases)
- Due to the external pressure on the
.. . . suit, creating folds which will trap
- Bruising of the skin Nips ’

and pinch the skin
- Often associated with dry suits

Visual disturbance (tunnel vision)
Nausea

- Hearing problems

Twitching

- Irritability

- Dizziness

- Convulsions

Acute oxygen poisoning
(Paul Bert effect)

- Too elevated oxygen partial pressure
- Diver suffering from intolerance to
oxygen

After a long time under oxygen :

- Dry irritated throat

- Tight feeling in the chest

- Dry, painful cough

- Painful fingertips

- Shortness of breath

- Mild tingling in the lungs followed by
burning sensation.

Chronic oxygen poisoning
(Lorrain Smith effect)

- Oxygen breathed at a partial pressure
above 0.5 bars during long periods

In the water or in chamber:

- Exaggerated euphoria or anxiety

- Lack of memory

- Irritability

- Hallucinations

- Lack of coordination

- Sudden panic

- I8t visible symptoms around 30 m with
air diving.

Narcosis

- Too elevated partial pressure of
nitrogen (air diving).

- Narcotic gas in the mix (nitrogen,
argon, etc.)

Headache

Increased breathing
Superficial breath

- Feeling apprehension
- Panic

Hypercapnia

- Too elevated CO2 partial pressure in
the blood (over 0,059 / 45 mm hg)
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Symptoms

Possible accident

Possible causes

- Cyanosis, bluish tinge
- Poor coordination

- Oxygen Partial pressure below 160

- Breath increased Hypoxia mb

- Increased heart rate

- Loss of conscious Anoxia - No oxygen in the breathing mix

- Death follows quickly EE— e £

- Increased respiratory rate. . . -

_ Casualty vomiting . - Airways invaded by'a liquid
Drowning The symptoms are linked to

- Pulmonary oedema
- Unconsciousness

catastrophic events during the dive

- Difficulty breathing
- Pain behind the breastbone
- Sensation of fullness

Mediastinal emphysema
(Pulmonary barotrauma)

- Gas trapped in the space between the
lungs

Symptoms in addition to those listed above:
- Gas trapped below the skin near
shoulders and around the neck
- Hoarse voice
- Sensation of fullness of the throat

Mediastinal emphysema
with subcutaneous

emphysema
(Pulmonary barotrauma)

- Gas trapped in the mediastinal space
also trapped under the skin of the
shoulders and neck

- Chest pain

- Restricted chest movements

- Difficulties breathing

- Chest moving without venting

- Blood vessels of the neck may be
swollen

Pneumothorax
(Pulmonary barotrauma)

- Gas trapped within the pleura
NB: In slight cases can be only detected
by X rays

Generally, 5 to 10 min after surfacing:
- Headache , dizziness
- Visual disturbance
- Confusion, hallucinations
- Loss of coordination
- Abnormal gait
- Paralysis
- Collapse
- Symptoms similar to infracts

Arterial Gas Embolism
(Pulmonary barotrauma)

- Gas bubbles entering the blood
vessels affecting the nervous system
and the circulatory system

- Skin itching
- Rash under the skin

Skin only decompression
accident (classified type 1)

- Pathogen bubbles in the small vessels
under the skin

- Localized non-radiating pain, generally
in a joint (elbow, wrist, knee, etc.)

Pain only decompression
accident (classified type 1)

- Bubbles trapped in or around joints

Radiating pain
- Radiating pain in the shoulders or the
limbs
- Girdle Pain in the lumbar area
- Numbness, tingling
- Decreased sensation to touch
- Paraplegia/paralysis
- Loss of bladder and bowel control

Spinal decompression
accident (classified type 2)

- Bubbles trapped In the spinal cord .
The affected area depends on the
location of the bubble in the spinal
cord

- Vertigo

- Loss of hearing

- Nausea

- Nystagmus (also called dancing eyes)

Vestibular decompression
accident (classified type 2)

- Bubbles in the cochlea, the
vestibulocochlear nerves, the
cerebellum or cortical pathways.

- Headache , dizziness
See the continuation on the next page

Cerebral decompression
accident (classified type 2)

- Pathogen bubbles trapped in the
brain
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Symptoms linked to diving accidents. (continuation)
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Symptoms

Possible accident

Possible causes

Continuation of the previous page
- Visual disturbance
- Confusion, hallucinations
- Loss of coordination
- Abnormal gait
- Paralysis of one side of the body
- Collapse

Cerebral decompression
accident (classified type 2)

- Pathogen bubbles trapped in the
brain

- Deep aching pains

- Gritting and popping within the joints

- Symptoms may occur around 30 metres
at rapid compression rates

- At a slow compression rate, symptoms
are not present before 90 metres

- The symptoms usually disappear in

reverse order during the ascent.

Compression arthralgia

- It is thought to result from the
sudden increase in tissue gas tension
surrounding the joints causing fluid
shifts and interfering with joint
lubrication.

- Often linked to too fast compression

- Burning sensation on swallowing
- Nausea and vomiting

- Abdominal cramps

- Weakness

- Anesthesia

- Hallucinations

- Changes in color perception

- Blindness

- Seizures

- Coma

Hydrocarbons intoxication

Ingestion or breathing of hydrocarbons

- Eye and respiratory tract irritation
- Loss of smell

- Headache and nausea

- Loss of reasoning

- Loss of balance

- Unconsciousness

- Breathing will stop within minutes

Hydrogen sulfide (H2S)

- Hydrogen sulfide breathing

- Headache

- Dizziness

- Nausea

- Loss of consciousness

- Death if nothing is done

Carbon monoxide poisoning

- Carbon monoxide breathing

following maintenance of the air/gas supply
system

- Nausea, vomiting and abdominal

cramps.

- Weakness

- Anaesthesia

- Blindness

- Coma

Cleaning fluids

Contaminants into the chamber, gas
piping, and/or the gas storage..

- Upper respiratory flu or cold like
symptoms
- Coughing
- Vomiting
- Diarrhea
- Pneumonia
- Headaches
- Dizziness
- Skin lesions
See the continuation on the next page

Contamination by
chemicals

Some chemical contaminants easily
blend with the water and can enter in
the body by ingestion, inhalation, or
contact with the skin
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Symptoms linked to diving accidents. (continuation)
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Symptoms

Possible accident

Possible causes

Continuation of the previous page
- Headache

- Visual disturbances

- Paralysis,

- Convulsions

- Loss of conscious

(When diving in rivers, lakes, ports or
near some polluted facilities )

Contamination by chemicals

Some chemical contaminants easily
blend with the water and can enter in
the body by ingestion, inhalation, or
contact with the skin

- Rash

- Itchy skin.

- Fever or chills

- Muscle aches

- Allergic reaction,

- Cough / asthmatic attack.
- Nausea & vomiting,

- Diarrhea,

- Blood in urine

- Loss of weight

- Jaundice

- Nervous manifestation

Contamination by parasites

Most parasites are acquired by
ingestion, but some gain entry into
the body by skin contact.

- Dry mouth

- Difficulties swallowing

- Nausea & vomiting

- Abdominal cramps/diarrhea

- Jaundice

- Faeces with blood

- Difficulties in breathing

- Fever & dehydration

- Nose bleeds

- Vision troubles/hallucinations
- Ear canal pains and swellings
- Fickle mood

- Fatigue/lethargic feeling

- Muscle weakness/cramps

- Collapses

Contamination by Bacteria

Bacteria can be found in almost any
environment and sometimes
concentrate in a thin layer on the
water surface, or a thin layer on the
top of sediment.

- Gastrointestinal disturbances
- Weight loss

- Headache

- Fever,

- Delirium,

- Seizures

- Difficulty breathing
- Sore throat

- Cough

- Fatigue & Lethargy
- Myalgia

- Paralysis

- Death

Contamination by Virus

Viruses are the smallest pathogen
agents. They are difficult to detect
and treat.

- Nausea & vomiting
- Diarrhea
- Skin burns (skin reddening)
- Weakness
- Lethargy and fatigue
- Loss of appetite (anorexia)
- Fainting
See the continuation on the next page

Exposure to radiations
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Symptoms linked to diving accidents. (continuation)
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Symptoms

Possible accident

Possible causes

Continuation of the previous page

- Dehydration

- Inflammation of tissues (swelling,
redness or tenderness)

- Hemorrhages under the skin

- Bleeding from your nose, gums or
mouth

- Anemia

- Hair loss (usually from just the scalp)

- Decrease in platelets

- Death can happen quickly

Irradiation

Direct exposure to radioactive
materials

- Tinnitus

- Difficulty of hearing in noisy areas

- Sensation of muffling

- Difficulties understanding words,
especially when there is background
noise

- The need to ask others to speak more
slowly, clearly and loudly

- Memory disturbances

- Intellectual impairment

- Depression

- Permanent sensorineural hearing loss

- Dizziness

- Nausea

- Symptoms occur after diving in noisy
surrounding

Hearing loss

Exposure to:

- Noisy tools

- Noisy surrounding
- Sonar

- Blurred vision

- Lightheadedness

- Vibratory sensations in hands, arms and
legs

- Tremors in upper extremities .

- Pain cochleo-vestibular

- Change in rate of respiration

- Skin tension

Harmful noises

Diving operations in noisy
surroundings or in the vicinity of
boats using low frequency sonar

- Sudden acute abdominal pain like a kick
in the stomach.

- Transient paralysis of the lower limbs

- Nausea, vomiting (with or without
blood)

- Sensation of an electric current passing
through the body

- Testicular pain

- Chest discomfort followed by
expectoration of blood or sputum
(hemoptysis) and hiccups

- Tachycardia

- Cyanosis

- Mild to severe shock

- Loss of hearing

- Disorientation

- Delirium

- Unconsciousness

- Amnesia

- Rectal bleeding may be apparent.

- Death can occur quickly

Underwater explosion

In an underwater explosion, the
surrounding water doesn't absorb the
pressure but moves with it.
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Symptoms

Possible accident

Possible causes

- Hypertension

- Tachycardia

- Dysrhythmias, ventricular fibrillation,
Asystole

- Impaired ventilation

- Hypo

- Fractures ( due to muscular contraction)

- Motor deficit

- Sensory deficit

- Problems hearing

- Shock

- Loss of conscious

- Coma

- Death

Electric shock

Exposure to electricity and electrical
fields

- Cuts or abrasion of the skin

Coral cuts

- Insufficient skin protection/
Inappropriate diving suit

- Intense pain

- Nausea and vomiting for two to three
hours

- Small welts on the skin with red lesions

- Swelling, blisters, and pus-filled
incrustations

- Itching or welts remaining on the skin

Contact with fire coral

- Insufficient skin protection /
Inappropriate diving suit

- Small linear eruptions that develop
rapidly at times surrounded by a raised
inflammation

- Blisters or even necrotic ulcers

- Weakness

- Nausea

- Headache

- Muscle pain and spasms

- Abundant tears and nasal discharge

- Increased sweating

- Changes in pulse rate

- Chest pain

Contact with anemone

- Insufficient skin protection /
Inappropriate diving suit

- Dermal irritation

- Abnormal increase in sensitivity to
stimuli of the sense, and sensation of
tingling, tickling, prickling, pricking, or
burning

- Redness of the skin due to increased
blood flows of the capillaries, with or
without papule and vesicle development

Contact with sponge

- Insufficient skin protection /
Inappropriate diving suit

- Spines with pain

Contact with ea urchin

- Insufficient skin protection /
Inappropriate diving suit

- Inflamed and swollen region,
sometimes white and ischaemic
(Insufficient blood supply), with a
cyanotic area surrounding it

- Numbness and tingling in the whole
body, and especially the mouth and
lips (10 minutes to develop)

See the continuation on the next page

Poisoning by cone shell

(Sting)

- Insufficient skin protection/
Inappropriate diving suit
- Inappropriate handling
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Symptoms

Possible accident

Possible causes

Continuation of the previous page

- Skeletal muscular paralysis that may
spread from the site of injury

- Difficulty with swallowing and speech.

- Double and blurred vision (paralysis of
voluntary muscles and pupillary
reactions)

- Respiratory paralysis with shallow
rapid breathing and a cyanotic
appearance preceding apnea,
unconsciousness and death.

- Cardiac failure

- If the patient survives, he/she is
active and mobile within 24 hours.

Poisoning by cone shell
(Sting)

- Insufficient skin protection/
Inappropriate diving suit
- Inappropriate handling

- Pain increasing in intensity, often
coming in waves.

- Multiple interlacing whiplash lines red,
purple, or brown, 0.5 cm wide

- Patient confused, acting irrationally

- Consciousness disturbance.

- Hypotension, tachycardia, and a raised
venous pressure

- Coma and death

- Clinical state oscillating from
hypertension episodes, tachycardia,
rapid respiration, and normal venous
pressure to those of hypotension,
bradycardia, apnea, and elevated
venous pressure.

- Respiratory distress, pulmonary
congestion, oedema, and cyanosis may
be due to cardiac effects or a direct
midbrain depression.

- If death occurs, it usually does so within
the first 10 minutes; survival is likely
after the first hour.

- Amnesia

- Paralysis and abdominal pains.

Contact with Box jelly fish

- Insufficient skin protection/
Inappropriate diving suit

Symptoms visible after a latent period from
10 minutes to several hours

- 4 to 20 teeth marks

- Euphoria, anxiety, or restlessness.

- Thirst, dry throat, nausea, and vomiting

- Generalized stiffness and aching

- Muscle weakness

- Paralysis that extends centrally from the
area of the bite

- Muscular twitching, writhing, and
spasms

- Difficulty to speak and swallow

- Paralysis may extend to the bulbar areas

- Facial and ocular paralysis may
develop.

- Necrosis of muscles and damage in the
kidneys that may develop in several
hours

- Respiratory distress, shortness of
breath, cyanosis, and finally, death.

Bitten by sea snake

- Insufficient skin protection
- Improper behaviour
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Symptoms

Possible accident

Possible causes

- Excruciating pain that increases in
severity and sometimes comes in
waves.

- unconsciousness

- Ischemia of the area is followed by
cyanosis

- Area swollen and edematous, often hot,
with numbness in the centre and
extreme tenderness around the
periphery

- Paralysis of the adjacent muscles
immobilizing the limb.

- Pain likely to spread proximally

- Cardiac failure like bradycardia, or
cardiac arrhythmias

- Pallor, sweating, hypotension, and
syncope

- Cardiac arrest is possible.

- Respiratory failure

- Cardiac arrest.

- Delayed healing, necrosis, and
ulceration

Poisoning by stone fish

- Insufficient skin protection
- Improper behaviour
- Animal not seen

- Local pain that increases in intensity

- Anaesthetized puncture wound with
hypersensitivity to the surrounding area.

- One or more puncture wounds, with an
inflamed and sometimes cyanotic zone.

- Area that is pale and swollen, with
pitting oedema surrounding the
cyanotic zone

- Foreign body reaction, chronic localized
inflammation, edema, necrosis, and
severe disability

- Casualty distressed, he may fall into a
delirious state.

- Malaise, nausea, vomiting, and sweating

- Respiratory distress may develop

- Cardiovascular shock state may
supervene and lead to death

Pricked by a small fish

- Insufficient skin protection
- Improper behaviour
- Animal maybe not seen

- Bite that results in minimal pain for the
first 5-10 minutes, and then the bitten
area gets numb. This condition spread
to the rest of the limb. There may be
some bleeding

- Nausea, vomiting, and difficulty
swallowing.

- Double vision, blurred vision, fixed
dilated pupil

- Numbness or loss of feeling around the
lips and mouth.

After approximately 10 minutes, the
victim may have general weakness,
difficulty breathing, and paralysis.

- Respiratory failure may occur, which
may lead to unconsciousness, cardiac
arrest, and death.

Bitten by octopus
(Blue ringed)

- Insufficient skin protection
- Improper behaviour
- Animal not seen
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Symptoms linked to diving accidents. (continuation)
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Symptoms

Possible accident

Possible causes

- Wound ragged with massive bleeding.

- Casualty sweaty (cold and clammy)
with a rapid pulse, hypotension

- Syncope may happen.

- Secondary infection in the area is
common.

Bitten by moray eel

- Insufficient skin protection
- Improper behaviour

- Animal not seen

- Immediate pain increasing over 1 to 2
hours and easing after 6 to 10 hours

- Swollen and pale area, with a bluish
rim, spread around the wound after
one or two hours.

- Pain may be constant, pain pulsating,
or lancinating

- Possibility of massive bleeding

- Spine integument may be visible

- Anorexia, nausea, vomiting, diarrhea,
salivation with frequent urination.

- Muscular cramps, tremors, tonic
paralysis with fever, and sweating.

- Difficulty in breathing, cough, and
pain on inspiration

- Fainting, palpitation, hypotension,
cardiac irregularities, and ischemia

- Confusion, or delirium

- Recurrence of symptoms with
aggravation of the pain and secondary
infection with necrosis and ulceration
within days or weeks

- Fatalities are possible

Stingray spine

- Improper behaviour
- Animal not seen

- Injuries are from a single bite with no
deep cuts to tissue loss, limbs ripped off
and death due to the massive bleeding
and traumas

- Associated with the wounds there may
be the following symptoms:

« Emotional shock

« bruising and rubbings

o Massive hemorrhages

« Foreign objects in the wounds
(teeth)

« fractures

« Internal organs may be injured

« Internal hemorrhages

« Hypovolemic shock

« Cardiogenic shock

« Vasodilatation shock

« Septic shock

« Death may occur quickly, depending
on the hemorrhages and traumas. ..

Bitten or amputated by big
predator

- Improper behavioural
- Animal not seen
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Part B) Elements of anatomy and physiology

- Cell (page 22)
- Skeletal system (page 26)
- Muscular system (page 30)

- Skin (page 35)

- Nervous system (page 37)
- Circulatory and respiratory systems (page 44)

- Digestive and urinary systems (page 57)

Note:

This part gives a quick overview of some of the main systems that compose the
human body and may be involved in several types of accidents or diseases.

These systems are all interconnected and work in symbiosis. For example, the
digestive system that is fundamental to feed the cells that compose the body is
vascularized, and its activity is controlled by the sympathetic nervous system. It is
maintained in position and partially protected by the skeletal, and activated by the
action of muscles. These organs need oxygen, which the respiratory system provides.
They are isolated from the external by the skin, which is also innervated and
vascularized. Also, blood cells are generated in the long bones, etc....

As aresult, it isn't easy to give an order of description, and the one used in this
chapter corresponds to those commonly found in medical books.

Note that auditory organs are also involved in equilibrium and space reference
functions of the body. However, they are not described here, but in the next chapter,
with the accidents in which they are involved. It is also the case of organs that have
only one function.

These descriptions can be used as complementary references to comprehend the
complex processes triggered in an accident or a disease.
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Cells

Description

The human body is composed of several hundred different types of cells of various shapes and functions. Despite this
great diversity, common characteristics are found.

Cells are formed of an internal substance called cytoplasm and an external membrane. The internal parts of the cell also
comprise the nucleus and several organs described below.

Lysosome ~_
e
Cytoplasm N
/} ) Q > Glucose + protein
Mitochondria OO Oooo% + lipids + Oxygen

\ Centriole

Golgi apparatus
Nucleoplasm

Nucleus membrane

CO2, urea,
uric acid, etc.

nucleolus

Ribosome

Endoplasmic reticulum

« The membrane is a soft, half porous unit of 50 to 100 angstroms (1 angstrom = 1 mm/10000), composed of a
layer of lipids between two layers of proteins. It comprises pores of 6 to 8 angstroms. The membrane controls
the cell’s exchanges with the external that occurs either through the membrane or through the pores, using the
principles of osmosis, oncotic pressure, ionic exchanges, and hydrostatic pressures. Note the following:

Osmosis is a process of liquids movement through a semi-permeable membrane from a region of lower
solute concentration to higher solute concentration to equalize the solute concentrations of the two sides.
The oncotic pressure is the osmotic process across the venules and capillaries. This pressure is due to the
difference in protein concentration between plasma and interstitial fluid. It counteracts capillary and
venule hydrostatic forces in determining net fluid flux across the blood vessels' inner cellular lining
(endothelium).

Ion-exchange is a chemical reaction between two substances, each composed of electrically charged
atoms or molecules. The positively charged ions are called cations, and the negatively charged ions are
called anions.

Hydrostatic pressure is the pressure exerted by a fluid. As an example, 1 bar equals a column of 10 m of
seawater.

« The cytoplasm is a liquid medium containing dissolved substances (proteins, glucose, some lipids, ions), and the
following elements:

The “Endoplasmic reticulum” a continuous membrane system that forms a series of flattened sacs that
serve multiple functions such as the synthesis, folding, modification, and transport of proteins.
Ribosome particles are sites of protein synthesis. They can be free particles or be attached to the
membranes of the endoplasmic reticulum.

The Golgi apparatus or Golgi complex is involved in the processing and packaging of the
macromolecules like proteins and lipids that are synthesized by the cell.
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Mitochondria are membrane-bound cell organelles (mitochondrion, singular) that generate most of the
chemical energy needed to power the cell's biochemical reactions. Chemical energy produced by the
mitochondria is stored in a small molecule called adenosine triphosphate. Mitochondria contain their
own small chromosomes. Generally, mitochondria, and therefore mitochondrial DNA, are inherited only
from the mother.

A Lysosome is a membrane-bound cell organelle that contains digestive enzymes that break down
excess or worn-out cell parts. They may be used to destroy invading viruses and bacteria.

Centrioles are two cylindrical, rod-shaped, microtubular structures near the nucleus that are involved in
the cell division.

« The nucleus is made up of a liquid medium called “nucleoplasm”, separated from the cytoplasm by the nucleus
membrane. One small spherical body called nucleolus is present in the nucleoplasm. Note that sometimes there
are several nucleoli (plural of nucleolus). A granulous substance called chromatin is also found in the
Nucleoplasm.

Nucleoplasm main function is to store “deoxyribonucleic acid (DNA)” and facilitate an isolated
environment where controlled transcription and gene regulation is enabled.

Deoxyribonucleic acid (DNA) is a molecule carrying genetic instructions for the development,
functioning, growth and reproduction of all known organisms and many viruses.

Chromatin is a combination of DNA and protein whose primary function is packaging long DNA
molecules into more compact, denser structures. That prevents the strands from becoming tangled and
reinforces the DNA during cell division.

The nucleolus is producing and assembling the ribosomes. A ribosome is a complex molecular
assembly that produce proteins from amino acids during the process called protein synthesis or
translation, which is the primary function of living cells. Following assembly, ribosomes are
transported to the cell cytoplasm, where they serve as protein synthesis sites.

Cell process

Cells behave like small factories: They use fuel and raw materials for given jobs and export or store the products of their
activity. They also reject waste and need energy for their activities, which is produced by using fuel and an oxidizer.
These activities are regulated, monitored, and directed by their nucleus.

The cell draws the food and the oxidizers it needs from the extracellular environment. These different elements enter the
cell in three ways:

« Passive transport or diffusion, without energy consumption:
The extracellular elements enter the cell through the pores. The ease of penetration depends on the size of the
pores, which are 8 angstroms, and the fact that they have a positive electrical charge. As a result, substances
with a negative electrical charge or no electrical charge and which size is smaller than 8 angstroms can easily
pass through the pores, while substances with a positive electrical charge and a size larger than to 8 angstroms
cannot.

« Active transport with cellular work and, therefore, energy consumption.
Extracellular fluids that are fat-soluble can enter the cell by passing through the membrane, regardless of the size
of the pores. It is the case with fatty acids, oxygen, and carbon dioxide. On the opposite, water is stopped by the
lipid layer. Note that some non-fat-soluble substances, such as carbohydrates, can take the same path with the
help of a lipoprotein molecule, which combines with sugar to constitute a liposoluble compound that can cross
the cell membrane.
Also, there are cases where the cell forces certain substances to circulate at the opposite of osmosis law.
It is the case for sodium and potassium ions, where sodium concentration is low in the cell, and the potassium
concentration high, where it is the opposite outside the cell. Therefore, the cell continually expels sodium from a
weakly concentrated medium (the cell) to a highly concentrated medium (the extracellular medium). It is said
that this means of transfer consumes energy.
Note that active transportation mechanisms are still under investigation.

« Cytoplasmic incorporation or “endocytosis”.
Endocytosis is a mechanism of cellular absorption by which the cell gradually incorporates the particle to be
absorbed. By deforming the cell membrane envelops the particle, which is then incorporated into the cytoplasm.
The particle is then subjected to the action of diastases or digestive enzymes of the cell.
Note that the “endocytosis” process is called “pinocytosis” for food molecules and “phagocytosis” for bacteria
or biological debris by white blood cells.

Cell digestion consists in separating the complex organic elements drawn into the cell to simple organic elements.
Diastases or enzymes are biochemical protein substances, which have the property of making possible certain specific
biochemical reactions, allowing to break-down complex molecules into simpler elements.

There are nearly 2000 different kinds of enzymes that only act on a certain type of biochemical reaction. They are not
modified by the chemical reaction which they activate and cannot modify it.
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In addition, the enzymes produced by the cell are accumulated and packaged in the “Lysosomes” to separate them from
other cellular elements (see in the previous point). The digestion, therefore, occurs by attaching one or more Lysosomes
to the “endocytosis vacuole”. The lysosomes release their enzymes inside the vacuole, which allows for the degradation
of complex food molecules into simple organic elements. Unusable residues remain in the vacuole, which evacuates them
outside the cell.

Note that the digestion described above occurs at the level of specialized tissues (digestive tract) and within any cell. It
always involves enzymes that are synthesized by the cell (role of the plasma reticulum), and then finished and packaged
in the “Golgi apparatus”, to be finally stored in the lysosomes. They can either be excreted outside the cell (glandular
cells) or stored in lysosomes inside the cell to digest the food contents of endocytosis vacuoles.

Food molecule

Molecular llc&
Enzyme
2 - The enzyme links to the

food molecule and cuts
the molecular liaisons.

3 - The enzyme abandons

1 - The food molecule is the two more simple
reached by the dedicated molecules resulting
specific enzyme. from the process.

Cells need energy for their various activities. The interaction of fuel and oxidizer provides this energy:

o The oxidizer is oxygen, for the majority of the reactions which occur aerobically.

o Fuel is food elements or nutrients: glucose (carbohydrates), fatty acids (lipids), and amino acids (proteins).
Numerous complex biochemical reactions take place to release energy by oxidation of glucose and fatty acids with
carbon dioxide rejection. At the end of all these reactions, the released energy is fixed on a transporter called “adenosine
triphosphate (ATP)”, containing three phosphate radicals. The last two phosphate radicals are linked to the rest of the
molecule by energetic bonds requiring a large amount of energy to build up and releasing a large amount of energy when
they break. This is how ATP transforms into “adenosine diphosphate (ADP)” when releasing energy, and vice versa,
depending on the reaction: ATP = ADP + P ions + energy.

The complex reactions resulting from the breakdown of nutrients, in the presence of oxygen and enzymes, and the release
of energy occurs in the “mitochondria” (see the drawing in the previous point). The energy released in this way is used in
the mitochondria to convert ADP into ATP. The mitochondria is, therefore, the place of cellular energy reactions and that
of storage of the energy produced in the form of ATP.

The ATP in the mitochondria is used by the cell according to its needs as follows:

« Cellular absorption and excretion.

» Mechanical labour, which is most often a contraction. It may be the contraction of muscle fibrils resulting in
muscle contraction. It may be the localized contraction of certain portions of the cytoplasm, such as the white
cells of the blood. It may be the asymmetric contraction of the filaments that constitute the vibratile cilia with
are provided to the borders of certain cells and whose undulation can be a factor of movement and advancement
such as flagellum of the sperm.

« The synthesis of new products. Synthesis means the manufacture of a more or less complex molecule by
assembling simple constituent elements (from the Greek synthesis = put together). Plants synthesize the
molecules they need using the energy of sunlight: this is photosynthesis. Animal cells synthesize elements
necessary for their life using the energy provided by ATP: this is biosynthesis.

The biosynthesis of carbohydrates or sugars takes place from glucose molecules not used for energy. The
attachment of several hundred glucose molecules makes it possible to synthesize glycogen, which is stored in
the liver.
The biosynthesis of fats, also called lipid synthesis, is complex. It starts with “acetyl-coenzyme A”,
which comes from the breakdown of glucose. Multiple reactions transform this chemical body into fatty
acids, which can then be attached to glycerol to form lipids.
It is important to note that sugar is the starting point for the biosynthesis of fats. In the case of
overweight, an effective weight loss diet should reduce all forms of sugar.
Protein biosynthesis is complex since a protein is a three-dimensional structure comprising an extremely
complicated assembly called an amino acid. There are twenty different kinds of amino acids, which
assembly one behind the other in a particular number and order constitutes the characteristic sequence of
a given protein (primary structure). Also, the assembly of these amino acids in space (secondary
structure), and then the more or less complicated twisting of the whole on itself (tertiary structure)
defines the protein.
Ribonucleic acid (RNA) is a non-protein matrix with specific sequences that determine the code that
corresponds to each particular amino acid, so that only the sequence of amino acid programmed can be
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used. It controls all cell life because it controls the way to protein synthesis. Also, enzymes, which
control all cell metabolism, are protein substances synthesized by the cell. The key to protein enzymatic
synthesis is the key to all cellular life, in all its forms, at all times.

RNA is found in the nucleus and is the replica of another basic nucleic acid called “Deoxyribonucleic
acid (DNA)”, which contains all the protein manufacturing codes.

DNA transmits the key to making a particular protein to the RNA that exits the nucleus through orifices
in the nucleus membrane to attach to the ribosomes that are on the endoplasmic reticulum. This
transmission is performed by the “transfer RNA”, which is a short nucleotide RNA chain.

As previously indicated previously, the nucleus contains nucleic acids called “deoxyribonucleic acid or DNA” and
“ribonucleic acid or RNA”.

A nucleic acid is made up of the succession of basic structures called nucleotides, which are made up of the combination
of three molecules:

« A phosphoric acid molecule.

« A sugar, ribose, or deoxyribose, hence the name given to nucleic acid.

« A nitrogen base.

Nucleotides attach by the alternation of phosphorus and sugar molecules, forming a chain, a ribbon, on which the
nitrogenous bases are connected perpendicularly.

The nitrogenous bases play the fundamental role, determined by their succession the code of the nucleic acid.

DNA is the central library where the memory of cells is stored. It is responsible for hereditary transmission and directs
the synthesis of proteins. More than a library, it is a real computer, regulating the cellular life and the transmission of that
life.

The differences between DNA and RNA can be summarized as follows:

« DNA contains the carbon sugar molecule called “deoxyribose”, while RNA contains the carbon sugar molecule
called “ribose”. The difference between ribose and deoxyribose is that ribose has one more -OH group than
deoxyribose,

« DNA is a double-stranded molecule, while RNA is a single-stranded one.

« DNA is stable under alkaline conditions, while RNA is not.

« DNA is responsible for storing and transferring genetic information to make other cells and new organisms,
while RNA directly codes for amino acids and acts as a messenger between DNA and the ribosomes to transmit
genetic information and make proteins.

« DNA uses the bases thymine, adenine, cytosine, and guanine; RNA uses uracil, adenine, cytosine, and guanine.

Paired nucleobase Single nucleobase

\

Single strand\‘
Double strands <
0 0
CH> ~ Uracil CH:
H H - Cytosine H H
OH H Adenine OH OH
Deoxyribose Ribose
DNA RNA
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Skeletal system

Overall description

The human skeletal system provides support and protection of the body. In addition, it allows for movements and
produces blood cells. It is made of bones, cartilage, tendons, and ligaments of the body.

« Bones are rigid tissues consisting of cells embedded in an abundant hard intercellular material. The two
principal components of this material are collagen and calcium phosphate.

Periost

Trabecular bone

Endosteum \L

w

Compact bone

Trabecular bone, also called spongy bone, is a porous part of bones enclosing numerous large spaces
with a spongy appearance. The bone matrix is organized into a three-dimensional latticework of bony
processes, called trabeculae, which spaces between are often filled with marrow and blood vessels.

The “endosteum” is the layer of vascular connective tissue lining the medullar cavities of bones.

Compact bone, also called cortical bone, is the denser material of the skeleton that form the outer shell
of most bones in the body.

The “periost” is the thick fibrous two-layered membrane covering the surface of bones.

« Cartilage is an elastic smooth tissue, that covers and protects the ends of long bones at the joints and nerves. It is
also a structural component of the rib cage, the ear, the nose, the bronchial tubes, the inter-vertebral discs, etc.
Note that sharks have their skeletal exclusively made of cartilage.

« Tendons are tissues that attach muscles to bones and transmits them the mechanical force of muscle
contractions. They are made of connective tissues firmly connected to the muscle fibres at one end and the bone
at their other end.

« Ligaments are bands of tough elastic tissue that connect bones, give joints support, and limit their movement.
They are present around knees, ankles, elbows, shoulders, and other joints.

Muscle

Tendon Bone (femur)

Cartilage

Ligament

Bone (fibula)

Bone (tibia)
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An adult’s skeleton contains 206 bones, which 6 of them are those of the ear. It represent approximately 20% of the body
weight. Males have a higher bone mass than females, which skeletons are provided with a broader pelvis to accommodate
pregnancy and childbirth. Also, children’s skeletons have more bones because some of them fuse with age.
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The bones that constitute the skeleton are classified according to their shapes:
» Long bones are those where the length predominate on width and thickness (example: Femur).
« Short bones are those where the 3 dimensions are nearly equal (example: Carpal bones).
« Flat bones are those with thickness inferior to the other dimensions (example: frontal bone of the skull).
« Irregular bones have complex shapes that cannot be classified into the categories above (example: vertebras).
« Sesamoid bones are embedded within a tendon or a muscle (example: Patella).

The skeleton is divided into two 2 groups: The axial skeleton, and the appendicular skeleton.
1. The axial skeleton forms the central axis of the skeletal system and provide posture, balance, and stability. It is
composed of :
The skull, which includes the bones of the cranium, face, and ears (auditory ossicles).
. The hyoid bone, which is the U-shaped bone or complex of bones located in the neck between the chin
and larynx.
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The thoracic cage, which is composed of the ribs and the sternum (breastbone).

The vertebral column, which is composed of the vertebras.

1. The appendicular skeleton is composed of body limbs and structures that attach limbs to the axial skeleton. the
primary function of the appendicular skeleton is for bodily movement, it also provides protection for organs of
the digestive system, excretory system, and reproductive system. It is composed of:

The pectoral girdle, which is composed of the clavicle and scapula.

The upper limbs, which are the clavicle, scapula, humerus, radius, ulna and hand bones.

The pelvic girdle, which is made of three fused bones: the “ischium”, the “ilium”, and the “pubis”.
The lower limbs, which are the bones of the legs and feet.

Articulations

An articulation, or joint, is where two bones come together. They are classified into immovable, slightly movable, and
freely movable joints.

« Immovable joints, also called synarthroses, include skull sutures, the articulations between the teeth and the
mandible, and the joint found between the first pair of ribs and the sternum. These bones come in very close
contact and are separated only by a thin layer of fibrous connective tissue.

« Slightly movable joints are also called amphiarthroses (singular form is amphiarthrosis). This type of joint is
made of bones connected by hyaline cartilage or fibrocartilage. It is that case of ribs, which are connected to the
sternum , the symphysis pubis, and the joints between the vertebrae and the intervertebral disks.

« Freely movable joints are also called diarthroses (singular form is diarthrosis). They have the ends of opposing
bones covered with hyaline cartilage, and they are separated by a space called the joint cavity. The components
of the joints are enclosed in a dense fibrous membrane. The outer layer of the capsule consists of the ligaments
that hold the bones together (see the drawing of the shoulder below). The inner layer is the synovial membrane
that secretes synovial fluid into the joint cavity for lubrication. Because all of these joints have a synovial
membrane, they are sometimes called synovial joints.

Synovial fluid in joint cavity

Synovial membrane

Bone

Fibrous membrane

Articular cartilage

Clavicle

Acromioclavicular ligament T
& Trapezoid ligament

Conoid ligament
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The vascularization of freely movable joints is very rich and highly organized: Some tissues are highly vascular
with a high density of vessels, whilst other tissues are avascular. Vascularization comes from arterial and venous
periarticular circles, with some arteries entering the bone a little bit outside the capsule and others being part of
the ligaments and the capsule.

Synovial joint membrane
Fibrous membrane

The joint capsule and ligaments of freely movable joints are also richly innervated:

Fibrous ligaments have a rich nerve plexus and various specialized and unspecialized nerve endings,
most of which are somatic in origin.

The synovial membrane contains a more delicate nerve network and various nerve endings, most of
which are autonomic in origin. But a substantial number of somatic nerves enter the synovial membrane,
some of which terminate in nerve loops, globular endings, or simple unspecialized endings.

The joints' nerves also supply the motor muscles connected to the joint and the skin covering the insertion of
these muscles. These nerves participate in the reflex regulation of movements and postures.
Joints are subjected to varied stresses, which are essentially pulling, twisting, or pressing:

« The pressures are significant at the level of the spine and the lower limbs. Poor pressure distribution leads to
wear and tear of the cartilage and then to bone condensation.

« Tractions tend to move the joint surfaces away. The capsule, ligaments, periarticular muscles, and intra-articular
pressure, which is slightly negative, oppose to this dislocation.

Note that the fact that freely movable joints are highly vascularized and innervated may impact them in an inappropriate
decompression process. Also, professional or sports microtraumas can lead to lesions responsible for osteoarthritis.

Blood making

Almost 1 percent of the body’s red cells are generated each day. The rate of blood cell formation varies depending on the
individual. A typical production might average 200 billion red cells, 10 billion white cells, and 400 billion platelets per
day for an adult.
Blood cells are made in the bone marrow that produces:

« All of the red blood cells.

« 60 - 70 percent of the white cells.

« All of the platelets, which are formed from bits of the cytoplasm of the giant cells (megakaryocytes) of the bone

marrow

The lymphatic tissues, particularly the thymus, the spleen, and the lymph nodes, produce the lymphocytes (comprising 20
- 30 percent of the white cells).
The reticuloendothelial tissues of the spleen, liver, lymph nodes, and other organs produce the monocytes (4 - 8 percent
of the white cells).
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Muscular system

The muscles allow for moving the body, and create work and heat. They can be classified as follows:

« Skeletal muscles are streaked muscles that can contract under the influence of the will. They act on the skeletal
system.

« Smooth muscles are unstreaked muscles that escape the influence of the will. They are localized in the viscera,
vessels, and skin.

« Mixed muscles are striated muscles that are independent of the influence of the will. As an example, the muscles
of the heart.

Skeletal muscles

The skeletal muscles represent approximately 40% of the body's weight.

Note that passed 25 years, the muscle mass decreases progressively and continuously. This reduction is a function of
physical activity.

Skeletal muscles are generally composed of a thick body that is contractile and of two narrower white and resistant
extremities called tendons. Depending on their shape, they can be:

« Monogastric muscles, which are shaped like a belly.

« Polygastric muscles, having more than two bellies. These can be successive (digastric muscles) or juxtaposed
(multifidus muscles).

« Long muscles have their length clearly greater than their thickness and width. They are predominant in limbs.
« Flat muscle have predominant length and width.

« Short muscles are reduced in all their dimensions.

« Annular or circular muscles surround orifices. Example: the sphincter muscles.

« Square, pyramidal muscles are similar to the homonymous geometric figure.

Tendon

Contractile part

‘I' .I_i '
\ ’ fl I
Wl

NN

71N

Tendon

Multifidus muscle

Monogastric muscle

Digastric muscles

Muscles attach to various surfaces such as bones, cartilages, dermis (skin muscles), mucous membranes (tongue), fascias,
fibrous arches. This attachment can be done either by fleshy fibres, tendons, or broad fibrous laminas called aponeurosis.

The morphological and mechanical unit of the muscle is the “muscle fibre”, which is made of parallel myofibrils, striated
transversely and enveloped by a connective membrane called “sarcolemma”. This envelope contains several peripheral
nuclei, and the “sarcoplasm” containing a red pigment called “myoglobin”.

Muscle fibres are separated from each other by delicate, vascularized connective tissues called “endomysium”. Also,
several fibres are grouped in bundles surrounded by a conjunctive lamina called “perimysium”, and the entire muscle is
covered with a dense fibrous tissue called “epimysium”.

Tendons and aponeurosis are made up of bulky collagenous fibres organized in the same direction. There is no continuity
between the collagenous fibres and the myofibrils because the sarcolemma separates them.
The fibers group together in bundles separated by longitudinal planes of loose connective tissue containing the vessels.
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This connective tissue is called “endotendineum” around primary bundles, “peritendon” around secondary bundles, and

“epitendineum” around the tendon.
Note that tendons attach to the bone's periost and penetrate the bone tissue (perforating fibers), which explains bone

tearing in some lesions.
In the elderly, the tendon may ossify over a certain length. The tendon sometimes presents fibrous expansions

constituting secondary attachments.
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Muscle bundles can:

Have the same parallel direction as the tendon bundles (flat muscles)
Converge towards the end of the tendons (spindled muscles)

Attach to the lateral side of a tendon (unipennate muscles)

Attach to both sides of a tendon (bipennate muscles)

Attach to the sides of the subdivisions of a tendon (multipennate muscles)
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Elements annex of the muscle:

Muscle fascia is a tissue that surrounds muscles. It is located either under the skin (superficial fascia) or in
contact with the muscles (deep fascia). Note that tearing of the fascia promotes muscle herniation through the

fascia breach.

The inter-muscular septum is a connective septum separating muscle groups.

Interosseous membranes are the septa stretched between bones.

The synovial bursa is a membranous bag filled with synovia that promotes the sliding of a muscle against a bone

or another muscle.
Vinculum and mesotendon are connective formations that are independent or in continuity with each other, and
in this case, confused. The vinculum is a formation uniting the tendon with the underlying bone. The
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mesotendon unites the tendon with the synovial sheath and contains vessels and nerves for the tendon.
« The muscular trochlea is a fibrous or fibro-cartilaginous ring serving as a reflection pulley for a tendon.

« Tendons retinaculum are large fibrous lamina holding the tendons. They are surrounded by their synovial
sheaths that slide under a retinaculum, stretched between two bones.

Numerous arteries vascularize the skeletal muscles. They come from the neighboring arterial trunks, and muscles with the
same function are often vascularized by arteries originating from the same trunk.

The main artery entry point is often constant. This penetration can be done at the same point as the nerve (polarized
muscle) or at a different point (non-polarized muscle).

Arteries are divided into multiple capillary branches those whose direction is parallel to the muscle fibers are from these
branches. Note that the veins are provided with numerous valves. Also, the belly part of the muscle is more richly
vascularized than the tendon.

Note that a hypovascularized muscle gets tired very quickly and shows disorders such as cramps.

Many muscles have multi-segment innervation, which receives neuro fibers from several spinal nerves. Muscles with a
similar function are innervated by the same nerve.
« Motor innervation is provided by myelinated fibers. Each neuro fibres branches at its distal end, and each branch
terminates at a muscle fibres through the motor plate (see the drawing below). The number of muscle fibers per
motor unit is inversely proportional to the precision of movements.

Endoneurium

Mpyelin sheath

Axon

Motor plate

Muscle fibres

« Sensory innervation is provided by myelinated fibers whose receptors are the neuromuscular spindles. It informs
the nerve centres on the degree of tension and stretching of the muscle.

« Vasomotor innervation is provided by sympathetic unmyelinated fibers intended for muscle vessels.

« The tendon corpuscles are located at the musculotendinous junction. They are the starting point for provoked
tendon reflexes.

« Note that the destruction of the nerve makes the muscle atrophic and flaccid.

Extrafusal muscle fibers

Motor nerve

Sensory nerve

Intrafusal muscle fibers

Capsule

A muscle fibre is a modified cell comprising a cytoplasm, the sarcoplasm (from the Greek sarkos = flesh, muscle), a
nucleus, and muscle fibrils or myofibrils grouped in parallel bundles, all encased in a cell membrane or sarcolemma.
Microscopic examination of the myofibril bundles shows that they are made of a type of protein micro-fibers called
“myosin”, and another type which is thinner and is called “actin”. So, the “actin” fibres can slide between the “myosin”
fibres.
At rest, the spaces between the stripes of actin microfibres correspond to the stripes of myosin fibers, and the spaces
between the stripes of myosin microfibres correspond to the stripes of actin microfibres. That explains the tonal stripes
that can be observed (light stripe H and streak Z)
The passive elasticity and the muscle's active work are related to the possibility of sliding, and therefore of moving away
or coming together of the actin fibers within the corridors delimited by the myosin fibers, similarly a cylinder slides in a
piston.
« Muscle elasticity is due to the separation of the ends of the actin fibers, which has the effect of enlarging the
white stripe H and separating the two concomitant Z streaks from each other. This results in an elongation of the
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myofibrils, therefore of the bundle of myofibrils, therefore of the muscle fibre, and therefore of the muscle itself,
since all these structures, from the simplest to the most composed, work together.

« Muscular work is caused by bringing together the ends of the actin fibers, which may even overlap. That reduces
and then eliminates the white stripe H, which is finally replaced by a dark stripe (overlap). There is an approach
of the associated Z streaks, which can result sin:

Muscle tension, if the ends of the muscles do not bring their bony insertions.
. Contraction if the ends of the muscle bring their bony insertions together. This contraction results in a
shortening of the muscle and a movement.

L
Sarcoplasm L L ]
//—
StreakZ\\\ Nucleus — =
Streak Z
StripeH\\ ' L L L
Stripe H [
Sarcoplasm ninimim
RININN
Fibril Mpyofibril bundle

Since most of the actions of the body require opposite movements (for example, flexion and extension of the forearm),
each articulated segment must be provided with two muscles to ensure the movements. The two muscles or the two
groups of muscles must work in opposition to obtain opposite movements (see the scheme below):

« Forearm flexion is achieved by flexing muscles located on the anterior surface of the elbow joint.

« The extension of the forearm onto the upper arm is achieved by the extensor muscles located on the elbow's

posterior surface.

Therefore, it is the location of the muscles and especially the position of their bony insertions that determine the result of
their action, and it is the coordination of antagonistic muscles that allows for precise and effective movements.

Muscle which retraction
flexes the forearm

Muscle which retraction
extends the forearm _/

Smooth muscles

Smooth muscle fibers are made up of spindle-shaped cells, non-striated, with a single nucleus, that are smaller than those
of striated muscle fibers. They are grouped by a conjunctive-elastic web, forming a more or less thin, elastic, and
contractile layer. Note that their contraction is slower than skeletal muscles.

These muscles constitute the walls of almost all the hollow organs of the body (Vesicle, bladder, uterus, digestive tract,
etc.), and pipes (vessels, bronchi, ureter, glandular ducts, etc.).

These muscles also constitute the smooth sphincters controlling the emptying of many organs (bladder, rectum).

Diving & ROV specialists - Saturation diving handbook / Book #4 - Page 33 of 302



LU} N
% Tables of contents

Unlike striated fibers, smooth fibers seldom constitute muscle spindles with separate insertion points, except for the small
muscles attached to the hairs (muscles that make the hairs crinkle).
More numerous than skeletal muscles, smooth muscles are classified according to their shape:

« Flat smooth muscles. For example, the dartos muscle.

« Annular smooth muscles. For example, the constrictor muscle of the iris.
o Tubular smooth muscles. For example, the muscular tunic of the intestine.
« Vascular smooth muscles.

Smooth muscle tissues are provided with a rudimentary intrinsic nervous system made up of plexuses of nerve fibers and
nerve ganglia, all belonging to the sympathetic system. It provides the smooth muscle with a certain autonomy, such as a
muscle tone independent of innervation coming from the outside and the possibility of contracting in the absence of
external nerve stimulation. These automatic contractions account for certain peristalsis (radially symmetrical contractions
and relaxations of muscles that propagate in a wave down a tube such as the intestine) made possible by the intrinsic
nervous system's coordinating action. Also, there is no degeneration when the external nerves are severed.

However, while it can retain some of its properties in the absence of stimulation, the smooth muscle tissue is not really
physiologically isolated and left on its own as its activity is controlled by the vegetative nervous system, which can
accelerate, slow down, facilitate, or inhibit its activity.

This vegetative system is made up of two antagonistic systems, more described in the chapter “Nervous system”, called
“sympathetic system” and “parasympathetic system”.

Every smooth muscle tissue receives fibres from both systems. However, their terminations are different from those of
striated fibers because there is no motor plate. Therefore, there is no depolarizing wave passing from the nerve to the
muscle via a chemical mediator. Instead, the chemical mediator is released at the end of the nerve fibre and diffuses into
the smooth tissue and changes its state (relaxation or contraction). This diffusion, together with the lack of myofibrils,
explains the slowness of the smooth muscle contraction and the length of its recovery time.

The mediators consist of:

« Adrenaline for the terminal fibers of the sympathetic system, which prepares the body for stressful or
emergencies.

« Acetylcholine for the terminal fibers of the parasympathetic system, which regulates body processes during
ordinary situations.

Smooth muscles are poorly vascularized. Some are even avascular. and feed by imbibition.

Smooth fibre (longitudinal cut)

Connective fibres

Smooth fibres (transversal cut)
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Skin

Overall description

The skin is the membranous part of the integumentary system covering most of the surface of the body.
« The estimate of the body surface areas of an adult is based on the “rule of nines” where":
An upper limb represents 9%
. the head and neck represent 9%
A lower limb is equal to 18%
. Each half-torso represents 18%
. The perineum (region between the pubic arch and the coccyx) is equal to 1%

« Its thickness is from 1 to 2 mm. The thickest parts are the plantar and dorsal regions. Note that this thickness
diminishes with age. The skin is also thinner in women.

« Its weight is between approximately 6 kg - 9 kg for an adult, depending on the size and weight of the subject.
« Its temperature is between 32 C° to 36 C°, depending on the region, the toes being the coldest regions.

« Its elasticity that decreases with age is important and allows surgical plasties.

« Its electrical charge is negative (on its surface).

« Its colouring varies according to the races. Its pigmentation is not uniform, with very pigmented regions such as
the areole of the breasts and less pigmented areas such as palmar and plantar regions.

The surface of the skin presents pores from which emerge hairs and pores where cutaneous glands open. There are visible
transverse furrows at the flexion folds level and crisscrossing cracks visible or discreet at the level of palmar and plantar
regions (used as elements of identification of individuals).
« The epidermis is a multilayered stratified epithelium of 0.04-0.4 mm thickness. It contains the melanocytes
responsible for the skin staining.
« The dermis is underlying the epidermis and sits on the subcutaneous web. It contains the skin glands, terminal
nerve corpuscles, capillaries, muscles, and hair follicles. Its thickness is from 0.5 to 2.5 mm, and includes two
layers:

a) The papillary stratum is made up of delicate connective tissue and presents numerous papillae towards the basal
stratum, to which it is closely united.

b) The reticular stratum is thicker and consists of a dense connective tissue containing many collagen and elastic
fibers.

The skin is very vascularized, with numerous blood vessels located in the dermis. However, the epidermis is devoid of
vessels.

« Arteries form a network in the derma from which vertical branches form the sub-papillary arterial network.

« Veins have the same arrangement as arteries with a dermal venous network and a sub-papillary venous network.

« Between the terminal arterioles of the sub-papillary network exist numerous simple connections between blood
vessels (anastomosis).

« The lymphatic vessels form a network under the dermis that is difficult to isolate.
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Innervation is provided by the cutaneous branches of the spinal nerves and certain cranial nerves. These nerves constitute
subepidermal and dermal plexuses. Note that the dermis is rich in nerve ending, and the epidermis contains only free
nerve endings.

Sensory neurofibres ensure the perception of touch and pain, and sympathetic neurofibres control vasomotor skills, and
sweating. Note that a cutaneous territory innervated by a spinal nerve constitutes a dermatome.

Functional anatomy

The skin provides the following functions:

It is a sensory organ that allows one to feel and recognize pain, touch, pressure, and temperature due to its
richness in tactile, thermal, and pain receptors.

It isolates the organism from the external environment due to its resistance, elasticity, and secretions (sweat,
sebum, keratinized cells, and provitamin D). The mechanical resistance depends mainly on the stratum corneum
and the dermis. The skin also interacts with the immune system of the body and help destroys microorganisms.
The cells within the skin, like Langerhans cells, phagocytic cells, and epidermal dendritic cells, help with
immunity. In addition, melanocytes protect against solar radiation.

It is involved in the thermo-regulation of the body. This function results from many nerve receptors collecting
barometric and thermal stimuli and of a dense vascularization. Thermolysis takes place in the skin by
convection, conduction, radiation, or evaporation.

Convection is the movement of molecules away from the area of contact.

Conduction is the heat exchange between two objects in contact with each other.

Radiation is a transfer of heat by high-frequency waves from one object of a higher temperature to another.
Evaporation is the process of turning from liquid into vapour.

It is a purifying organ, particularly for CO2 and urea. Note that the quantity of water that is eliminated by
perspiration (Sweating) is slightly greater than that of the lung (500 to 700 g per day).

It is an organ of absorption of water and gas, except for carbon monoxide: This function is used in therapy.

It is a metabolic organ that participates in the synthesis of certain vitamins (A, B, C, D) and is involved in the
mechanisms of immune-allergy.

Notes

Vital prognosis is engaged in the event of the destruction of a skin surface greater than 10%.

With 1st degree burns, such as sunburns, the surface layers are destroyed. They are characterized by redness of
the skin (erythema). Healing starts from the deepest layer of the epidermis (stratum basal). It ends with the
peeling of the dead skin.

With a 2nd degree burn, the basal layer of the epidermis is affected. It is characterized by blisters, which are
circumscribed elevations of the epidermis due to a clear fluid collection in a neo-formed cavity. The repair starts
from the epithelium. It results in an indelible scar but not retractable.

With a third-degree burn, the entire dermis is affected. It is characterized by the formation of skin ulcers that are
persistent deep ulceration due to necrosis resulting from the interruption of the vascularization of the area. Skin
regeneration is slow and uncertain. It starts from the basal stratum and ends in a scar.

Note that prolonged stop of cutaneous blood circulation leads to the formation of bedsores.

Water exposure is an influential factor in some common dermatoses. It has also been shown that water has an
effect on barrier function and biophysical properties of skin.
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Nervous system
Overall description

- Central and peripheral nervous systems

The nervous system has two parts, called the “central nervous system” and the “peripheral nervous system”.
o The central nervous system (CNS) includes the nerves in the brain and spinal cord that are contained within the
skull and vertebral canal of the spine.

The brain is the centre of higher mental functions such as consciousness, memory, planning, and voluntary
actions. Also, it controls autonomic functions such as the maintenance of respiration, heart rate, blood
pressure, and digestion.
The spinal cord consists of nerves that carry incoming and outgoing messages between the brain and the
rest of the body. It is also the centre for reflexes and some autonomic functions.

« All of the other nerves in the body are part of the peripheral nervous system (PNS).
Sensory nerves, also called an afferent nerves, carry sensory information toward the central nervous
system.
Motor nerves transmit the messages for movement and necessary actions to the skeletal muscles.
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- The brain and the spinal cord

The brain is divided into 3 parts:
Right hemisphere

The fore brain (also called procencephalon):
It is in the top part of the cerebrum. It is the area where complex
reasoning are elaborated.
It includes the telencephalon that contains the cerebral
hemispheres, and then the diencephalon under them. The
diencephalon contains:
Thalamus (organization of sensory information),
Hypothalamus (endocrine system and thermo
regulation),
Epithalamus (secretion of melatonin, regulation of
motor pathways, and emotions) and sub-thalamus
(correlation center for optic and vestibular impulses).

The midbrain (also called mesencephalon): ”‘

It is the region of the brain that contains the cranial nerves that

stimulate the muscles controlling eye movement, lens shape,

and pupil diameter. The midbrain is located in between the

forebrain and the hindbrain. It is made up of the tectum and the .‘ q

Left hemisphere

tegmentum.

The tectum is contrasted with the tegmentum and responsible ,l
for auditory and visual reflexes.

The tegmentum is where several cranial nerve nuclei are

located.

The hindbrain (4iso called Rhombencephalon):

It is the lower portion of the brain which controls functions such
as respiration and heart rate. The hind brain is made up of the
brain stem and the cerebellum.

The brain stem that is made up of medulla, reticular formation,
and pons. It controls functions such as breathing and swallowing.
The brain stem also connects the brain to the spinal cord.

The brain is composed of several areas each of them has a particular function and works in connection with the other
areas to effect the voluntary and involuntary actions.

#1 - Medulla
It is part of the “brain stem” (see previous page). It controls the autonomic (involuntary) functions such as the
cardiac, respiratory, vomiting and vasomotor centres and therefore deals with the autonomic functions of breathing,
heart rate and blood pressure.

#2 - Pons
It is also part of the “brain stem”. It conducts signals from the brain stem to the cerebellum and medulla, and carries
the sensory signals to the thalamus.

#3 - Hypothalamus
It regulates the autonomic nervous system that governs temperature regulation, response to effort, thirst, hunger,
sleep, mood, and sex drive. It is also involved in endocrine functions, such as metabolism and growth.

#4 - Thalamus
It is located just above the brain stem between the cerebral cortex and the midbrain and has extensive nerve
connections to both. The main function of the thalamus is to relay motor and sensory signals to the cerebral cortex.

#5 - Cerebellum
It receives input from sensory systems of the spinal cord and from other parts of the brain, and integrates these inputs
to fully controlled motor activity. Disorders in fine movement, equilibrium, posture, and motor learning result from
the cerebellum being unable to perform its function.

#6 - Limbic system
It is an ensemble of nerves that connects the hypothalamus with other areas of the frontal and temporal lobes and
controls and memorises the emotions and the expressions associated, as well as some automatic functions.

#7 - Visual areas (visual cortex)

They are situated above the cerebellum and interpret the signals from the eyes transmitted through the thalamus. They
allow recognizing elements such as complex shapes and colors. Note that the visual cortex in the left hemisphere receives
signals from the right eye, and the visual cortex in the right hemisphere receives signals from the left eye.
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#8 - Posterior parietal cortex

It is above the visual areas and synthesises multiple sensory inputs to create a complete comprehension of the object
being felt.

#9 - Primary somatosentenry cortex
It is the region of the brain to which the information received by the body through its five senses is transmitted.

#10 - Primary motor cortex
It works in association with other motor areas including pre-motor cortex, the primary somatosentenry cortex,
posterior parietal cortex, and several sub cortical brain regions, to plan and execute movements.

#11 - Pre-motor cortex
It may play a role in the direct control of the trunk muscles of the body. It may also play a role in planning
movement, in the spatial guidance of movement, in the sensory guidance of movement, in understanding the
actions of others, and in using abstract rules to perform specific tasks.

#12 - Pre-frontal cortex
This part of the brain is the centre of higher cognitive and emotional functions.

#13 - Temporal lobe:
It manages many cognitive functions, including hearing, language, memory and vision of complex forms.

#9 Primary somatosentenry cortex #4 Thalamus

#10 Primary motor cortex

#8 Posterior parietal cortex #6 Limbic system

#11 Pre-motor

cortex Comprehension area #8 Posterior

parietal cortex

L #12 Pre-frontal cortex
anguage
cortex
Audio area

#7 Visual areas

Taste area
Smell area )
#12 Pre-frontal cortex #7 Visual
areas

#5 Cerebellum  #3 Hypothalamus

#13 Temporal lobe #2 Pons

#5 Cerebellum

Brainstem #1 Medulla

The spinal chord is the continuation of the brain to which the peripheral nerves are connected. It transmits the
information from the organs, muscles, and sensory cells to the brain, and send the appropriate orders to adapt the body to
the environment or perform a voluntary action. It is protected by the vertebrae and the meninges (dura, arachnoids,
subarachnoid space, pia). The subarachnoid space is the interval between the arachnoid membrane and the pia.

Grey Matter White matter

Pia

\ Spinal cord
Subarachnoid space /

Arachnoids

Extradural fat Dura

Spinal nerve

Vertebrae

- Neurons, grey and white matters

The central nervous system is made of grey and white matter which are composed of neurons. A neuron, also called
nerve cell, receives, processes, and transmits information through electrical and chemical signals. These nerve cells can
connect to each other and form chains and bundles. The signals are transferred between neurons via specialized
connections called synapses. A neuron is composed of the following main elements:

« The soma, or cell body, that is usually compact

o The axon and dendrites that are filaments that extrude from the soma. signals to other neurons are transmitted by
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« The dendrites branch profusely, getting thinner with each branching. They are terminated by synapses.

Neurons have never more than one axon. They are designed according to their function; Some may have numerous
dendrites, where some others lack dendrites, or can be without axon, or have a long axon (approximately 1.5 m max)
protected by a myelin sheath when some others have a short axon without protection.

Dendrite Synaptic terminals

Mpyelin sheath

Nucleus

The difference between grey matter and white matter is that grey matter contains numerous cell bodies and relatively few
myelinated axons, while white matter contains relatively few cell bodies and is mainly composed of long axons protected
by a myelin sheath.

A lot of neurons forming the grey matter are characterised by short axons. They control senses and functions such as
elocution, hearing, feeling, view, memory, and also the muscles.

The white matter composes structures at the centre of the brain such as the thalamus and the hypothalamus. It is found
between the brainstem and the cerebellum. It allows communication to and from grey matter areas, and between the grey
matter and the other parts of the body. It is involved in the control of functions such as temperature, blood pressure, heart
rate, control of food, as well as the intake of water and the expression of emotions.

There are two categories of synapses which do not make body contact with each other when conveying messages:
« Chemical synapses
In a chemical synapse, electrical activity in the pre-synaptic neuron is converted into the release of a chemical
called a neurotransmitter. The neurotransmitter may initiate an electrical response or a secondary messenger

pathway that may either excite or inhibit the post-synaptic neuron. Because of the complexity of receptor signal
transduction, chemical synapses can have complex effects on the post-synaptic cell.

« Electrical synapses
The pre-synaptic and post-synaptic cell membranes of an electrical synapse are connected by special channels
called gap junctions or synaptic cleft that are capable of passing an electric current, causing voltage changes in
the pre-synaptic cell to induce voltage changes in the post-synaptic cell.

Note that because a neurotransmitter can stimulate or inhibit neurons that produce other neurotransmitters, the disruption
of one neurotransmitter can have secondary impacts on others and then corrupt the chain of information or command of
the central nervous system.

- Transmission of signals to and from organs

The transmissition of signals to and from organs is performed through nerves and ganglia.
« Nerves are collection of neurofibres visible to the naked eye that are classified according to:

Their distribution with the cranial nerves that emerge from the brain, and the spinal nerves that originate
from the spinal cord.

Their function, with the motor nerves, sensory nerves, and mixed nerves (which are both motor and
sensory).

« Ganglia. are nodular formations located on the path of the nerves.
Twelve pairs of cranial nerves emerge from the inferior surface of the brain. Most of them have both sensory and motor
components.

Three of the nerves are associated with the special senses of smell, vision, hearing, and equilibrium and have
only sensory fibers.

. Five other nerves are primarily motor in function but do have some sensory fibers.
. The remaining four nerves consist of significant amounts of both sensory and motor fibers.
Thirty-one pairs of spinal nerves emerge laterally from the spinal cord. Each pair of nerves corresponds to a segment of

the cord and they are named accordingly. Thus, eight cervical nerves, twelve thoracic nerves, five lumbar nerves, five
sacral nerves, and one coccygeal nerve.

« Each spinal nerve is connected to the spinal cord by a dorsal root and a ventral root.

« The cell bodies of the sensory neurons are in the dorsal root ganglion, but the motor neuron cell bodies are in the
grey matter.

« The two roots join to form the spinal nerve just before the nerve leaves the vertebral column.
« Because all spinal nerves have both sensory and motor components, they are all mixed nerves.
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The connection of the peripheral nervous system to the central nervous system through the spinal cord is organised as
follows:

Nerve roots Parts of the body innerved

Brain

- Intracranial blood vessels, eyes, lacrimal
Cl to C4 glands, parotid glands.

- Base of the skull, neck muscles, diaphragm.

- Neck muscles, shoulders, elbows, arms, Cranial nerves
C5to C8 wrists, hands, fingers.

- Oesophagus, heart, lungs, chest.

- Arms.
Tl to T4 - Heart, lungs, chest.

Spinal cord
- Oesophagus, trachea, larynx.

- Gallbladder, liver, diaphragm, stomach, Thoracic nerves
T5to T10 pancreas, spleen, kidneys, small intestine,

appendix, adrenals. T9 Vertebrae

Tilto TI2 - Small intestines, colon. "
- Uterus, buttocks.

T12
- Large intestines, colon, L1
LlitoL5 - Reproductive organs. L2

) ) Lumbar nerves
- Buttocks, groin, thighs, knees, legs, feet.

Cauda equina

S7 1055 - Reproductive organs, bladder, prostate gland.
0
- Buttocks, legs, ankles, feet toes. Sacral nerves

Coccygeal - Anus & rectum Coccygeal nerve

- Autonomic nervous system

The autonomic nervous system regulates the involuntary processes of organs such as:
« Blood pressure
« Heart and breathing rates
« Body temperature
« Digestion
« Metabolism
« The balance of water and electrolytes (such as sodium and calcium)
« The production of body fluids (saliva, sweat, and tears)
« Constriction of the pupil in bright light and dilation of the pupil in dim light.
« Urination
« Defecation
« Sexual activity
It responds to information sent by a receptor cell and processed in the brain using stimulating processes through the
sympathetic division, or inhibiting process through the parasympathetic division.
« The sympathetic division prepares the body for stressful or emergency situations. As an example, it increases
heart rate and the force of heart contractions and dilates the airways to make breathing easier.
« The parasympathetic division regulates body process during ordinary situations. As an example, it slows the
heart rate and decreases blood pressure. It stimulates the digestive tract to process food and eliminate wastes

The process selected is effected through one cell located in the brain stem or the spinal cord that is connected to the other
cells through the “autonomic ganglions” which are clusters of nerve cells.

Most ganglions for the sympathetic division are located on both sides of the spinal cord. However, they are not part of it.
The ganglia involved in the actions from the parasympathetic division are located near or in the organs.

If a person is affected by an accident, a disease, or a drug, the reaction of the autonomic nervous system shows symptoms
that can be interpreted by the medic to evaluate which parts of the nervous system are affected.
Also, disorders of the autonomic nervous system can lead to death if nothing is done in time.
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Actions of the sympathetic division (in red) and of the parasympathetic division (in green) on various organs:

#1 - Head

#2 - Lungs & airways
#3 - Blood vessels

#4 - Heart

#5 - Sudoriparous glands
#6 - Liver + pancreas
#7 - Stomach

#8 - Kidneys

#9 - Intestines

#10 - Bladder

#11 - Sex

Elements that may affect the nervous system

glucose

Inibits

(] Stimulates
Q) .
‘~ Secretions

1o
Promotes Void25

The nervous system is vulnerable to various disorders such as those listed as follows:

Trauma

Infections
Degeneration
Structural defects
Tumors

Blood flow disruption
Auto-immune disorders

Nervous system disorder can be detected by the following symptoms:

Persistent or sudden onset of a headache
A headache that changes or is different
Loss of feeling or tingling

Weakness or loss of muscle strength
Loss of sight or double vision

Memory loss
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Impaired mental ability

Lack of coordination

Muscle rigidity

Tremors and seizures

Back pain which radiates to the feet, toes, or other parts of the body
Muscle wasting and slurred speech

Language impairment (expression or comprehension)
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Circulatory and respiratory systems

Circulatory system

The circulatory system, also called cardiovascular system, consist of the blood, heart, and blood vessels (arteries and
veins), and includes the lymphatic system.

- The blood

The blood is a fluid consisting of plasma (55%), red blood cells, white blood cells, and platelets, carrying oxygen,
nutrients (such as amino acids and electrolytes), hormones, and cellular waste products away from the tissues. The body
contains approximately five litres of blood.

o The plasma is constituted of

water (91%),

proteins (albumin, globulin, fibrinogens),

nitrogenous organic substances (Urea, uric acid, ammonia, creatinine, bilirubin

lipids, carbohydrate, cholesterol, and lactic acid

Minerals that are divided in “cations” (elements with positive electric charge such as sodium, potassium,

calcium, and magnesium), and “anions” (elements with negative electric charge, such as chlorine and

phosphate).
The electrical balance of the plasma is neutral, and it’s acid-base balance nearly neutral (7.37 instead of 7).
Anions are the acid elements and cations the base elements. The cellular metabolism tends producing ions H+
that increase the acidity of the blood. This acidity is eliminated through the kidneys and the lungs. However, in
the case that this elimination is not sufficient “buffer substances” such as proteins, hemoglobin, and bicarbonate
capture the ions H+ to reestablish the ideal balance.

« Red blood corpuscles, also called red cells or erythrocytes, are bi-concave disk shaped cells without a nucleus
that transport oxygen through hemoglobin. As they have no nucleus red blood cells do not contain DNA and
cannot repair themselves once damaged. They are produced inside of red bone marrow from stem cells.
Hemoglobin is a substance made of “hem” (5%), which is composed of iron and “porphirin”(*/), that is
combined with a protein called “globin” (95%).

(*1) Porphyrins are organic aromatic compounds composed of four pyrrole rings interconnected to each other and to the
Fe2+ ion. Pyrrole is a basic, cyclic substance, obtained by destructive distillation of various animal substances whose
formula is C4H4NH.

« White blood cells, also called leukocytes, that are less numerous than red cells (6 to 8000/mm?) are parts of the
body’s immune system protecting the body against infectious disease and foreign invaders. They are produced
and derived from multipotent cells in the bone marrow called hematopoietic stem cells. They are divided into
two classes:

“Granular Leukocytes”, also called “granulocytes” are a class of leucocytes with a granular cytoplasm
that contain digestive enzymes neutralizing bacteria that invade the body. It is composed of the
“Neutrophils”, “Eosinophils”, and “Basophils”.
- Neutrophils are polymorphonuclear leukocytes that defend the organism against bacterial or
fungal infection. They represent 70% of the leucocytes.
Eosinophils have a bi-lobed nucleus. They deal with parasitic infections and inflammatory cells
in allergic reactions.
Basophils release histamine and heparin. Histamine triggers the dilatation of the vessels to
increase the flow of blood to injured tissues. Heparin is an anticoagulant that inhibits blood
clotting and promotes the movement of white blood cells into an area.
“Agranular leukocytes”, also called “agranulocytes” or “mononuclear leukocytes”, are characterized by
the absence of granules in their cytoplasm. This class is composed of “Lymphocytes” and “Monocytes”
Lymphocytes, which are much more common in the lymphatic system than in blood, include T
cells and natural killer cells that fight off viral infections and B cells that produce antibodies
against infections by pathogens.
Monocytes develop into cells called macrophages that engulf and ingest pathogens and the dead
cells from wounds or infections.

o “Platelets”, also called “thrombocytes”, are small cell fragments without nucleus, that are responsible for the
clotting of blood and the formation of scabs. Platelets form in the red bone marrow from megakaryocyte cells.
They survive in the blood system for up to a week before macrophages capture and digest them.

Low platelet concentration is called “thrombocytopenia” and is due to either decreased production or increased
destruction. This can trigger mild to serious bleeding.

Elevated platelet concentration is called “thrombocytosis” and is either congenital, reactive (to cytokines), or
due to unregulated production. Effects of thrombocytosis can include stroke, heart attack, and blood clots due to
blood vessel blockage.
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The blood is carried through the arteries which are the blood vessels that deliver oxygen-rich blood from the heart to the
tissues of the body, and the veins that return the deoxygenated blood and the wastes dissolved in it to the heart.
Each artery is a muscular tube lined by smooth tissue that has three layers:

The intima, which is the inner layer lined by a smooth tissue called endothelium.

The media, composed of an elastic layer and a muscular layer that handle high pressures.

The adventitia, which is a connective tissue anchoring arteries to nearby tissues.

Muscular layer. Adventitia
Media

Elastic layer.

Intima

T

Arterioles are narrower arteries that branch off from the ends of arteries and carry blood to the capillaries. The capillaries
carry the blood close to the cells of the tissues. Their walls consist of only a thin layer of endothelium which acts as a
filter which keeps the blood cells inside of the vessels while allowing liquids, dissolved gases, and other chemicals
diffusing into or out of the tissues. The arterial pressure decreases in the arterioles and the capillaries, from 116 - 120 mm
Hg (considered normal tension) in the arteries to 15 mm Hg at the end of the capillaries. The capillaries are connected to
the venules that return the blood to the veins and the heart.
A vein is also composed of three main layers:

The inner layer lined with endothelial cells called “tunica”. One-way valves are present in some veins.

The middle layer, called the tunica media which is composed of smooth muscles.

The adventitia, which is a connective tissue anchoring arteries to nearby tissues.

Media { Muscular layer. K‘ Adventitia
Basement membrane

One-way valve

Tunica

The blood pressure in the veins is low (15 mm Hg max and decreasing). For this reason, the blood in the veins is pushed
to the heart by gravity, inertia, the force of skeletal muscle contractions, and one-way valves that prevent it from flowing
back.

- The lymphatic system
The lymph is a clear/white fluid made of white blood cells, especially lymphocytes (cells that attack bacteria) and fluid
from the intestines called “chyle”, which contains proteins and fats.

The lymphatic system is the circulatory system that filters the interstitial fluid before putting it back into the bloodstream.
Tiny lymphatic capillaries arise between the cells and unite each other to gradually constitute the network of lymphatic
vessels. They are connected to the lymph nodes which are grouped in clusters at the level of the roots of the limbs, the
upper abdomen level (epigastric), and at the supraclavicular level. Blood plasma leaks into tissues through the thin walls
of the capillaries. The portion of blood plasma that escapes is called interstitial or extra-cellular fluid. It contains oxygen,
glucose, amino acids, and other nutrients needed by the cells.
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Blood capillary
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The lymphatic system has three main roles:

« It removes proteins from the “interstitial fluid compartment” (brought back into the bloodstream) to maintain a
significant gradient of “oncotic pressure” (*2) between the interstitial compartment (low in proteins) and the
“plasma compartment” (rich in protein), which is necessary to maintain liquids in the bloodstream. Disruption
of this mechanism leads to an excess of fluid from the plasma compartment to the interstitial compartment,
which is one of the causes of oedema (the other cause is capillary blood pressure).

(*2) Oncotic (or colloid osmotic) pressure is a_form of osmotic pressure exerted by proteins that usually tends to pull water
into the circulatory system.

« It filters the lymph throughout its return to the subclavian veins. It is the role of lymph node reticuloendothelial
cells (*3) that clear the lymph from harmful bacteria, toxins and protein debris.

(*3) Reticuloendothelial cells (also called macrophage cells) are phagocytic cells having the ability to take up and sequester
inert particles and vital dyes.

« Finally, due to the action of the lymphocytes it plays a vital role in the immunological defences of the organism.

- The heart

The heart is a muscular pumping organ located between the lungs along the body’s midline in the thoracic region.

The wall of the heart is made up of three layers: epicardium, myocardium, and endocardium. They are supplied in oxygen
and nutriments by the coronary arteries. enclosed in a protective tissue, the pericardium, which also contains a small
amount of fluid. The deoxygenated blood returns to the inner heart through the coronary sinus. The rhythm of the heart is
determined by a group of cells in the sinoatrial node.

The heart is divided into four chambers:

« Upper left and right atria
« Lower left and right ventricles.

Superior Vena cava Pulmonary artery

/

Left atrium

Pulmonary veins

Right atrium
Mitral valve

Pulmonary valve
Aortic valve
Tricuspid valve

Inferior Vena cava Left Ventricle

Right Ventricle

The heart has four valves, which separate its chambers. One valve lies between each atrium and ventricle, and one valve
at the exit of each ventricle.

« The right atrium and ventricle which are referred “the right heart” receives deoxygenated blood from the
systemic veins and pumps it to the lungs for oxygenation. The right atrium receives blood almost continuously
from the superior and inferior vena cava. A small amount of blood from the coronary circulation drains into the
right atrium via the coronary sinus, which is immediately above and in the middle of the opening of the inferior
vena cava.

The internal surface of the right atrium is smooth. An oval-shaped depression which is a remnant of an opening
in the fetal heart called the “foramen oval” is in the wall between the right and the left atrium. Studies show that
this depression is not fully closed in 25% of people.

The right atrium is connected to the right ventricle by the tricuspid valve. The walls of the right ventricle are
lined with trabeculae carneae, which are ridges of cardiac muscle covered by endocardium. They prevent the
inversion of the tricuspid valve and the aspiration of the walls that would impair the ability of the heart to pump
efficiently , which could be the case with a flat surfaced membrane.

In addition to these muscular ridges, a band of cardiac muscle, also covered by endocardium, called “moderator
band” reinforces the thin walls of the right ventricle and plays a role in cardiac conduction. The right ventricle
tapers into the pulmonary trunk, into which it ejects the blood when contracting. The pulmonary trunk branches
into the left and right pulmonary arteries that carry the blood to each lung. The pulmonary valve lies between
the right heart and the pulmonary trunk

« The left counterparts, called the left heart, receives oxygenated blood from the lungs and pumps it through the
systemic arteries to the tissues of the body. The left atrium, and the left ventricle are separated by the mitral
valve. As in the right atrium, the left atrium is lined with pectinate muscles. It receives oxygenated blood back
from the lungs via the pulmonary veins.
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The left ventricle is thicker than the right ventricle because a greater force is needed to pump the blood to the
entire body. As for the right ventricle, the left ventricle also has trabeculae carneae, but there is no moderator
band. The left ventricle pumps the blood to the body through the aortic valve and into the aorta. Two small
openings above the aortic valve carry the blood to the coronary arteries.

As in the right atrium, the left atrium is lined with pectinate muscles. It receives oxygenated blood back from the
lungs via the pulmonary veins.

The left ventricle is thicker than the right ventricle because a greater force is needed to pump the blood to the
entire body. As for the right ventricle, the left ventricle also has trabeculae carneae, but there is no moderator
band. The left ventricle pumps the blood to the body through the aortic valve and into the aorta. Two small
openings above the aortic valve carry the blood to the coronary arteries.

Note that pulmonary and aortic valves close when the pressure in the arteries is above the pressure in the ventricles and
tricuspid and mitral valves close when the pressure in the ventricles is above the pressure in the atrium, which allows
only a one-way blood circulation.

The circulation of the blood to and from the heart is divided into “pulmonary circulation” (also called small circulation),
and “systemic circulation” (also called large circulation):

« Pulmonary circulation begins in the right ventricle from which the deoxygenated blood is pushed into the
pulmonary artery that is connected to the lungs where the red cells are oxygenated. The oxygenated blood
returns to the left atrium and then enters the left ventricle where the systemic circulation starts.

« The systemic circulation begins in the left ventricle from which the oxygenated blood is pushed into the aorta
and is then distributed into the arteries, arterioles, and capillaries to transfer nutrients and oxygen to the cells.
Then, the blood returns to the right atrium through the capillaries, venules, and veins. From the right atrium, it is
pushed to the right ventricle from which the pulmonary circulation starts again.

Superior Vena cava Aorta

Pulmonary Artery
Pulmonary Artery

- Oxygenated blood
- Deoxygenated blood

As any muscular tissue, the cardiac muscle contracts only when it is stimulated by an excitation which, in this case, is a
depolarisation. The origin of the stimulation resides in certain regions of the cardiac muscle that are part of the “Electrical
conduction system”.

In a particular point of the electrical conduction system called “sinoatrial node”, a spontaneous modification of the ionic
permeability of the membrane of the cells gives rise to a brief depolarization followed by long repolarization with a
prolonged period during which the muscle is unresponsive (refractory period) that propagates in all the electrical
conduction system and the neighbouring cardiac muscle tissues. The electrical conduction system is not a nervous
network, but particular points of the cardiac muscle called “pacemaker cells”, from and to which the automatic and
rhythmic beats of the cardiac muscle originate and transfer.

« The Sinoatrial node is located in the right atrium. It gives the heart rhythm (pacemaker).

« The Aschoff-Tawara atrioventricular node is located in the upper part of the interventricular septum of the right
heart and transmits the cardiac impulse initiated by the sinoatrial node.

« The atrioventricular bundle of His descends into the inter-ventricular septum and divides into a right and left
arm for each corresponding ventricle. Each arm leads to the “Purkinje fibers”, which provide electrical
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conduction to the ventricles, causing the cardiac muscle of the ventricles to contract at a paced interval.
« The Bachmann’s bundle activates the left atrium

The stimulation wave from the sinoatrial node propagates through the muscle and the electrical conduction system. It
reaches the Aschoff-Tawara atrioventricular node within 13/100 of a second and then progresses through the
atrioventricular bundle of His. As a result, there is 10/100 of a second difference between the contraction of the atrium
and the beginning of the ventricular contraction. This delay allows the atriums to complete their contraction before the
ventricles start moving. As the electrical conduction system consists of cardiac muscle cells and conducting fibers, any
lesion of the wall reaching the myocardium and/or resulting in the death of myocardial cells (myocardial infarction) can
generate troubles of the cardiac rhythm.

Bachmann’s bundle

Sinoatrial node
Atrioventricular bundle of His

Aschoff-Tawara atrioventricular node

\ Purkinje fibers

The cardiac cycle is the sequence of events that occur when the heart beats. Each side of the heart operates in two steps

« A step called diastole (from Greek diastole = dilation). 1t is the time where the muscle fibers are relaxed and the
heart fills with blood.
« A step called systole (from Greek systole = contraction). It is the muscular contraction that pushes the blood out
of the cavity of the heart (atrium of ventricle).
The cardiac cycle phases explained below are based on the blood circulation explained previously and starts when the
deoxygenated blood from the systemic circulation and the oxygenated blood from the pulmonary circulation enter into
the heart

1. The atrium and ventricles are relaxed and the atrioventricular valves are open (diastolic phase).

2. Oxygen-depleted blood returning to the heart from the body passes through the superior and inferior vena cava
and flows to the right atrium. At the same time, the oxygenated blood from the pulmonary veins fills the left
atrium (diastolic phase).

3. The open atrioventricular valves (tricuspid and mitral valves) allow the blood to pass through the atriums to the
ventricles. Impulses from the sinoatrial (SA) node travel to the atrioventricular node that sends signals that
trigger both atrium to contract (systolic phase).

4. As aresult of the contraction, the right atrium empties its content into the right ventricle, and the left atrium
empties its content into the left ventricle.

5. The tricuspid valve, located between the right atrium and right ventricle, prevents the blood from flowing back
into the right atrium. Simultaneously, the mitral valve, located between the left atrium and left ventricle,
prevents the oxygenated blood from flowing back into the left atrium.

Aorta

Superior Vena cava Pulmonary artery

/ Pulmonary veins
/Leff atrium

Right atrium Mitral valve (open)

Pulmonary valve (closed) Aortic valve (closed)
Tricuspid valve (open)
Inferior Vena cava Left Ventricle

Right Ventricle
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6. The ventricles are filled with the blood from the atriums (Diastolic phase).

7. The ventricles receive impulses from the Purkinje fibers, which carry the electrical impulses to the
ventricles causing them to contract (systolic phase). As this occurs, the atrioventricular valves close and
the “semilunar valves” (pulmonary and aortic valves) open.

8. The ventricular contraction pushes the deoxygenated blood from the right ventricle to the pulmonary
artery. At the same time, the oxygenated blood in the left ventricle is pushed to the aorta. The pulmonary
valve prevents the blood from flowing back into the right ventricle, and the aortic valve prevents the
oxygenated blood from flowing back into the left ventricle.

9. The pulmonary artery carries the deoxygenated blood to the lungs, where it picks up oxygen .
Simultaneously, the oxygenated blood is provided to all parts of the body through the systemic
circulation.

10. Then the oxygen-depleted blood is returned to the heart via the vena cava, and the oxygenated blood is
returned from the lung to the left atrium of the heart by the pulmonary veins.

Aorta

4// Pulmonary artery

=

Superior Vena cava

Pulmonary veins

Left atrium

Right atrium
Mitral valve (closed)

Pulmonary valve (open) Aortic valve (open)

Tricuspid valve (closed)

Inferior Vena cava
Left Ventricle

Contraction

The cardiac adaptation to the needs of the organism is ensured by the autonomic nervous system which acts essentially on
the rhythm and the force of the cardiac contractions through the sympathetic and parasympathetic divisions described
previously.

It is obvious that this adaptation is possible within certain physiological limits and must be coupled with an adaptation of
the respiratory rhythm.

« The parasympathetic division, whose chemical mediator is acetylcholine, acts on the nodal tissue as well as on
the myocardial cells. It increases the membrane permeability of the cells of the sinoatrial node, so inhibits the
depolarization wave and therefore the muscle contraction. As a result:

It slows down the heart by lengthening the diastole.

It decreases the power of the atrial systole.

It lengthens the atrioventricular conduction time.

It weakens the tone of the myocardium.
The parasympathetic division slows the spontaneous heart thythm from 120-130/min for an isolated heart to 60-
80 (or slower).
The parasympathetic regulatory centres of the heart are located in the brainstem. Their motor nerve is the vagus
nerve. This nerve has fibers that branch out to almost all heart tissues.

« The sympathetic system, whose chemical mediator is norepinephrine (also called noradrenaline) leads to an
acceleration of the depolarization of the membrane of the cells of the sinoatrial node, which leads to an
acceleration of contractions. As a result:

It accelerates the heart by shortening its diastole.
It increases the power of the atrial systole.
. It shortens the atrioventricular conduction time.
. It strengthens the tone of the myocardium.
Sympathetic centres are located in the spinal cord at the level of the lower cervical spine and upper dorsal.
Their motor nerves are the sympathetic nerves that leave the spinal chord at each vertebra and connect in the
heart.
Sympathetic nerves constantly impose an acceleration to the heart rhythm. However, this acceleration is
constantly reduced by the actions of the parasympathetic system.

« The parasympathetic and sympathetic centres are also connected to indicators of blood pressure (baroreceptors)
located in the aortic arch and at the bifurcation of the carotid.

A drop in blood pressure detected by the baroreceptors results in the action of the parasympathetic
division being reduced and leads to an acceleration of the heart rate.
At the opposite, a rise in blood pressure results in a cardiac slowdown.

Diving & ROV specialists - Saturation diving handbook / Book #4 - Page 49 of 302



% - Tables of contents

Nerve of Hering (baroreceptor nerve)

Parasympathetic centres
Aortic nerve (baroreceptor nerve)

Vagus nerve

Sympathetic centres

. . Sympathetic nerve
Sympathetic chain

Also, as described previously, the sympathetic and parasympathetic divisions control the blood pressure in the
circulatory system by the vasodilatation and vasoconstriction of the blood vessels.

« Vasodilation refers to the widening of blood vessels resulting from the relaxation of the muscles of the vessels
walls. When the blood vessels dilate, the flow of blood is increased due to a decreased vascular resistance.
Therefore, the blood pressure decreases.

« Vasoconstriction is the narrowing of the blood vessels resulting from the contraction of the muscular walls of
the vessels, in particular, the large arteries and small arterioles. When the blood vessels constrict, the flow of
blood is restricted or decreased, thus retaining body heat or increasing vascular resistance.

Respiratory system

- The Nasal cavity

The nasal cavity plays a role in filtration and humidification of the breathed air.

» Hairs and mucus lining the nasal cavity trap dust and other environmental contaminants before they reach the
trachea.

« Humidification of the air is provided by the mucous membrane, which is kept moisten by the lachrymal glands.
Several scroll-shaped thin bony elements, covered by the mucous membrane called “Superior nasal conchae”,
“middle nasal conchae”, and “inferior nasal conchae” (Conchae = plural of concha), that project from the wall
of the nasal cavity create a turbulence of the air breathed in, increasing its contact with the mucous membrane.

« Note that the opening of the “Eustachian tubes” are at the end of the nasal cavity (nasopharynx). The Eustachian
tubes which are also called “auditory tubes” or “pharyngotympanic tubes”, link the nasopharynx to the middle
ears. they adjust the pressure of the air within the middle ears to that of ambient air.

« Also, as for the eustachian tubes, the sinus openings are arranged in the nasal cavity.

The openings of the sphenoid sinuses are situated above the superior nasal conchae.

Posterior ethmoidal sinuses are linked beneath the superior conchae.

The frontal, anterior ethmoidal, maxillary and middle ethmoidal sinuses are linked beneath the middle nasal
conchae.

« In addition to the sinuses, the openings of the nasolacrimal ducts arrive beneath the inferior nasal conchae.

- The oral cavity and the pharynx
The pharynx is the part of the throat that is behind the mouth and nasal cavity and above the esophagus and the larynx. It
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is the aero-digestive junction of the digestive tract and the tracheobronchial tree, also called respiratory tree, which is
connected to the lungs. It is composed of the “Oropharynx” which is the part at mouth level, and the “Laryngopharynx”
which is at throat level.

Except when eating, the respiratory tree is open, as breathing is the priority. When food or saliva is swallowed, the soft
palate rises and closes the communication between the oropharynx and the nasal cavity. The epiglottis, a flap of elastic
cartilage that acts as a switch between the trachea and the esophagus, closes the trachea and prevents the food from
entering the airways. These complex mechanisms are triggered by the contact of the alimentary bolus with the mucous
membrane of the soft palate, the uvula and the walls of the Laryngopharynx. The nerves coordinating the swallowing are
located in the medulla oblongata.

However, local anesthesia of the mucus membrane prevents normal swallowing mechanism, and the food can enter into
the nasal cavity and the trachea. In the case of entry of food particles into the respiratory tract, a discharge reflex
triggering coughing and vomiting usually happens to evacuate the foreign body. Nevertheless, if the foreign body is not
removed, it can trigger death by asphyxiation, or, if its volume is sufficiently small to follow the respiratory tract without
being ejected, it will be the cause of infectious complications.

Note that,the opposite of the air breathed through the nasal cavity, the air breathed through the mouth is not filtrated and
moistened, which quickly gives a sensation of dryness, and exposes the airways to potential infection.

Frontal sinus
Sphenoid sinus
Superior nasal concha
Nasopharynx Middle nasal concha
i Nasal cavity
. . Inferior nasal concha
Opening eustachian tube ’
) “————— Nose
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- The trachea, bronchi, and bronchioles

The trachea, also called windpipe, is a pipe approximately 20 cm long and 20 mm diameter, composed of sixteen to
twenty cartilaginous rings. The back part of each ring is made of muscle and a moist connective tissue called mucosa
which lines the inside of the trachea. The mucosa produces a mucus that traps dust and other contaminants and prevents
them from reaching the lungs. The cilia at the surface of the mucosa cells move this mucus toward the pharynx where it is
swallowed and digested in the gastrointestinal tract.

The tracheal bifurcation is done by a cartilage shaped in Y at the level of the bronchial strains.

The left and right bronchi run into each lung before branching off into smaller secondary bronchi that carry air into the
lobes of the lungs these bronchi split in smaller bronchi, then in bronchioles that guide the air to the alveoli.

The bronchi and bronchioles are provided with rings of circular muscles that permanently contract or relax to adjust the
size of the bronchi and, therefore, the amount of air breathed. These movements are controlled by the autonomic nervous
system which continues its action when we are sleeping or in the case of a coma. The sympathetic division, which uses a
neurotransmitter called adrenaline, dilates the bronchi. The parasympathetic division, which uses a neurotransmitter
called acetylcholine, has an antagonistic action.

- The lungs

The lungs are the zones of exchange between the inhaled external air and the blood carried by the pulmonary vessels.
They are situated within the thoracic cavity of the chest.

The right lung is bigger than the left which shares space in the chest with the heart. The lung situated on the right-hand
side has three lobes instead of two for the lung situated on the left.

The pulmonary alveolus represents the basic unit of the lungs where the exchange is performed. Each lung is composed
of approximately 400 million pulmonary alveoli, grouped in clusters in the pulmonary lobes. The cumulated surface of
alveoli gives approximately fifty square meters of exchange surface per lung which varies according to the distention of
the alveoli.

The structure of an alveolus consists at 90 - 95% of a thin coreless cytoplasmic membrane made of type 1 pneumocytes
(cells). This membrane is permeable and enables gas exchange between the air in the alveolus and the blood. Note that
type 1 pneumocytes cannot replicate themselves.
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The alveolus is also lined with type 2 pneumocytes which are cells that secrete a substance composed of proteins and
lipids called “surfactant”. This substance reduces the superficial tension of pulmonary fluids and contributes to the elastic
properties of the lungs. Note that type 2 pneumocytes can replicate and replace damaged type 1 pneumocytes.

A few nucleated phagocyte cells that eliminate the dust and the various inhaled particles are disseminated on the internal
side of the alveolus.

Numerous capillaries are running on the outer surface of the alveolus. Also, elastic and collagenous fibres that help to
maintain the shape of the alveolus are weaving between the capillaries. The elastic fibers give the membrane its elasticity
and the collagenous fibers its rigidity.
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Right lung

Heart

Elastic and collagenous fibres

Type 1 pneumocyte
“ Phagocyte cell
Capillary oxygenated blood v
Capillaries
Capillary deoxygenated blood _/ O
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The elasticity of the lungs has for effect that they naturally retract on themselves. As a result, if the atmospheric pressure
would be exerted inside and outside the lungs, they would only follow their natural inclination to collapse, and respiration
would be impossible.
For this reason, the lungs are separated from the walls of the rib cage by the pleurae, which form a sealed space with an
internal pressure below the atmospheric pressure (negative pressure), perfectly surrounding the outside of the lungs. The
outer membrane of this bag, called “parietal pleura”, adheres to the inner walls of the thoracic cavity, and the inner
membrane, called “visceral pleura”, adheres to the outer surfaces of the lungs, which results in the following situation:

« The atmospheric pressure exerts on the thorax.

« The atmospheric pressure also exerts inside the pulmonary alveoli which are connected externally by the
respiratory tracts.

« The negative intra-pleural pressure allows the lungs to inflate and to expand in the entire thoracic volume. Also,
it enables the perfect transmission of movements from the rib cage to the lungs and vice versa. That makes
possible the mechanisms of inspiration and expiration:

Inspiration

1. The volume of the rib cage increases due to the action of the respiratory muscles (see their
description in the next paragraph).

2. The leaflets of the parietal pleura adhering to the rib cage walls follow this thoracic expansion.

3. The internal pressure is higher in the lungs than in the intra-pleural space surrounding them. As a
result, the lungs expand until contact with the chest walls. This expansion increases their volume,
which causes the suction of the outside air.

Expiration

1. The cessation of the action of the respiratory muscles causes the reduction of the volume of the

ribcage by a spring-back effect due to the crushing effect of the atmospheric pressure and also
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because the lungs exercise their natural retractive force which applies through the pleural cavity
to the thoracic cage itself. Indeed, the retractive force of the lungs obviously applies to the
visceral pleura which adheres to them. As a result, two different pressures are exerted on both
sides of the wall of the thoracic cavity:
The atmospheric pressure outside.
The intra-pleural negative pressure inside.
2. Therefore, the thoracic cage decreases in volume until its limit of elasticity is reached. During
their retraction, the lungs reject the air inhaled during the inspiration phase.
Note that a chest wound penetrating the pleura and thereby equalizing the intra-pleural pressure with atmospheric
pressure causes the immediate collapse of the lung on the injured side (pneumothorax).
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The rib cage is a semi-rigid bone cage which dimensions can vary as the consequence of the articulation of the ribs and
sternum on the vertebral column. The rib cage is moved by the respiratory muscles, mainly composed of the diaphragm
and the intercostal muscles.

o The diaphragm is a thin, dome-shaped muscular membrane that separates the abdominal cavity from the thoracic
cavity. It protrudes inside the thoracic volume, diminishing it accordingly. The contraction of this membrane
erases its convexity, which increases the volume of the thoracic cage.

« The intercostal muscles are attached between the ribs and are arranged in three layers.

The external layer is arranged in diagonal and is the most involved in respiration. The contraction of
these muscles horizontalizes the sides of the rib cage which has in effect the increasing of its volume.
The internal intercostal muscles are arranged diagonally in opposite path to the external layer. They are
involved in the expiration where as a result of their contraction, the ribs bend inward and decrease the
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volume of the thoracic cage.

. The inner intercostal muscles are arranged vertically. Note that the diaphragm is the continuation of
these muscles.

External intercostal muscles

/ Inner intercostal muscles
Junction rib to vertebral column /

Internal intercostal muscles

« Forced inspiration may be necessary. In this case, subclavius, scalene, sternocleidomastoid, and pectoralis are
muscles whose contraction provides traction on ribs and move them closer to the horizontal may be involved.
The additional muscles that are involved in forced expiration are the anterior abdominal wall.
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Subclavius

Pectoralis major
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During the inspiration (in red), the ribs
are horizontal, and the diaphragm is
nearly flat, which results in the volume
of the thoracic cage to be increased.
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The purpose of the respiratory movements are for the periodic renewal of the air contained in the pulmonary alveoli.
During a normal inspiration followed by a normal expiration, a certain volume of air is inhaled and then exhaled, this
volume is called “tidal volume”.

If forcibly inhaled, the additional volume of air is called “inspiratory reserve volume”

If forced expiration is performed, the volume of exhaled air in addition to the tidal volume is called “expiratory reserve
volume”.

The air which remains in the lungs at the end of a forced exhalation is called the “residual volume”.

The average figures for the normal adult man are as follows:

« Tidal volume, 0.5 litres

« Inspiratory reserve: 3 litres
« Expiratory reserve: 1.3 litres
« Residual volume: 1.3 litres

Studies of these volumes allow appreciating the ventilatory capacities of a patient. Note that they will vary according to
the sex, height, and age.

« “Inspiratory capacity” is the tidal volume + the inspiratory reserve volume (= 3.5 litres).
« “Functional residual capacity” is the expiratory reserve volume + the residual volume (= 2.6 litres).

« “The vital capacity” that is commonly checked during medical checkups is the addition of the tidal volume +
inspiratory capacity + expiratory reserve volume (= 4.8 litres).

Inspiratory reserve
volume

Inspiratory capacity

Vital capacity

Tidal volume

Expiratory reserve
volume

Functional residual
capacity 0\ ttrrrmeemmmeesmsessssseeeesMeeessoos o s

Residual volume

Due to the residual volume and also the volume of air contained in the airways, there is only a partial renewal of the air
of the lungs.

At rest, the ventilatory flow rate depends on the tidal volume and the breathing rate, which is the number of
inspirations and expirations that take place in one minute under normal conditions. As the average number of breathing
movements at rest is 16 per minute and the tidal volume is 0.5 litres, we have a ventilation rate of 8 litres/min.

The ventilation flow can vary with the lung capacity and the frequency. However, note that the acceleration of the
frequency may result quickly in breathlessness (fast but short and superficial breathing). Lung capacity can be
expanded through flexibility exercises, breathing exercises, and physical activity.

Hematosis (conversion of venous blood to arterial blood by oxygenation) and pulmonary ventilation are constantly
adapted to the needs of the organism by the respiratory centres which are located in the medulla oblongata and the
pons. However, note that the vegetative functions that are controlled by the autonomic nervous system can be modified
by the will (which is not the case for other vegetative functions).
« The inspiratory centre is located within the dorsum of the medulla.
« The apneustic centre and the pneumotaxic centre coordinate in the involuntary control of respiration:
The pneumotaxic center, located in the upper portion of the pons, provides inhibitory impulses on
inspiration and thereby prevents overdistension of the lungs and helps to maintain alternately recurrent
inspiration and expiration.
Apneustic centre in the lower pons inhibit the signal from the pneumotaxic centre and prevent inhalation
neurons from being switched off. Thus, it promotes inhalation.

« Expiratory Centre is located in the ventrum of the medulla
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Pneumotaxic centre

Apneustic centre

Inspiration centre

(Dorsal respiratory group) Expiratory centre

(Ventral respiratory group)

The respiratory centres receive input from chemoreceptors, mechanoreceptors, the cerebral cortex, and the
hypothalamus to regulate the rate and depth of breathing. Input is stimulated by altered levels of oxygen, carbon
dioxide, pH, hormonal changes, anxiety from the hypothalamus, and also by signals from the cerebral cortex that allow
a conscious control of respiration.
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Digestive and urinary systems

Digestive system

The digestive system is the group of organs working together to convert the food into energy and basic nutrients. It
consists of the organs of the mouth (tongue, salivary glands), the gastrointestinal tract (esophagus, stomach, intestines),
and the accessory organs (pancreas, the liver, and the gallbladder).
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- The mouth

It is the place where the food is broken down into smaller components, that are then sent into the esophagus.

Soft palate (move up to isolate the nasal cavity)

Bone (skull) Nasal cavity (in communication with

the trachea through the pharynx)
Nose (made of cartilage)
Lip

Uvula

Tooth (shreds food)

\Lip (opens and closes the mouth)

Tongue (pushes the food into the digestive tract)

Pharynx

Epiglottis (closes to protect the trachea)

Esophagus (digestive tract) Larynx (protects the trachea)
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Organs of the mouth involved in the process of digestion which are the tongue, the teeth, and the salivary glands are
classified accessory organs.

« There are thirty two teeth that are made of a bone-like substance called dentin and covered in a layer of enamel.
They contain blood vessels and nerves under the dentin in a soft region known as the pulp. Gingiva, also called
the gums, are the soft tissue that covers and protects the roots of the teeth.

Enamel
Dentin
crown Pulp
I~ Gingiva (gum)
Root o Bone

[~ Nerve + blood vessels

J

« The tongue, which is located on the inferior portion of the mouth (see scheme previous page), is made up of
several pairs of muscles covered by a thin, bumpy, skin-like layer. The outside of the tongue contains many
rough papillae for gripping food. The taste buds on the surface of the tongue detect taste molecules in food and
connect to nerves in the tongue to send taste information to the brain. The tongue also helps to push food toward
the posterior part of the mouth for swallowing.

« Three sets of salivary glands produce a secretion called saliva that helps to moisten food and begins the
digestion of carbohydrates. Also, saliva lubricates the food as it passes through the mouth, pharynx, and
esophagus. The sublingual glands are under the tongue. The parotid glands, which are the largest glands, are
situated on either side of the mouth and in front of the ears. The submandibular glands are located beneath the
floor of the mouth. Note that saliva reduces the quantity of pathogen agents in the mouth and protects the teeth
and tissues from excessive acidity.

« The pharynx, also called throat, connects the posterior end of the mouth to the esophagus, where the masticated
food is sent. Also, its other function is to connect the nasal cavities with the larynx and then the trachea and the
lungs. For this reason, it contains a valve made of soft tissue called epiglottis that closes when the food routes to
the esophagus and opens when air passes to the larynx.

« Above the tongue, there is the hard palate, which is a thin horizontal bony plate that is lined with soft tissue. It is
continued by a muscular extension called soft palate (see scheme previous page) which isolates the nasal cavity
from the pharynx when the nutrients are sent to the esophagus.

- The esophagus

It is a muscular tube that carries the food from the pharynx to the stomach. It is terminated by a muscular ring called the
lower esophageal sphincter or cardiac sphincter which function is to close its end and trap the food in the stomach.

- The stomach

It is a crescent-shaped enlargement of the gastrointestinal tract situated below the diaphragm on the left side of the
abdominal cavity and is between the esophagus and the small intestine. It can be divided as follows:

« The cardia that is the region where the esophagus connects. It is a narrow, tube that is opened and closed by the
cardiac sphincter. It opens up into the wider regions of the stomach.

« A dome shape called “fundus” is above the cardia.

« At the bottom of the stomach, there is a funnel shaped region called pylorus that connects the stomach to the
duodenum and contains the pyloric sphincter. The pyloric sphincter controls the flow of partially digested food
(which is called chyme) out of the stomach and into the duodenum.

The walls of the stomach are composed of four layers:

« The “mucosa”, is the innermost layer and contains gastric glands that secrete the digestive juices. It is covered
by a layer of column-shaped (columnar) epithelial tissue.

« The “sub-mucosa” is made of dense connective tissues and has blood vessels, lymphatic vessels, and nerves. It is
between the mucosa and the muscular wall

« The “muscular wall” is made of inner diagonal, circular, and outer longitudinal smooth muscles which contracts
and relaxes to help decompose the food and propel it forward.

« The “serosa”, which is the outermost layer, is an epithelial layer and connective tissue that connects to the
surrounding organs.
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The mucosa and the sub-mucosa are present as folds termed “rugae” that allow the stomach to stretch for accommodating
large meals and help to grip and move the food during digestion. When the stomach is distended with food, the rugae are
flattened out and appear smooth. When the stomach is empty or almost empty, its mucosa contracts by forming folds. It
was previously thought that stomach contractions in the absence of food were the cause of the feeling of hunger. It is now
known that it is mainly due to the decrease in blood glucose. However, the contractions and gurgling of the stomach can
often be felt as precursors to the feeling of hunger.

Esophagus

Fundus

Cardiac sphincter.

Pylorus Cardia
Pyloric sphincter
Rugae

Duodenum Wall (see detailed view below)

(1¢ section of intestine)
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The stomach produces and secretes several substances to continue the process of digestion. These substances are
produced by the exocrine or endocrine cells situated in the mucosa.

« Exocrine cells product the gastric juice that contributes to digest the food and is mainly composed of:

Hydrochloric acid which denature the proteins (digestion) and kills pathogenic bacteria. It is secreted by
the parietal cells.

A glycoprotein, called “Intrinsic factor”, that binds to the vitamin B12 in the stomach and allows it to be
absorbed in the small intestine is also secreted by the parietal cells. Note that B12 vitamin has a role in
the synthesizing of myelin (that protects the axons of neurons) and the formation of red blood cells.
Digestive enzymes such as “pepsin” which breaks proteins into amino acids, and “gastric lipase” which
digest fats. They are produced by the “chief cells”

« Specialized exocrine mucous cells secrete a mucus into the lumen of the stomach and into the gastric pits. This
mucus which is rich in bicarbonate ions that neutralizes acid, spreads across the surface of the mucosa and coat
the lining of the stomach with a thick, acid and enzyme-resistant barrier.

« G cells are endocrine cells that secrete in the blood a hormone called “gastrin”. Stimulation of this hormone
leads to increased secretion of gastric juice, stronger contractions of the stomach, and the opening of the pyloric
sphincter to move the chyme into the small intestine. Gastrin also binds to receptor cells in the pancreas and
gallbladder where it increases the secretion of pancreatic juice and bile.
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- Small intestine

The small intestine (also called small bowel) is between the stomach and the large intestine. It absorbs nutrients and
minerals from the chyme, using small finger-like protrusions called “villi” that extend into the lumen and increase the
internal surface area of the intestinal walls making available a greater surface area for absorption. The small intestine is
composed of three distinct regions:

The duodenum, which is approximately 20 cm long, receives gastric chyme from the stomach, the bile (a fluid
which aids the digestion of lipids) from the liver, and digestive enzymes (juice) from the pancreas. The digestive
enzymes break down proteins and the bile and emulsify fats into micelles. The duodenum contains glands that
produce a mucus-rich alkaline secretion containing bicarbonate. These secretions, in combination with
bicarbonate from the pancreas, neutralize the stomach acids contained in the chyme.

The jejunum is the midsection of the small intestine connecting the duodenum to the ileum that contains villi
which are arranged in circular folds (also called, plicae circulares). Sugars, amino acids, and fatty acids are
absorbed into the bloodstream at this level. This section is approximately 2.5 m long

The ileum, which walls are covered with villi similar to those of the jejunum, absorbs vitamin B12 and bile
acids, as well as any other remaining nutrients. it connects to the cecum of the large intestine at the ileocecal
junction.

The walls of the small intestine are very similar to those of the stomach:

Circular muscular layer

Longitudinal muscular layer

The “mucosa”, is the innermost layer that is covered by villi.

The “sub-mucosa” is made of dense connective tissues and has blood vessels, lymphatic vessels, and nerves. It
is between the mucosa and the muscular wall

The “muscular wall” is made of inner circular, and outer longitudinal smooth muscles. Thus, there is no
diagonal muscles as with the stomach with the small intestine

The “serosa”, which is the outermost layer, is an epithelial layer and connective tissue that connects to the
surrounding organs.

circular folds

villi

Mucosa

Sub-mucosa

} Muscular wall

Serosa

- Large intestine

It is also called “large bowel”, or “colon”, and is approximately 1.5 m long and 6 -7 cm diameter. It is the final section of
the gastrointestinal tract which function is to absorb water, salts, and vitamins while converting the chyme previously
digested in the small intestine into faeces. It is divided into the following sections:

The cecum is the first section of the colon that receives chyme from the small intestine. It is separated from the
ileum (the final portion of the small intestine) by the ileocecal valve (also called Bauhin valve) which limits the
rate of food passage into the cecum and prevents material from returning to the small intestine.

The appendix which develops from the cecum, is a small closed structure finger-shaped not involved in
digestion which function is uncertain; some sources believe that it has a role in housing a sample of the colon's
micro-flora. Note that acute inflammation of the appendix is a common abdominal surgical emergency which
results of its ablation (removal).

The ascending colon is the continuation of the cecum. The process of extraction of water, salts, and vitamins
starts. The unwanted waste material is moved upwards toward the transverse colon by the action of peristalsis.

The transverse colon begins at the “hepatic flexure”, which is a sharp bend at the superior end of the ascending
colon and moves horizontally to the splenic flexure, which is the sharp bend to the descending colon. It mixes
feces by contractions in a process known as segmentation. During this process, bacteria ferment the waste
material to release vitamins and a few trace nutrients remaining in the waste. Liquids, nutrients, and vitamins are
absorbed through the walls and then used by the tissues of the body. The colon then uses slow longitudinal
waves of muscle contraction known as peristalsis to push the feces along its length.
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« The descending colon is the continuation of the transverse colon. Its primary function is the storage and
accumulation of faeces prior to defecation. However, absorption of liquids and vitamins continues as long as the
faeces are stored in it. During defecation, the descending colon helps to propel faeces toward the sigmoid colon
and rectum and eventually out of the body by contraction of its smooth muscle tissue.

« The sigmoid colon is the final segment of the colon. It transports faecal matter from the descending colon to the
rectum and anus. Faeces are stored in the sigmoid colon until they are ready to be eliminated from the body
through the anal canal. During this time, the absorption of liquids, nutrients and vitamins from faeces continues.

« The rectum is the final segment of the large intestine that connects the colon to the anus. It stores faecal matter
produced in the colon until it is eliminate through the process of defecation. This process is triggered by the
increasing pressure of the facces which stimulates stretch receptors that send nerve impulses to the brain. It
results in a feeling of discomfort and the need to empty the rectum through defecation. Then, the process triggers
the relaxation of the smooth muscle of the internal anal sphincter to allow defecation to proceed.

_

Transverse colon

Spleni
Hepatic flexure plenic flexure

Ascending colon

Cecum
Descending colon

Appendix

Rectum
Sigmoid colon
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The gastrointestinal canal of the large intestine is made of four tissue layers that have the same names and are similar to
those encountered in the small intestine:

« The “mucosa” is made of columnar epithelial tissue similar to those encountered in the small intestine. However,
there is no villus in the mucosa of the large intestine which is smooth. A lot of mucous glands secrete mucus
into the hollow lumen of the large intestine to lubricate its surface and protect it from rough food particles. Also,
this membrane absorbs liquids, nutrients, and vitamins

« As in the small intestine, the “sub-mucosa”, which is between the mucosa and the muscular wall, is made of
dense connective tissues and has blood vessels, lymphatic vessels, and nerves.

o The muscular layer that surrounds the sub-mucosa contains a layer of circular muscles surrounded by a layer of
longitudinal muscles. It is involved in the segmentation and the peristalsis processes (see above)

« The serosa, which is the outermost layer. is an epithelial tissue which secretes a watery serous fluid that protects
the large intestine from friction to the surrounding organs, muscles, and bones.

- The liver

The liver is a vital organ which performs functions related to digestion, metabolism, immunity, and the storage of
nutrients within the body. The gallbladder sits under the liver, along with parts of the pancreas and intestines. The liver
and these organs work together to digest, absorb, and process food.

The liver is made of soft, brown tissues enveloped by a connective tissue. This tissue is reinforced by the peritoneum
which attach it to the diaphragm and the anterior abdominal wall and helps to reduce friction against other organs:

o The “wide coronary ligament” connects the central superior portion of the liver to the diaphragm.
« The left and right “triangular ligaments” connect the superior ends of the liver to the diaphragm.

« The “falciform ligament” attaches the liver to the anterior (ventral) body wall, and separates the left and right
lobe of the liver.

« Note that what is called “round ligament” is a remnant of the fetal umbilical vein that has no function when the
fetal period is over.

The liver has four lobes that can be seen looking to its back as only two are visible looking to its front.

o The “left and right lobes” are the largest lobes are those visible when looking at the front of the liver. They are
separated by the falciform ligament.

« The “caudate lobe” extends from the posterior side of the right lobe and wraps around the inferior vena cava.

« The “quadrate lobe” is below the caudate lobe and extends from the posterior side of the right lobe and wraps
around the gallbladder.
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The liver is connected to the “hepatic artery” which carries oxygenated blood from the aorta, and the “portal vein” which
carries blood rich in digested nutrients from the gastrointestinal tract, the spleen, and pancreas. These blood vessels
subdivide into capillaries which then lead to the lobules, which are the basic metabolic cells.

The lobules, which have hexagonal shapes, are made up of millions of hepatic cells (hepatocytes). They are built around
a “central vein” surrounded by six portal venules and six arterioles which are connected to numerous small vessels called
"sinusoids" which extend from the little portal veins and arteries to connect to the central vein. Each sinusoid passes
through liver tissues containing two main cell types:

"Kupffer cells" are macrophage cells that capture and break down the old red blood cells passing through the
sinusoids.
« "Hepatocytes" are epithelial cells that line the sinusoids and perform functions such as metabolism, storage,
digestion, and bile production.
The lobules are held together by a connective tissue, called “Glisson's capsule”, which extends into the structure of the

liver and ensheathes the hepatic artery, portal vein, and bile ducts within the liver. Note that there are around 100,000
lobules in the liver.

The blood that has been treated by the hepatic cells is collected into the hepatic veins that lead to the vena cava and
returns to the heart. Also, the liver has arteries and arterioles that provide oxygenated blood to its tissues as for another
organ.

The bile (a mixture of water, salts, cholesterol, and the pigment bilirubin) that is produced by the liver cells is carried to
the gallbladder by a branched structure called "biliary tree":

1. The bile drains into microscopic canals called "bile canaliculi" which run parallel to the sinusoids.

2. The numerous bile canaliculi join together into larger bile ducts. These bile ducts which are parallel to the
venules and arterioles arranged around the central vein, join to form the left and right hepatic ducts, which carry
bile from the left and right lobes of the liver.

3. Those two hepatic ducts join to form the common hepatic duct that drains all the bile away from the liver.

4. The common hepatic duct finally joins with the "cystic duct" from the gallbladder to form the common bile duct,
carrying bile to the duodenum of the small intestine.

5. The bile in excess is stored in the gallbladder until it is needed for digestion.
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6. The bile is released from the gallbladder into the duodenum. the process is triggered by a hormone called
“cholecystokinin” that is sent by the cells of the duodenum when the chyme arrives. The bile acts as a detergent
that dissolves fats that are normally not soluble in the water. As a result, fats are broken into small pieces that
can be digested by the organism.

Note that the bile transports the “Bilirubin” to the small intestine. Bilirubin results from the dead red blood cells
that have been destroyed by the Kupffer cells and transferred to the hepatocytes where components that can be
employed by the body are further transformed and those that cannot be used are transformed in “Bilirubin” and
released in the bile and then in the small intestine. Bilirubin, which contains iron, gives their colour to the bile,
and following the action of bacteria, to the feces.
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The liver intervenes in the food metabolisms. Also, it plays an important role in coagulation and against toxic products.

« Glycogen, also called animal starch, is a substance fabricated and stored in the liver. It is made from food
glucose and also lactic acid and certain amino acids. The liver can easily convert this glycogen into glucose
(glycogenolysis), which allows the liver to provide for the needs of the body (as an example, muscle activity)
and to ensure the stability of blood glucose.

« Deamination of amino acids (separation of the amino radical NH2) causes the formation of ammonia, which is a
toxic substance. This process occurs mainly in the kidneys and liver. In the kidneys, the ammonia is eliminated
by the urine. In the liver, ammonia is transformed in urea, following a complex biochemical process. The urea is
then eliminated by the kidneys in the urine.

« The liver is a place of storage of excess fat resulting from hyper alimentation. There is also a liver lipid
“catabolism”, which is a metabolic process that breaks down large molecules (such as polysaccharides, lipids,
nucleic acids and proteins) into smaller units, and “anabolism”, which is the process by which the body utilizes
the energy released by catabolism to synthesize complex molecules.

« The liver plays a major role in blood coagulation by ensuring the formation of fibrinogen, the absorption of
vitamin K, which is essential for the synthesis of prothrombin (a plasma protein), and the manufacture of
heparin (anticoagulant).

Also, it is involved in the formation of blood:
Formation of plasma proteins, especially serum albumin.
Storage and regulation of iron metabolism which is essential for the synthesis of hemoglobin.
Development of blood cells in the foetus and newborn.
Destruction of too old red blood cells (see the description of Kupffer cells) as in other hematopoietic
organs (bone marrow, spleen).

« The liver has an antioxidant function that allows it to filter and stop substances that are toxic by themselves or
because of an excessive blood level. It then turns these substances into less toxic products that are eliminated by
the bile and in uric acid. Chemical reactions allow the formation of new molecules which reduce the toxicity of
certain chemical substances produced by the digestion in the intestine. This antitoxic function also works against
exogenous toxins (microbes, industrial toxins, alcohol, poison, etc.)

Note that the liver is the only human internal organ capable of natural regeneration of lost tissue. However, it is not true
regeneration as the growth of the liver is a restoration of function, not its original form.

- Pancreas

The pancreas sits across the back of the abdomen, behind the stomach. Its head is on the right side of the abdomen and is
connected to the duodenum through a small tube called the pancreatic duct. The narrow end of the pancreas, called the
tail, extends to the left side of the body. It is about 15 cm long. Glandular tissue that makes up the pancreas gives it a
loose, lumpy structure. This tissue surrounds many small ducts that drain into the central pancreatic duct. The
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pancreatic duct carries the digestive enzymes produced by the endocrine cells to the duodenum.

the pancreas is a mixed gland which has an internal hormonal role (endocrine) and an external digestive role (exocrine).
The endocrine part is composed of hormonal tissue distributed along the pancreas in discrete units called islets of
Langerhans. These cells secrete insulin.

The exocrine pancreas represents the rest of the pancreatic parenchyma (The functional or specialized tissue of an organ)
which is constituted by the juxtaposition of pancreatic acini. Each acinus is constituted by a base of pyramidal cells
delimiting a central cavity where the secretory product accumulates which is led outwards by a small excretory canal.
The acini are grouped into lobules and lobes, the convergence of the excretory ducts lead to the major pancreatic duct
(also called duct of Wirsung) and the accessory pancreatic duct (also called duct of Santorini).

Pancreatic juice (exocrine pancreas) contains mineral salts (notably bicarbonates) and many enzymes.

« Proteolytic enzymes, (also called protease) which split the polypeptide molecules (chains of amino acids and
essential portions of proteins) into simpler elements: amino acids and short peptides. Among these many
enzymes, include trypsinogen (activated trypsin by duodenal enterokinase that is released in significant amount
when required for protein digestion).

« Lipolyptic enzymes including cholesterol esterase which converts esterified cholesterol into free cholesterol, the
lipase that cleaves triglycerides into simpler elements: fatty acids and glycerol.

« Glycolytic enzyme or amylase, which hydrolyzes starch into maltose.

The secretion of pancreatic juice is not continuous but triggered by meals. It is stimulated by gastric hydrochloric acid via
two hormones: Secretin and cholecystokinin of duodenal origin, the first stimulant especially the hydrobicarbonated se-
cretion of the pancreas and the second especially the enzymatic secretion . Incidentally, gastrin developed by the gastric
antrum would also play a role.

Islets of Langerhans of the endocrine pancreas consist of two types of cells: Beta cells (75%) and Alpha cells (25%).
« Beta cells secrete insulin. Insulin is a hypoglycemic (low blood sugar) hormone that acts at two different levels:

In the liver, it promotes the transformation and storage of circulating glucose in the form of hepatic
glycogen and slows down the reverse process .

. In tissues, it promotes the penetration and cellular consumption of glucose.

Pancreatic insulin secretion is mainly controlled by changes in blood glucose levels. However, there is also a
neurovegetative regulation (the pneumogastric excito-secretor).

« Alpha cells of the endocrine pancreas secrete another hormone, glucagon, which has schematically opposite
properties of insulin and is therefore hyperglycemic (increasing hepatic glycogenolysis).

The overall action of the endocrine pancreas is hypoglycemic (and the destruction of the pancreas causes diabetes with
hyperglycemia) since it is formed mostly of Beta cells (insulin).
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Urinary system

The urinary system consists of the kidneys, ureters, bladder, and the urethra. This system eliminates wastes from the
body, regulates blood volume and blood pressure, controls levels of electrolytes and metabolites, and regulates blood pH.

- Kidneys

There are two kidneys which have an extensive blood supply via the renal arteries which leave the kidneys via the renal
vein. Each kidney consists of millions of functional units called “nephrons” that removes waste from the body through
urine, and reabsorbs elements that are necessary for the body. A nephron is a tube of complex shape formed of only one
layer of cells. There are about one million nephron in each kidney. Each nephron is made up of two parts:
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« The “renal corpuscle “ is the head of the nephron and it is where urine first forms, and consists of the
gromerulus which is surrounded by the bowman’s capsule. Bowman’s capsule is made of a thin porous
membrane. Gromerulus are networks of capillaries. The blood is filtered across the glomerular capillaries into
Bowman’s space. Filtrates then exits the Bowman’s space into the renal tubules.

« The tubule begins at the Bowman’s capsule and consists of the following elements each has a dedicated
function:

Proximal convoluted tubule:
Reabsorb 2/3 of the filtered Na (65-80%) and water
Reabsorb all the glucose and amino acids,
Reabsorb a fraction of the bicarbonate, potassium, phosphate, and calcium
Secrete ammonia (to neutralize acid in excess)
Secrete creatine (that facilitates the recycling of adenosine triphosphate (ATP), the energy
currency of the cell, primarily in muscle and brain tissue)
Loop of Henle:
Water and salts are reabsorbed into the blood
Water passes to the interstitial fluid
The distal convoluted tubule function is:
Reabsorb sodium and chloride
Secrete ammonium ions and hydrogen ions.
Concentrate the urine
The collecting duct
Reabsorbs sodium and water
Secretes potassium
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As described above, the kidneys maintain the balance and stability of the cells of the body (homeostasis) by controlling
the excretion and reabsorption of substances.

« When potassium, sodium, calcium, magnesium, phosphate, and chloride ions, reach a higher concentration than
normal, they are eliminated into the urine. When they are at a lower concentration than normal they can be
reabsorbed into the blood during filtration.

« Hydrogen ions (acid ), which are produced by the metabolism of proteins, accumulate in the blood over time. As
a response, hydrogen ions in excess are excreted in the urine. Also, bicarbonate (base) is conserved or
reabsorbed to balance the PH of the blood.

« The kidneys control the amount of water in the body. Excess water in the blood is excreted in urine, which
results in diluted urine. When the body is dehydrated, the kidneys reabsorb water into the blood. As a result,
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« The kidneys monitor the blood pressure: When blood pressure is elevated, the reabsorption of water into the
blood is reduced and the excess is eliminated in the urine. When blood pressure becomes too low, the kidneys
can produce the enzyme “renin” to constrict blood vessels, which allows more water to remain in the blood.
Urine expelled is concentrated.

urine is highly concentrated in excreted ions and wastes.

« The kidneys stimulate the production of red blood cells through the hormone Erythropoietin.

- Ureters

The ureters are the tubes that carry urine from the kidneys to the urinary bladder. They are 25 to 30 cm long and run on
the left and right sides of the body parallel to the vertebral column. Urine is moved toward the urinary bladder by the
movements of the muscles walls. The ends of the ureters extend slightly into the urinary bladder. They are sealed at the
point of entry to the bladder by the ureterovesical valves. These valves prevent urine from flowing back towards the
kidneys.

- Bladder

The urinary bladder is a hollow muscular and elastic organ that collects and stores urine from the kidneys before
disposal by urination. Urine enters the bladder via the ureters and exits via the urethra. The urinary bladder plays an
important role in delaying and controlling urination so that the average person only has to urinate several times each
day instead of constantly leaking small amounts of urine.

The urinary bladder is made of several distinct tissue layers:

« the mucosa layer which lines the hollow lumen is lined with transitional epithelial tissue that is able to stretch in
the case of large volumes of urine and provides a protection from acidic or alkaline urine.

« The sub-mucosa, is a layer of connective tissue with blood vessels and nervous tissue that supports and controls
the surrounding tissue layers.

o The muscular layer surround the sub-mucosa and provide the urinary bladder with its ability to expand and
contract. It contracts during urination to expel urine from the body. Also, it forms the internal urethral sphincter,
which is a ring of muscle that surrounds the urethral opening and holds urine in the bladder. During urination,
the sphincter relaxes to allow urine to flow into the urethra.

- The urethra
The urethra is the tube through which urine passes from the bladder to the exterior of the body. The flow of urine is
controlled by the internal and external urethral sphincter muscles.

« The internal urethral sphincter is made of smooth muscle. It opens involuntarily when the bladder reaches a
certain level of distention. This process results in the sensation of needing to urinate.

« The external urethral sphincter is made of skeletal muscle and may be opened to allow urine to pass through the
urethra or may be held closed to delay urination.
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Part C - Accidents linked to saturation diving

- Hypothermia (page 69)
- Cold shocks (page 72)

- Hyperthermia (page 73)

- Sinus barotrauma (page 76)

- Ear barotrauma (page 77)

- Teeth barotrauma (page 80)

- Helmet squeeze and nips (page 81)

- Adverse effect of hyperbaric oxygen (page 84)

- Diseases resulting from long exposures to hyperoxia (page 102)
- Narcosis (page 103)

- High pressure nervous syndrome - HPNS - (page 105)
- Hypoxia & anoxia (page 108)

- Hypercapnia (page 110)

- Drowning (page 114)
- Pulmonary barotrauma (page 117)

- Decompression accidents (page 124)

- Explosive decompression (page 139)

- Isobaric inert gas counter-diffusion (page 141)
- Compression arthralgia (page 143)

- Hydrocarbons (page 144)

- Hydrogen sulphide (H2S) (page 149)

- Carbon monoxide (page 153)

- Cleaning fluids and other pollutants (page 159)
- Water contamination by chemicals and radiations (page 165)
- Pathogen attacks (page 169)

- Acute otisis externa (page 182)

- Harmful noises (page 184)

- Underwater explosion (page 196)

- High pressure water jet injuries (page 199)

- Electrical shocks (page 202)

- Venomous and aggressive animals (page 210)

- Seasickness (page 232)
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Hypothermia

Description:

Hypothermia is a physical condition that occurs when the body’s core temperature falls below the normal 37° C to 35° C
or cooler.

Cold water dangerously accelerates the onset and progression of hypothermia since body heat can be lost 25 times faster
in cold water than in cold air.

The danger is considerably greater for mixed gas divers because of the very high conductivity of helium. The respiratory
heat loss is enormous due to the fact that heat loss under heliox is six times faster than in air.

Hypothermia affects the body's core (brain, heart, lungs, and other vital organs).

Hypothermia diminishes the victim’s physical and mental abilities, even in a mild case. Thus, it increases the risk of
inappropriate decisions and accidents. .

Also, hypothermia increases the risk of a decompression accident

Severe hypothermia may result in unconsciousness and possibly death.

Symptoms
Internal Body
temperature RYEE
36°C Uncontrollable shivering; cold extremities; needs to urinate.
Mild case Note that not all people shiver, and some can become hypothermic without any
warning
34°C

Impaired judgement; fixed ideas; confusion; irritability; amnesia; slurred speech.
Moderate case P Judg > > > Ys > p

32°C Shivering decreasing and replaced by muscular rigidity.
Severe case Movement becoming erratic and jerky.

28°C Irrational behaviour increasing; stupor; muscular rigidity increasing; cardiac rate and
Critical case respiration slowed; casualty becoming semiconscious.

Unconsciousness; loss of reflexes; fixed and dilated pupils, low or undetectable pulse.

27r°c Ventricular fibrillation may occur.

25°C Failure of cardiac and respiratory systems; ventricular fibrillation; death.

Diving & ROV specialists - Saturation diving handbook / Book #4 - Page 69 of 302



% " Tables of contents

Hypothermia rates of an unprotected person in the water

Water temp. (°C) Loss of i‘;:;iee’jgg& ey E)Z,:;Zict?on:szi Zre Expected time of survival
>27°C 2 to 12 hours indefinitely indefinitely
27°C 1to2 hrs 3—12 hours 3 hours — indefinitely
21°C 30 to 40 min 2—-7 hours 2—40 hours
16°C 10 to 15 min 1-2 hours 1—6 hours
10°C <5 min 30—60 minutes 1-3 hours
4°C < 3 min 15-30 minutes 30-90 minutes
1°C < 2 min Under 15 minutes Under 15-45 minutes
Note:

Cold currents with lower temperatures than the surrounding waters can be encountered at depths close to the surface and
affect the divers in tropical areas.

In cases of hypothermia the brainstem and
the spinal cord trigger a vasoconstriction to
gradually protect the vital organs. This
explains the several steps indicated in the
description of the symptoms

Organs producing heat are
the liver and the muscles

Loss of heat is through the
lungs and the skin.

Thermal well being is 24 to 25
degrees Celsius in air and 33 to 34
degrees Celsius in water
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Treatment
Internal Body
temperature Treatment
36°C Prevent further heat loss - Allow body to re-warm itself - Warm sweet drinks (no
Mild case alcohol) - Apply gentle heat source - Keep the victim warm for several hours, with the

head and neck covered - Observe for potential decompression accident.

Offer warm sweet liquids only if victim is fully conscious, begins to re-warm, if he is
able to swallow (no alcohol) - Seek medical advice - Keep the victim warm for several

34°C hours, with the head and neck covered - Observe for possible decompression accident.
Moderate case The principle of re-warming is the inverse process of the one established by the
vasoconstriction and must be very gradual: Re-warm the core 1st, and then gradually the
limbs.

Get medical advice/help as soon as possible - Move the casualty carefully (rough
handling may cause cardiac arrest or ventricular fibrillation of heart) - If the equipment is
32°C available, give hot saline by irrigation through a naso-gastric tube - When the victim is
Severe case able to swallow, give hot liquids by mouth - Treat for shock - Keep temperature from
dropping while avoiding too rapid a temperature rise. Rapid re-warming can cool the

blood as it flows through the cold outer tissues.

As above, medical support is absolutely necessary - If breathing and pulse are no longer
detectable, start Cardiopulmonary resuscitation (CPR), and re-warm gradually as
indicated above (de-fibrillation and O2 assistance to be started as soon as possible) -
Give hot saline irrigation by naso-gastric tube. Never assume that a hypothermic victim
is dead until completely re-warmed and still not responsive.

If the patient still exhibits no vital signs (pupils not reactive, no heart beats and no
breath), the decision to stop will be made by the doctor.

28°C
Critical case

Prevention

- The divers working from closed bells should wear hot water suits. As indicated in point 1.1.3 of Book #3, suits with a
thermal isolation are recommended. In case of loss of hot water supply or improper adjustment, the diver should return
to the bell unless the problem can be solved immediately.

- Hot water supply failure or insufficient may not be detectable on gauges. As a result, the diver may become gradually
hypothermic and not feel it. For this reason, the supervisor must be very careful and look for any signs of hypothermia
symptoms, such as changes in behaviour and slurred speech. For the diver, the need to urinate, and the first shivering
will be the first signs, and any sensation of cold must be reported to the supervisor. In case of hypothermia during the
dive, the diver must be removed from the water.

- Hot clothes should be available in the bell as hypothermia is 6 times faster with heliox than with air.
Also, there should be a means independent of surface supplies, to maintain the diver’s body temperature for a minimum
period of 24 hours in an emergency. It usually consists of survival bags which should be integrated in the survival kit of
the bell.
Heating system, which is normally associated with the lung powered CO2 scrubber, should be available if the ambient
water temperature at the diving depth (or the depth the bell may descend to) requires the divers to be heated (See point
1.1.2 in Book #3).

- The temperature of the chambers and the bell should be as follows:

Depth (msw) Temperature range (C°) Depth (msw) Temperature range (C°)
0- 50 22-27 200 - 250 29-31
50-100 25-29 250 - 300 30-32
100- 150 27-30 300 - 350 31-33
150 - 200 28-31
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Cold shocks

Cold shocks are the effects of sudden exposure of unprotected parts of the body to cold water.

Caloric vertigo:

This is due to the exposure of the external ear canal of one side and not the other side to cold water.

The effects are disorientation and nausea

Because the divers are wearing helmets, they will not be affected in normal working conditions. But a rescue
diver (bellman) may be affected if wearing a damaged or badly adjusted hood.

Diving reflex:

This is due to the sudden exposure of the face to cold water.

The result is bradycardia (heart rate slowing down) and constriction of the vessels of the face.

The divers wearing helmets are not affected, except in the case of a loss of helmet... Appropriate training is
generally sufficient for prevention.

Hyperventilation:

This is due to improper thermal protection of the diver during the launching of the dive, or an unexpected
opening of the suit in cold water.

Sudden immersion in cold water results in an involuntary gasp, followed by 1 to 3 minutes of involuntary
hyperventilation (respiratory rate increasing).

This hyperventilation results in a profound lowering of blood carbon dioxide levels and raising of blood pH
levels, which causes a large risk of ventricular fibrillation (“cardiac arrest”), muscular cramps, and cerebral
vasoconstriction which starves the brain of oxygen, causing disorientation and confusion. In this case, the
diver cannot coordinate his breathing and swimming movements, and that makes his survival unlikely. This
can also lead to panic with illogical actions like tearing off the helmet.

In normal diving conditions from a bell, the diver remains under control and can be immediately recovered
into the bell. If the diver becomes incapacitated, the rescue diver must be sent to recover him immediately.
Thermal protection is essential to avoid such effects...
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Hyperthermia

Description:

- Hyperthermia is defined as a temperature of the body greater than 38°C; the average normal human body core
temperature being 37°C. Body temperatures above 40 °C can be life-threatening.

- Hyperthermia may occur in water to divers using hot water suits if the system is improperly set up or divers performing
dives in tropical waters with diving suits designed for cold water.
In chambers, it may result from a cooling system failure or be caused by the heat resulting from excessive
pressurization rates. It may also result from the improper adjustment of the temperature of the chamber or the bell that
should normally be as follows:

Depth (msw) Temperature range (C°) Depth (msw) Temperature range (C°)
0- 50 22-27 200 - 250 29-31
50-100 25-29 250 - 300 30-32
100 - 150 27-30 300 - 350 31-33
150 - 200 28 - 31

- Note that Hyperthermia also affects people working on deck under direct sun or in too hot rooms.

Symptoms

Severity Symptoms

- Abdominal cramps
- Muscle cramps

- Nausea

- Headache

- Dizziness

Moderate case

- Weakness
- Heavy sweat

- feeling uncomfortable

- Odd or bizarre behaviour
- Irritability

- Delusions

Severe case - Hallucinations

- Increased pulse rate

- Disorientation, confusion

- Vomiting

- Collapsing
Critical - Coma

- Death
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Cases

Treatments (diver medic or medical support)

Moderate case

- Have the patient resting. As he rests, he cools gradually and may not need any other
treatment since he is no longer producing heat by working.

- Cool the patient by removing clothing, fanning, and applying ice packs or cool compresses
to the face, neck, underarms, and groin.

- If not nauseated, give ordinary fluid by mouth, starting slowly.

- If the patient is nauseated, hypotensive, or faints upon sitting or standing, give 500-1000
cubic centimetre of “IV fluid” for 30-40 minutes.

- If IV fluids are not available, let the patient rest and cool down for 20-30 minutes, lying
down, then place ice chips in the mouth or give small sips of liquid, increasing the
intake as tolerated.

- Have the patient rest for 8-24 hours. He may be sensitive to heat for a period of time.

Severe case

- Cool the patient as fast as possible: Apply ice to the neck, arm pits and groin. Soak the
victim in ice water. Continue until a deep rectal temperature is about 38.5 C or until the
victim feels like someone with an ordinary fever. Then stop active cooling and place
the patient in a cool area.

- If the patient is hypotensive or shocked, do not give vasopressor drugs. Support the
blood pressure with “IV Ringer's lactate" or normal saline sufficient to maintain a
systolic pressure of 100-110. Avoid sudden infusions of large volumes of IV fluid. It is
better to give 200-300 cc. amounts and observe the effect over 5 minutes, then repeat
as necessary.

- When the blood pressure is stable, change to “IV D5SW” (or oral fluids if the patient is
conscious) and observe the urine output.

- If available, insert a urinary catheter (Foley) and give sufficient fluid (IV fluid or
orally) to maintain a urine volume of at least 60 cc. (2 ounces) per hour to avoid the
possibility of kidney damage.

- MEDEVAC to be organized

Critical case

- If the patient is unconscious or delirious, convulsing, or has skin that is very hot and
dry, it means that the heat has damaged the temperature and blood pressure centers in
the brain. This heat stroke is a medical emergency with a high mortality rate.

- Complications-convulsions, stroke, or myocardial infarction may all occur in heat-
stroke. Treatment is the same as in the usual setting.

- Urgent MEDEVAC to be organized.

Definitions:

- Hypotension: Low blood pressure

- “IV fluid” : Supply fluids when casualties are unable to take in an adequate volume of fluids by mouth. Provide salts
needed to maintain electrolyte balance. Provide glucose (dextrose), the main fuel for metabolism. Provide
water-soluble vitamins and medications.

-Vasopressor: Increases the blood pressure.

- “IVD5SW”: Sugar solutions, such as with glucose (also called dextrose), to be injected intravenously, have the
advantage of providing some energy, and may thereby provide the entire or part of the energy component
of nutrition by injection.
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Prevention

- Ensure that the bell and chambers are at the ideal temperature (see on the previous page) before transferring the divers
into them.

- Personnel working on deck should avoid exposure to direct sunlight and wear additional sun protection. Also, shelters
should be installed on working stations where people have to be a long time.

- Provide sufficient fluids on deck and in the chambers and the bell.

- Pressurization of chambers should not be too fast. Note: The problems posed by too rapid compressions are also High-
Pressure Nervous Syndrome and compression arthralgia.

- The diving supervisor must ensure that the set up of hot water to the bell and the divers is optimal and monitor it at all
times.

- Unsure that the diving suits are appropriate for the surrounding water temperature.
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Sinus Barotrauma

Description:

- Sinuses are rigid filled airspaces within the skull's bone and are mostly connected to the upper nasal passages.
The largest are the bone's frontal sinuses over the eyes and the maxillary sinuses in the cheekbones. There are other
smaller sinuses elsewhere within the skull. Sinuses appear to serve no useful purpose other than to reduce the total
weight of the skull.

The frontal sinuses are over the fore-
head and above the eyes. These are
absent at birth, and in approximately
5% of adults

The ethmoid sinuses are small pockets
in the ethmoidal bone, which is the
bone that separates the eyes from the
nose. These sinuses are separated from
the eye by a thin bone thickness.

The maxillary sinuses are pockets near
the checks. They are located in the
manxilla bone under the eyes. They con-
tain three recesses and are shaped like
pyramids.

- The sinus spaces are connected to the respiratory airway by fine passages.
- If the connecting passages are blocked, an imbalance of pressure will cause acute pain.

- If the pressure is not relieved by equalizing or by reducing the ambient pressure, the linings of the sinus cavity will
bleed, flooding the cavity to balance the pressure. A slight nosebleed during or after a dive is a common sign of a
mild sinus blockage.

- A cold or hay fever will cause inflammation and swelling of the tissues making up the nasal tract, Eustachian tubes,
sinus cavities and airways, and the secretion of mucus. All of which will lead to blockages of the airways and the
inability to clear ears and sinuses.

Symptoms:

- Inability to clear the ears
- Bleeding of the nose, and nose plugged

- Intense pain in the forehead or the cheeks

Treatment:

- Decongestant medication should only be used under medical guidance.

- Seek medical advice if the diver suffers persistent difficulty with ears and sinuses.

Prevention:

DO NOT DIVE WITH NASAL INFECTION OR CONGESTION.

Diving & ROV specialists - Saturation diving handbook / Book #4 - Page 76 of 302



Ear Barotrauma

Description:

The middle ear is a rigid air-filled space,
surrounded by bone (skull). The eardrum
forms an outer wall, and the airspace is
connected to the rear of the throat by the
Eustachian tube.

The middle ear comprises a series of
bones, which transmit vibrations from
the eardrum to the inner ear.
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The inner ear is filled with fluid and is
embedded in the skull. Vibrations
picked up at the eardrum and trans-
mitted to the inner ear are converted
into nerve impulses sent to the brain
and perceived as sounds.

The semicircular canals are consid-
ered part of the inner ear but play no
part in the hearing. They are of major
importance for a sense of balance and
position, and their function can be
upset by certain conditions affecting
the middle ear.
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- The ears are very sensitive to changes in pressure and will be affected around 2 metres below the surface.

- One common reason of imbalance is the blockage of the eustachian tube if the diver descends too quickly without
equalization, or if the Eustachian is plugged due to an infection or the obstruction of the ear canal by a plug of wax.

- On the descent, the diver's inability to equalize causes a vacuum in the middle ear, sucking the eardrum and tissues in

the middle ear and eustachian tubes inwards. Pain is felt and increases with pressure.

On ascent, the inability to equalize the middle ear air space can cause a build-up of excessive pressure, flexing the

eardrum outwards.

- If the imbalance of pressure is not relieved, the eardrum will rupture. If the diver is wearing a face mask, some cold

water may enter the middle-ear cavity and upset the balance and hearing organs.

- The inner ear is responsible for both hearing and balance. The round and oval windows separate the inner ear from the
middle ear. These openings are covered by some of the thinnest, most delicate tissues in the human body. The oval

window is connected directly to the eardrum by a chain of bones called the ossicles.

As the eardrum flexes inwards, the pressure is transferred directly to the oval window via the ossicles, causing the oval
window to flex inward in conjunction with the eardrum. At this point, the ossicles either press through the oval window
(perforating it), or the increased pressure in the inner ear from the oval window pressing in causes the round window to

bulge out and burst.
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State

External ear squeeze

Middle ear barotrauma

Inner ear barotrauma

<
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Symptoms

- Discomfort and pain on descent

- Outward bulging of the eardrum

- Swelling and bruising of the skin lining the ear canal.

?—

- It can be recognized after a dive by the feeling of "fullness" or "water in
the ear" that cannot be relieved. This sensation is caused by the
accumulation of blood and body fluids in the eardrum and middle ear,

- Type I: Portions of the eardrum are red,
possible distortion of the eardrum (in or out)

- Type II: Completely red eardrum, possible distortion of the eardrum (in
or out)
- Type HI: Type 11, but with blood and fluid in the middle ear

- Type IV: Perforated eardrum with other
accompanying symptoms

- Immediate feeling of vertigo, possibly accompanied by nausea or vomiting.
- Disorientation

- Hearing loss and tinnitus (buzzing or ringing ears) are also common signs.
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Prevention:

- Do not dive when sick or congested.

- The Divers should never equalize forcefully.

- Equalization at the very beginning of the descent.

- Descend feet first and head up allow for easier equilibration.
- The dive is to be stopped in case of problems of equalization.

- Remember that those who have equalization problems in the water will have similar problems in a chamber.
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Teeth Barotrauma

Description

Enamel

Pit & surface cavity
Smooth surface cavity

Gas spaces may exist in the roots of
infected teeth, along with dying nerves, in
necrotic areas of the pulp, and alongside or Pulp
associated with fillings that have undergone

secondary erosion (it is one of the main

teeth barotrauma causes). Dentin

\ Root cavity

Nerve + blood vessels

—

- The gas may enter around the edge of the filling, adjacent to the tooth, or through micro-fractures of the enamel and
dentine. Teeth with full cast crowns may be susceptible to air being forced into the cemented material between the crown
and the tooth. During the descent, the gas space is replaced with the soft tissue of the gum or with blood and effusion.

- Another presentation of dental barotrauma occurs in cases involving a carious tooth with a cavity. As pressure differences
across the cementum develop, the tooth may cave in (implode) on the descent or explode on the ascent. Fast rates of
ascent or descent will tend to precipitate this.

Symptoms:

- Pain may happen during the pressurization. If, because of slowed descent, symptoms are not noticed, the gas expansion
on ascent may be restricted by the blood in these spaces, resulting in distension and severe pain.

- Explosion of the teeth causes considerable pain.

Treatment:

- A pressure applied to the casualty‘s teeth may cause pain and identify the affected tooth. Sensitivity to cold may also
localize the affected tooth.

- A mouth mirror and a dental pick can be used to identify the tooth affected and the extends of damages.
- An analgesic can diminish pain during a limited period. However, the person must consult a dentist as soon as possible.
- The diver affected should not dive as long as the problem is not definitively solved.

- If the problem is detected during the saturation, the diver affected must be closely observed during the ascent to ensure
that no pressure builds in the tooth, which may result in an explosion. That may result in a slower ascent.

Prevention:

- Biannual dental checks (including X-ray examinations). Also, avoidance of hyperbaric exposure after a tooth extraction
or surgery until complete tissue resolution has occurred.

- Buccal hygiene and self-examination are essential.
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Helmet squeeze and nips

Description & effects

This accident was common in the old days when the divers were
using suits communicating with continuous flux helmets.

Such accidents have happened because the diver, wearing lead
shoes and unable to swim, was falling deeper than expected with
a gas supply unable to compensate for the surrounding pressure.
Another reason was the rupture of the supply hose at or near the
surface.

The most common effects were the fracture of the collar bones,
the rib cage crushed, and severe internal hemorrhages, so the
accident could be fatal. Descriptions of divers compressed into
their helmets have been published, sometimes with exaggeration.

Depression

Commercial divers working in the offshore industry are not using the equipment described
above nowadays.

However, continuous flux helmets such as the “AH 5 produced by “Divex” are still in use for
particular operations, mostly by companies working in unhealthy surroundings or the nuclear
industry, as they have the advantage to be perfectly waterproof. To protect the diver from the
accidents described above, they are often separated from the suit by a “neck dam”, and must be
fitted with a non-return valve. Nevertheless, an accident may happen if these protections are
defective.

Another squeeze effect is called “nips”. This can happen if the diver uses a dry suit without an
inflator or with a deficient inflator. In this case, the surrounding pressure will compress the suit
on the body, creating folds that will trap and pinch the skin and will create bruising on the skin.

Mask squeeze occurs in scuba diving when the diver fails to equalize the internal mask's pressure
with the surrounding pressure by blowing into it, which results in the mask acting like a
suction-cup. The eyes can be affected by hemorrhages as they are composed of very soft tissues.
Because only helmets are used during saturation, this problem should not happen except in
severe depression of the helmet.

Treatment

helmet in depression

Collar bones fractured

Lungs and other organs
affected by the depression

Body compressed into
the helmet in depression

Because the lungs and other organs may be damaged, the diver suffering from helmet squeeze must be evacuated from
the work site to a proper hospital as soon as possible. That poses the problem of long decompression and medical support
during this phase for the divers saturated. For this reason, external medical support must be triggered.

Note that a diver using helmet suffering of bloody eyes may be affected by more severe damages.

Nips are painful but generally are no serious injuries, and they can be easily treated using dedicated skin creams.
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Prevention

- At exhaust level (reclaim)

The reclaim from the helmet is fitted with a “Supply Actuated Exhaust Cut-Off valve”. The function of the “Supply
Actuated Exhaust Cut-Off valve” (SAECO) is to automatically isolate the diver umbilical from the negative pressure in the
event of any interruption in the gas supply. This valve is held open by the gas pressure in the gas supply line. In the event
of a loss of pressure in the supply line, the SAECO valve will close, isolating the Reclaim Valve from the suction.

Non return valves are provided to supplies.

| SAECO VALVE 1 SAECO VALVE 2 \

DIVER 1

TRACKING
PNEUMO '

PRESSURE
REGULATOR

\

BPR
BLEED VALVE

WATER TRAP
DRAIN VALVE

- At helmet supply level

Modern helmets are fitted with a non-return valve that is installed on the helmet supply, and to which the umbilical is
connected.

Reclaimed helmets are also provided with a valve allowing to close the exhaust of the helmet to the reclaim system, and
another one allowing to breath in “open circuit”.

These valves must be tested by the diver before each dive.

The integrity of the umbilical and particularly the fittings is to be checked.
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Adverse effects of hyperbaric oxygen

The role of oxygen has been simultancously demonstrated by Joseph Priestley (1733-1804) and Antoine Lavoisier (1743-
1791). Oxygen is necessary for life, and the papers taken as references in the previous section prove its benefic role when
used in association with hyperbaric conditions. However, oxygen is poisonous at high doses, with toxicity that depends
on both the partial pressure (PPO2) and exposure time. Acute O2 poisoning is linked to too high oxygen partial pressure
and may result in a violent seizure crisis, while chronic oxygen poisoning results in the inflammation of the lungs after
long exposures to pressures not sufficient to trigger acute poisoning but elevated enough to impair the lungs (>0.5 bar). In
addition, it has been discovered that repetitive and long exposures to hyperbaric oxygen, even at sufficiently low
pressures not to trigger the two effects above, may lead to diseases not immediately detectable.

For convenience, these three adverse effects, which may act simultaneously, are explained separately.

Acute oxygen poisoning (Paul Bert effect)

Description

Acute oxygen poisoning, also called "Central Nervous System (CNS) oxygen toxicity", was discovered first by Paul Bert
(1833 - 1886), who, through a series of experiments described in his book "Barometric pressure”, clarified the role of
oxygen in the air. He discovered and demonstrated that oxygen has adverse effects at high pressure through experiments
on animals, where he observed that this gas could lead to convulsions, often resulting in the subject's death, and
compared these convulsions to the effect of strychnine, a deadly poison causing muscle contractions and asphyxia. He
also concluded that exposure to pure oxygen at pressures of 20 atmospheres and above triggers immediate convulsions
that quickly lead to death, that this phenomenon of immediate convulsions can be observed at 6 atmospheres, and that
birds submitted to pure oxygen at 3.5 atmospheres had onset of convulsions after appropriately 5 minutes exposure. As a
reminder of this scientists, this phenomenon is also called the "Paul Bert effect" (These experiments are detailed in
chapter IV - Subchapter #1, "Toxic action of oxygen at high tension" of the book "Barometric pressure").

Studies of this undesirable phenomenon continued after Paul Bert and are still undertaken. They have not yet resulted in
complete comprehension of the mechanism that triggers it. However, they have identified the conditions that favour its
onset and the signs allowing us to predict it. Thus, they have allowed us to implement precautions to avoid triggering it
and the counter-measures to control it from arising.

Even though not fully clarified, there is a consensus to link the onset of CNS oxygen toxicity to the action of some
Reactive Oxygen Species (ROS). For example, in an article entitled "Central Nervous System Oxygen Toxicity and
Hyperbaric Oxygen Seizures", doctor Edward P. Manning says that the human body has several equilibrated safeguards
that minimize the effects of reactive species on neural networks, believed to play a primary role in CNS O2 toxicity. The
increased partial pressure of oxygen (PO2) appears to saturate protective enzymes and unfavourably shift protective
reactions in the direction of neural network over-stimulation. Certain regions of the Central Nervous System (CNS)
appear more susceptible than others to these effects. In another study called "Oxygen Toxicity and Special Operations
Forces Diving: Hidden and Dangerous", Doctors Thijs T. Wingelaar, Pieter-Jan A. M. van Ooij, and Rob A. van Hulst
say that the most plausible explanation is related to an overflow of reactive oxygen species (ROS) in the brain after an
increase in cerebral blood flow.

Reactive Oxygen Species (ROS) are molecules capable of independent existence, containing at least one oxygen atom
and one or more unpaired electrons. This group includes oxygen free radicals, as well as free nitrogen radicals. Free
radicals are atoms that have one or more unpaired electrons. They can have positive, negative or neutral charge. Oxygen
has eight electrons in two separate orbitals and is especially susceptible to radical formation. Radicals derived from
oxygen are those of most concern in biological systems.

Missing electron

‘ e . N x s . _— 5 electrons
6 electrons ___
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Normal oxygen Oxygen free radical

Oxygen-derived radicals are permanently produced during the normal biological process and are necessary intermediates
in various biochemical reactions. For example, they are involved in eliminating invading pathogens through white blood
cells, such as neutrophils. However, due to their high chemical reactivity, they can damage many macromolecules when

generated in excess or not appropriately controlled. That can be the case when the body is confronted with abnormal
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situations such as hypoxia or hyperoxia.

The main toxic effect of oxygen radicals is damage to cellular membranes. It is initiated by a process called “lipid
peroxidation”, which consists of attacks against lipids, particularly the fatty acids of the membrane. That results in an
altered permeability of the membrane and a decreased activity of membrane-bound enzymes, which are the catalysts that
carry out chemical reactions and are responsible for the maintenance of cellular functions such as ion transport, secretion,
and uptake of a variety of substances, as well as cell to cell interactions. Thus, the activity of the cell membrane and its
various receptors such as, for example the synapses, is detrimentally changed.

It must be noted that in a paper called “Effects of prolonged oxygen exposure at 1.5, 2.0, or 2.5 ATA on pulmonary
function in men”, doctors ] M Clarck, Chris Lambertsen, R Gelfrand, N D Flores, J B Pisarello, M D Rossman, & J A
Elias, suggest that the magnitudes of measured effects vary widely at different pressures and among different individuals.
Thus we can conclude that some people are more affected by this phenomenon than others.

Also, in a study called “Acclimatization and Deacclimatization to Oxygen. Determining Exposure Limits to Avoid CNS
02 Toxicity in Active Diving”, doctors Ran Arieli and Ben Aviner suggest that there is a process of acclimatization and
possibly of de-acclimatization to oxygen. Doctor Arieli also says that the two principal modulators affecting CNS oxygen
toxicity are metabolic rate and CO2 load.

Symptoms and triggering parameters

Evaluating the onset of a crisis is of primary importance to stop it in time. Based on the above, a list of warning
symptoms has been published that can be remembered by the mnemonic “VENTID” (Vision, Ears, Nausea, Twitching,
Irritation, Dizziness). It is in force within most diving organizations:

1) Vision: Tunnel vision, dim or blurred vision, flashes of light or patterns in the air.

2) Ears: Hearing-bells, music, knocking, ringing or humming.

3) Nausea: There may be sudden vomiting without actual nausea, retching, indigestion, or stomach discomfort.

4) Twitching: It typically involves the lips, but can be any part of the face or body. It is said that it is not a reliable
warning if taken alone.

5) Irritability: The diver becomes nervous, not listening to instructions from the surface. This is followed by
sleepiness, depression, feeling happy or "high", sudden fear or feeling of danger, restlessness, and fidgeting.

6) Dizziness: The diver may feel faint, dizzy, or light-headed.

If no action is undertaken during the warning phase, the symptoms evolute as follows:

1) Respiratory: A choking sensation, panting, grunting, hiccups, or spasms of the diaphragm may be seen.

2) Unpleasant taste or smell.

3) Convulsion: Usually a sudden, unexpected grand mal seizure, identical to epilepsy. There may be only jerking or
twitching of one part of the body with the diver remaining conscious. The onset of the convulsion is often very
fast, giving little time to react.

The list above can be completed by the evaluation of the frequency of symptoms appearing during the dive in the table
below, published by doctors Ran Arieli, Yehuda Arieli, Yochanan Daskalovic, Mirit Eynan, and Amir Abramovich in a
paper called “CNS Oxygen Toxicity in Closed-Circuit Diving: Signs and Symptoms Before Loss of Consciousness”.
Tingling in the limbs
Chocking sensation
Vomiting
Warm sensation of the face
Pallor
Non cold shivering
Choking sensation

Weakness

Loss of conciousness
Anxiety

Attention loss
Nausea

Hearing disturbances
Facial twitching
Dizziness

Confusion

Visual disturbances

Headache

Difficulties in maintaining depth

Hyperventilation
Limb convulsions

T
0 dive 5 dives 10 dives 15 dives 20 dives
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This study aimed to report the sensations and symptoms accompanying CNS oxygen toxicity accidents and evaluate
whether loss of consciousness can occur without any warning signs. The authors documented 36 CNS oxygen toxicity
accidents in closed-circuit oxygen diving to achieve this task. Their analysis included the evaluation of the first reports
from the diving units and of the interviews of the victims and their buddies. The examinations of the diving equipment by
the investigation teams were also taken into account.
Regarding the symptoms that appeared before termination of the dive, the authors say the following:
« In alarge number of dives, there were limb convulsions (uncontrollable tremors), hyperventilation, difficulty in
maintaining a steady depth, and headache.
« In about one-third of the dives there were visual disturbances, confusion, and dizziness.
« In about one-quarter of the dives there was facial muscle twitching, nausea, hearing disturbances, attention loss,
anxiety, weakness, and loss of consciousness.
« In a smaller number of dives other symptoms were reported: A choking sensation; non-cold shivering; pallor; a
warm sensation in the face; vomiting; vertigo; and tingling in the limbs.
The authors also say that a number of symptoms were experienced immediately after detachment from the mouthpiece
and breathing atmospheric air. These are presented in the table below. It shows that the most frequent symptoms after the
termination of a dive were headache, confusion, weakness, facial muscle twitching, and limb convulsions. It also shows
that loss of consciousness occurred more often immediately after the dive completion.
Pallor
Chocking sensation
Vomiting
Visual disturbances
Hyperventilation
Hearing disturbances
Non cold shivering
Anxiety
Limb convulsions
Facial twitching
Dizziness

Weakness
Confusion
Loss of conciousness
Headache

T
0 dive 5 dives 10 dives 15 dives 20 dives

A lot of experiments have been done to highlight the parameters favouring CNS oxygen toxicity. From these studies,
mathematic equations and empiric safety curves indicating the general limits of most divers have been published.

In the paper "Modeling pulmonary and CNS oxygen toxicity and estimation of parameters for human", doctors R Arieli,
A. Yalov, & A. Goldenshluger say that a method used for selecting the parameters for equations allowing calculating the
CNS oxygen toxicity can be derived from the maximum likelihood method from official observations. It is the case of the
following curves that represent the percentages of risk of CNS toxicity in the function of time and PO2, which
calculations were derived from human hyperbaric exposures.
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Doctors R Arieli, A. Yalov, and A. Goldenshluger based the curves displayed on the previous page on the studies
published by A L Harabin during the nineties. To reinforce this model, they conducted experiments on rats to quantify
the effects of metabolic rate and CO2 load. That resulted in the publication of complex equations that allow quantifying
both phenomenons. In addition, they gathered reports of 2,039 closed-circuit oxygen dives and took the data from their
experiments together with the diving data to issue an equation taking into account the phenomena indicated above with
the maximum likelihood. The curves below are the result of this work. We can see that they are more pessimistic than
those on the previous page.
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Of course, curves derived from mathematic models have to be considered with caution due to the considerable individual
variation in susceptibility to O2 toxicity. Also, other works are currently ongoing that may result in new models. For
example, in another document called “Model of CNS O2 Toxicity in Complex Dives with Varied Metabolic Rates and
Inspired CO2 Levels”, doctor Arieli describes a development of the model above that allows taking various metabolic
rates into account. This development was done with data from rats but not tested with humans. For this reason, he
concluded this study by saying that it was impossible to derive a predictive equation for humans due to the lack of data.
Nevertheless, it is probable that such a procedure will be tested on humans one day.

In addition to the effect of the metabolism on O2 toxicity, it has been discovered that the risk of CNS oxygen toxicity at
rest is greater during immersion than in dry conditions. We can see the difference between the two sets of curves below
extracted from the document “Power Equation for Predicting the Risk of Central Nervous System Oxygen Toxicity at
Rest”, published by doctors Ben Aviner, Ran Arieli, and Alexandra Yalov, and which purpose was to create a predictive
algorithm for use in hyperbaric oxygen therapy and rest periods during saturation diving, as indicated in the title.
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When comparing the curves of 1 % of risk of toxicity, we can see that at 2.4 bar this level is reached within
approximately 10 minutes during an immersed exposure and a little bit more than 60 minutes during a dry exposure.

In addition to what is said above, in their study “Oxygen Toxicity and Special Operations Forces Diving: Hidden and
Dangerous”, doctors Thijs T. Wingelaar, Pieter-Jan A. M. van Ooij, & Rob A. van Hulst say that no oxygen-induced
convulsions have been described with a PO2 lower than 1.3 bar in humans, even though susceptibility to oxygen toxicity
has a high interpersonal and intra-individual variability.

They also say that reports on the incidence of CNS toxicity vary greatly, ranging from 1 in 157,930 close circuit
rebreather military dives to approximately 3.5% of the dives. They attribute this considerable variation to different
definitions of the symptoms or because the nature of the operations precludes the reporting of precise incidences. We
should also consider these facts when analysing similar events in commercial diving. However, we can assume that the
frequency of CNS oxygen toxicity incidents is below 3.5% of hyperbaric oxygen exposures.

In addition, based on the procedures from doctor Arieli described above, they say that an estimation of the likelihood of
CNS toxicity in diving, as Z-value in a normal distribution can be made with the time “ t “ in minutes and the PO2 in kPa,
using the formula Z = (In “t” — 9.63 + 3.38 x In “P0O2”) / 2.02. Note that in the formula “In” means “natural logarithm”.
They also say that there is no consensus regarding a maximum acceptable risk.

In summary, Central Nervous System (CNS) oxygen toxicity is unpredictable and has considerable variability:

« Some people have great tolerance to oxygen, and others very little: According to some medical manuals,
the dose of oxygen required to produce a reaction in a given person can vary as much as eight times.

« The sensitivity is greater at work than at rest and in water than in a chamber.
« Factors such as emotion, fatigue, illness, and hangover may also increase the sensitivity to oxygen.
« Reducing the partial pressure of oxygen and the exposure time allows controlling the phenomenon.

Treatment

For any acute O2 poisoning symptoms, the procedure is to remove the diver affected from the high PPO2 supply and
return him to normal chamber values (0.38 to 0.45 bar with Norman 15 procedure).

If the symptoms happen in the chamber or the bell during high PPO2 breath on BIBS masks, the procedure is to remove
the mask, breathe ambient heliox for 15 minutes, then resume the decompression at the point of interruption. It is said
that generally, the crisis does not happen again, but the diver must be closely observed. In the case a 2nd crisis starts, the
decompression will have to be completed on lower PPO2 values. In this case, the Diving Medical Specialist should be
consulted to decide the appropriate oxygen percentage and possible modification of the decompression procedure...

Convulsions may still occur after the High PPO2 supply has been stopped. If this happens, the other divers must ensure
the affected person does not injury himself and check his airway and breathing. If correctly controlled, the victim will
normally recover from the crisis without damages.

Important:

DO NOT attempt to decompress a diver during a convulsion because the casualty is unable to exhale, and so, there is
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a high risk to provoke pulmonary barotrauma. Thus, the ascent to the next step must begin only after full recovery and the
person is ready for it.

Prevention

The best procedure to avoid the problem is to keep the divers within the values given in the saturation procedures (0.38 &
0.45 bar in the chamber and up to 0.8 bar during excursions with Normam 15). Note that “Treatment gases” range from
1.5 to 2.8 bar and should be used for this purpose only.

Note that NORSOK U100 limits the maximum partial pressure in water to 1.5 bar (See point 5.2.3.6.1), and the French
regulations 2019 limit is 1.55 bar with heliox.

Also, DMAC 04 "Oxygen content in open circuit bail-out bottles for heliox saturation diving" limits the maximum PPO2
in the bailout to 1.4 bar

Good monitoring can also prevent the problem. DMAC 02 “In-water diver monitoring” clearly indicates some means of
control like the respiratory rate and the control partial pressure of the gas supplied to the diver during the dive and before
(analyzers on the panel for monitoring during the dive and strict control of % O2 before connecting to the panel).

Gas monitoring includes the control of the gas containers and their content. These procedures are indicated in Book #2 &
Book #3 of this handbook. Note that these controls also consist of proper gas management procedures.

Other considerations regarding the maximum Partial pressures of oxygen

In water, problems at work seldom occur with a PPO2 below about 1.6 bar, even with strenuous exertion. For safety
reasons, DMAC 04 recommends that the maximum PPO, in a bail-out bottle should be 1.4 bar regardless of depth. The
recommended limitation is somewhat more conservative than calculated limits based on the Morrison and Reimers
equation 1.

The table below shows suggested depth range for six bail-out gases with different O, content. The maximum depth is
based on a maximum PPO, exposure of 1.4 bar. The minimum recommended depth for each gas mix corresponds to a
PPO, 0f 0.9 - 0.88 bar, acknowledging that hyperoxia may have beneficial effects in an emergency.

DMAC advised depth Maximum
Bail-out gas 02 % range for selected bail-out PPO2 for DMAC advised
gas [msw] depth range [bar]

20 35-60 0.90 - 1.40
16 45-177 0.88-1.39
12 65-106 0.90 - 1.39
10 80 - 130 0.90 - 1.40
8 100 - 165 0.88-1.40
6 140 - 223 0.90 - 1.40
5 170 - 270 0.90 - 1.40
4 215-340 0.90 - 1.40
3 290 - 457 0.90 - 1.40

Oxygen limits of 2.8 ATA (1 ATA = 1.013 bar) for two hours or 3.0 ATA for one hour breathed through the Built-In
Breathing System (BIBS) are considered almost safe in dry chambers, because help is usually available.

For this reason treatment gasses are provided with PPO; between 1.5 and 2.8 ATA.

Even at a high PPO,, symptoms are usually not seen in less than 30 minutes. Therefore, breathing chamber atmosphere
every 20 - 30 minutes (depending on the table) will usually prevent problems. The periods recommended by the COMEX
medical tables are 25 minutes mix + 5 minutes off in chamber atmosphere.

Therapeutic mixes should be selected to allows ascending from the storage depth to the surface within the values
indicated above.
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Chronic oxygen poisoning (Lorrain Smith effect)

Description

"Chronic Oxygen Poisoning", also called the "Lorrain Smith Effect", or "Pulmonary Oxygen Toxicity", or "Low-pressure
oxygen poisoning", is due to prolonged exposure to oxygen at a partial pressure not sufficient to trigger acute oxygen
poisoning but sufficient to result in the inflammation of the lungs and loss of breathing capacity. This phenomenon was
described 15t by James Lorrain Smith (1862 - 1931), who conducted research on respiration in collaboration with Sir John
Scott Haldane (The creator of the 1st decompression tables). As Sir Haldane, James Lorrain smith started his research
from the discoveries of Paul Bert he often refers to in his book "The pathological effects due to increase of oxygen
tension in the air breathed”, and developed the investigations on oxygen described in the book "Barometric pressure” in
addition to correcting some assumptions emitted by Paul Bert at his time. It is commonly considered that this form of
oxygen poisoning starts when the partial pressure of oxygen is above 0.5 bar. However, some specialists believe this
value should be reduced.

Investigations on chronic oxygen poisoning have continued with those on acute oxygen poisoning after James Lorrain
Smith and are still on the way. As for Central Nervous System (CNS) toxicity, some mechanisms are still unclear.

The decrement of pulmonary capacity has been documented in many documents. As an example, in the study “Effects of
prolonged oxygen exposure at 1.5, 2.0, or 2.5 ATA on pulmonary function in men (Predictive Studies V)", doctors ] M
Clarck, C Lambertsen, R Gelfrand, N D Flores, J B Pisarello, M D Rossman, J A Elias, said that the average Forced
Vital Capacity (FVC) and Forced Expiration Volume in 1 second (FEV1) decrements near the end of O2 exposure were:

o 20.4% and 14.0% for 17.5 h of O2 breathing at 1.5 ATA,
o 21.0% and 22.2% for 8.8 h at 2.0 ATA,
o 13.8% and 12.8% for 5.7 h at 2.5 ATA.

For clarification, the Forced Expiratory Volume (FEV1) is the maximal volume of air a person can expel as hard and fast
as possible in one second from the point of maximal inspiration. The Forced vital capacity (FVC) is the maximal volume
of air a person can expel as fast and hard as possible in one expiration from the point of maximal inspiration to the end of
the Expiratory Reserve Volume (ERV). In opposition to FVC, Slow Vital Capacity (SVC) is the maximal volume of air a
person can expel in a relaxed manner in one maximal expiration from the point of maximal inspiration to the ERV.

The rate FEV1/FVC is essential in assessing a pulmonary condition. An individual test result is compared to the predicted
value based on age, height, and sex. For simplification, we can say that this ratio, called the “Tiffeneau ratio”, is expected
to be 70 to 80% in adults and 85% in children.
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Forced inspiration \ /
54 Inspiratory capacity
Inspiratory
reserve
4 volume
Vital
capacity
Restine inspirati Total
3+ Resting inspiration
lung
M N Tidal volume capacity
5. Resting expiration Expiratory
reserve
Y volume Functional
Normal maximum residual
! Forced expiration capacity
Residual volume
0 J

This report also highlights that most people exposed to 1.5 or 2.0 ATA experienced pulmonary symptoms that included
chest pain, cough, chest tightness, and dyspnea at regular intervals during O2 breathing. Although the combination and

severity of pulmonary symptoms varied among individuals, their average intensities were moderately severe by the end
of the O2 exposures at these pressures. In contrast, people who breathed O2 at 2.5 ATA for 5-6 hours or at 3.0 ATA for
3.5 hours had relatively mild symptoms.

The scheme on the next page shows the rates of development of pulmonary symptoms and Slow Vital Capacity (SVC)
decrements during continuous O2 exposures at 3.0, 2.5, 2.0, and 1.5 ATA. Nevertheless, SVC was not measured during
3.0-ATA exposures. These curves were drawn through the average SVC data and symptom scores. At each O2
pressure, a decrease in SVC started before the onset of symptoms and became significant while symptom intensity was
still mild. Although average rates of symptom development correlated with average rates of SVC reduction, this did not
always occur in individual subjects. These results are slightly different but correlate those with FVC discussed above.
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Note that doctors J] M Clarck, C Lambertsen, R Gelfrand, N D Flores, J B Pisarello, M D Rossman, J A Elias, said that
some recovery rates were about 5.7 h after breathing O2 during 5.7 h at 2.5 ATA and 8.4 hours after 8.8 h exposures at
2.0 ATA. However, they also said: “/¢ is important to be aware that continuous exposures beyond the PO2 duration
limits selected for this study could produce more severe effects of O2 toxicity that are not completely reversible”.

The scheme below, also from the paper “Effects of prolonged oxygen exposure at 1.5, 2.0, or 2.5 ATA on pulmonary
function in men (Predictive Studies V)", shows the pulmonary function changes during and after O2 breathing at 2.5 ATA
for 5 - 6 h, and the comparison of the average changes in SVC, 1-s forced expired volume (FEV1.0), and maximal mid-
expiratory flow rate (FEF25-75) for 2 of 8 subjects who had unusually large deficits, compared with the 6 other subjects
who had much smaller changes. The team calculated the changes according to control measurements performed during
pre-exposure and at the start of exposures. Note that at the end of exposure, the FEF25-75 comes above the initial value.
Note: The Forced Expiratory Flow (FEF 25-75) is the rate of airflow recorded to measure the Forced Vital Capacity
(FVCQ), it is usually calculated as an average flow over a portion of the expiratory curve. Thus, 25-75 shows the
portion in percentage of the curve considered. 25-75% of the FVC is called the “Maximal Mid-expiratory Flow”.
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Regarding the duration of the recovery phases presented in this scheme, we must take into account that doctors J M
Clarck, C Lambertsen, R Gelfrand, N D Flores, J B Pisarello, M D Rossman, J A Elias also said that recovery from
pulmonary O2 poisoning has to be considered a complex process that involves several overlapping sequences that include
rapid reversal of early intracellular biochemical events, slower recovery from cellular structure and function alterations,
and more severe exposures may involve the repair of irreversible structural damage.
Even with the fully reversible degrees of pulmonary O2 poisoning to which the people involved in the experiments
mentioned above were exposed, the rates and patterns of recovery varied among different components of measurable
pulmonary functions.

Based on the fact already mentioned that 1.3 and 1.4 bar are, depending on the time of exposure, considered safe limits
regarding acute oxygen poisoning, numerous experiments with a partial pressure of oxygen limited to 1.3 bar or slightly
above have been performed by militaries to investigate the possibilities of exposing divers to these values during war
operations without irremediably affect them with chronic oxygen poisoning. As an example, in the US Navy report
“Repeated 4 hours dives with PO2 = 1.35 atm”, doctor Barbara Shykoff describes multiple experimental four-hour
resting dives with a partial pressure of 1.35 atmosphere, performed with surface intervals of 44 hours for 18 divers and 20
hours for 17 divers. Note that the divers were permitted to surface, breathe room air, and eat or drink for no more than
five minutes per hour. The following maximum decreases in pulmonary functions were logged:

« Forced Expiratory Volume in 1 second (FEV1) =11.2%
» Forced Vital Capacity (FVC)=16.2%
« Forced Expiratory Flow (FEF) =22%

Chest tightness, cough, and inspiratory burning were the main symptoms recorded. Their intensity varied from
“moderate” to “mild”, with a majority of reported severities classified “Mild”.
In the discussion regarding these experiments, doctor Shykoff said the following:
o All pulmonary function values were within the normal range around baseline by ten days after diving, we were
unable to measure daily to follow the time course of recovery. For most subjects, variables were within the
normal range around baseline by three to four days after diving, when all symptoms had resolved.

o We were surprised to see no accumulation of pulmonary injury with even five days of diving. The 20 hours
between dives may be sufficient for recovery. In fact, divers commented that the diving seemed more
comfortable after the third dive of the five, and that a second dive (with a 20-hour surface interval) removed the
symptoms caused by the previous dive. None of the measurements is sensitive enough to detect an acclimatizing
effect, but such an effect is plausible. By increasing the production of protective materials after repeated
exposures, the body can protect itself from many mild injuries.

o Repeated four-hour dives did not cause significant change in visual refraction. One diver showed a definite,
small refractive change, and one a short-term change in visual acuity without a change in refraction.

To conclude Doctor Shykoft said:

Although single four-hour dives at PO2 = 1.35 atm can provoke mild to moderate respiratory symptoms and changes in
pulmonary function variables, repeated dives with a 20-hour surface interval do not appear to increase the incidence of
respiratory problems in comparison to that of single dives. A 44-hour surface interval is not notably better than a 20-
hour interval. Middle ear and skin problems must be considered, and, until hyperoxic myopia in the water is better
understood, vision should be monitored if dives are to be repeated more than twice in three days.

Even though the mechanism of Chronic oxygen poisoning is not fully identified, its evolution is precisely documented.
As an example, in their paper “Oxygen Toxicity and Special Operations Forces Diving: Hidden and Dangerous”, already
mentioned to describe acute oxygen poisoning, doctors Thijs T. Wingelaar, Pieter-Jan A. M. van Ooij, and Rob A. van
Hulst, say that the evolution pulmonary oxygen toxicity can be divided into two phases:
1. The “exudative phase” is marked by local inflammation with capillary and endothelial* edema*, a decrease of
type I pneumocytes (alveolar cells)*, and an influx of inflammatory cells. These changes are reversible and the
lung returns to its normal state if the inspired oxygen pressure is reduced below 0.5 ATA.

Type 1 pneumocyte
Capillary oxygenated blood
\%
Capillary deoxygenated blood _/

Type 1 pneumocyte

Phagocyte cell

Capillaries

ﬁ‘ < ‘\T ype 2 pneumocyte

Surfactant
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Definitions*:
Edema: Medical term for swelling caused by fluids trapped in tissues.
Endothelial cells: They form a single cell layer that lines blood vessels and regulates exchanges between
the bloodstream and the surrounding tissues (See in the chapter “Circulatory and Respiratory systems’ at
the beginning of this book).
Type 1 pneumocytes: The alveolar cells that make the thin coreless cytoplasmic membrane that composes
the structure of the alveolus at 90-95%.

2. In the following proliferative phase fibroblasts and type 2 pneumocytes (alveolar cell) infiltrate the inflamed
endothelia. With continuing inflammation, this ultimately leads to alveolar fibrosis and a four to fivefold
increase of thickness of the air-blood membrane and, as a consequence, loss of diffusion capacity. These
changes are irreversible. The rate at which these changes occur is directly related to the inspired PO2 and can
occur as early as 3 h at a PO2 of 3 ATA during a dry dive.

Definitions*:
Fibroblast: Fibroblasts are cells contributing to the formation of connective tissue. These cells secrete
collagen proteins that help maintain the structural framework of tissues.
Type 2 pneumocytes: They are cells that secrete a substance composed of proteins and lipids called
“surfactant”. This substance reduces the superficial tension of pulmonary fluids and contributes to the
elastic properties of the lungs. Note that type 2 pneumocytes can replicate and replace damaged type 1
pneumocytes. (see the description at the beginning of this book).

As a summary it is considered that exposures to the conditions mentioned in the examples described above result of
recoverable decrements of the Vital Capacity (VC), however the variability of people regarding oxygen is to be
considered as well as the conclusions from doctors J M Clarck, C Lambertsen, R Gelfrand, N D Flores, J B Pisarello, M
D Rossman, & J A Elias.

The visible symptoms are linked to the exposure to oxygen and the degrees of damage :
« Mild tickling or irritation in the trachea and bronchi, usually with a slight cough
« Severe, constant burning in the chest
« Uncontrollable cough
« Shortness of breath, even at rest.

Means of control

Similarly to the strategy developed for acute oxygen poisoning, the means of control of chronic oxygen poisoning consist
of limiting the oxygen partial pressure and the times of exposure.

Partial pressure limitation

Since the 1st experiments, there has been a consensus to consider that 0.5 Atmospheres absolute (or 0.5 bar) is the partial
pressure of oxygen below which the effects of chronic oxygen poisoning described above are not noticeable. However,
many scientists recommend lower values for long exposures. For example, in a paper published in 1972 called “Use of
the University of Pennsylvania Institute for environmental medicine. Procedure for calculation of cumulative oxygen
toxicity”, doctor W. Brandon Wright, a scientist who worked with doctor Christian Lambertsen said:

“The lower level of inspired oxygen pressure which will cause progressive lung toxicity, or the maximum PO2, which will
cause no toxicity for very long exposures, is not known with certainty. Normal men have breathed oxygen at 0.5 ATA for
several days without detectable pulmonary changes. Therefore, this assumption cannot be used as evidence to choose 0.5
ATA of oxygen as a safe pressure for very long exposures such as might be encountered in deep saturation diving. Thus,
we will continue to recommend a PO2 of 0.30 to 0.35 Ata for saturation dives. However, a PO2 of 0.5 ATA should be a
reasonable asymptote for exposures of the durations encountered in hyperbaric therapy procedures”. Regarding the
recommendations above, it must be noted that the present oxygen partial pressure of the US Navy saturation procedures
is 0.44 - 0.48 ATA during the rest periods at the storage depth. By contrast, the values we suggest with the saturation
procedures Norman 15 are close to those initially recommended by doctor Wright.

Limitation of exposure - The Unit Pulmonary Toxic Dose (UPTD) concept

In the document “Use of the University of Pennsylvania Institute for environmental medicine. Procedure for calculation
of cumulative oxygen toxicity”’, mentioned above, doctor W. B Wright said that the severity of lung changes caused by
hyperoxia depends on the dose of oxygen, which can be described in terms of partial pressure and duration of breathing.
Based on this fact, he considered that it would be relatively easy to establish a table stating the exposure to oxygen in
minutes at given partial pressures that are considered safe, and imagined a method for calculating the cumulative
pulmonary toxicity that may be expected following exposure to oxygen at various pressures.
Note that doctor W. B Wright did not start his work from scratch, and based on the following studies:

o “The Rate of Development of Pulmonary Oxygen Toxicity in Man” - Authors: J. M. Clark and C. J. Lambertsen

- Published in 1967.
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o “Basic Requirements for Improving Diving Depth and Decompression Tolerance” - Author C. J. Lambertsen -
Published in 1967.

o “Alveolar-Arterial O2 Differences in Man at 0.2, 1.0, 2.0 and 3.5 Ata Inspired PO2” - Authors: J. M. Clark, C.
J. Lambertsen - Published in 1971.

« “Rate of Development of Pulmonary O2 Toxicity in Man during O2 breathing at 2 0 Ata” - Authors: J. M.
Clark, C. J. Lambertsen - Published in 1971.

o “Quantitative Definition of Pulmonary Oxygen Toxicity in Normal Men in Continuous Multilevel Exposures to
High Oxygen Pressure” - Authors: J. M. - Published in 1971.

o “Pulmonary Oxygen Toxicity A Review” Authors: J. M. Clark, C. J. Lambertsen - Published in 1971.

o “Derivation of Pulmonary and Central Nervous System 0] Tolerance Curves in Man” - Authors: C. J.
Lambertsen , & J. M. Clark - Published in 1972.

Doctor Wright's research was based on measuring the subjects' decreases in pulmonary function. He said he used the
Vital Capacity (VC) assessment because it could be rapidly and accurately measured, was repeatedly reproducible, and
reflected the onset, degree, and rate of pulmonary involvement. These measurements made it possible to assess the degree
of pulmonary toxicity from a given exposure using curves like those shown below.
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However, he also said that using this graph in estimating the cumulative damage incurred by uninterrupted exposure to
several different partial pressures of oxygen is complex. For example, if a subject is exposed to 3 ATA oxygen pressure
for five hours and then to oxygen at 2 ATA for five more hours, he would incur a more significant pulmonary detriment
than a subject who breathed oxygen continuously at 2 ATA for ten hours: After five hours at 3 ATA, the subject has 7%
decrease (see B below). When the PO2 is reduced to 2 ATA he still has a 7% decrement (See C). Thus the 5 hours of 3
ATA are equivalent to 7 or 8 hours at 2 ATA. The subsequent 5 hours at 2 ATA gives 17% decrement (see D).
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This approach assumes that pulmonary oxygen damage produced at one pressure is additional to toxicity at other
pressures. In summary, the point describing a person's exposure moves along a horizontal line as the duration of exposure
continues at a constant PO2. It moves up and down as PO2 changes and is not moved along a vertical line, and thus, is
not easy to calculate.

For this reason, it has been considered that a logarithmic transformation of these curves would result in linear curves that
are easier to establish. This method for estimating the total oxygen dose, the lung damage that may be occurring, and the
approximate safe limit of exposure is called the “Unit Pulmonary Toxic Dose (UPTD) concept™.

One UPTD is defined as the degree of pulmonary toxicity incurred by breathing 100% oxygen at a partial pressure of 1
ATA for one minute. It is assumed that this same toxicity can be achieved by exposures to various other combinations of
PO2 and duration of exposure. Doctor Wright set the lowest PO2 which will produce any pulmonary toxicity within a finite
period of time to 0.5 ATA, with the reserves mentioned previously regarding saturation diving.

In this situation, all combinations of PO2 and time which have a toxicity of 1 UPTD fall along the equation below:

log (P- 0.5 ATA) = m log t + log b, which may be rewritten as: P - 0.5 ATA = bt™,

where “ P ” = inspired PO2 in ATA, “¢ “=time in minutes, “ b “ = intercept constant for t =1, “m “ = slope constant.
This logarithmic formula allows plotting the pulmonary oxygen tolerance lines to graphically determine the cumulative
pulmonary toxicity, such as the one below that reuses the example on the previous page.
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In complement, doctor Wright said that breathing 1 ATA PO2 for two minutes produces 2 UPTD. Thus, a curve has the
same slope as the I UPTD curve but with a larger intercept constant which includes all combinations of PO2 and time,
which have a toxicity of UPTD can be drawn as the example below.
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Since all points along a line represent the same pulmonary toxic dose, the points on one curve are also assumed to
represent an identical influence of oxygen upon pulmonary function. Thus the O2 tolerance lines shown in the scheme
can express in terms of a certain number of UPTDs corresponding to decrement in the Vital Capacity (VC). Regarding
these decrements, doctor Wright provided the following values:

Decrement Vital Decrement Vital Decrement Vital Decrement Vital
R Capacity (VC) e Capacity (VC) CRER Capacity (VC) REE Capacity (VC)
615 2% 1035 6% 1425 10% 2190 20%
825 4% 1230 8% 1815 15%

To continue his demonstration, doctor Wright said the following:
The lines of equal pulmonary toxicity are linear, parallel and have the same asymptotes of zero time and 0.5 ATA.
Therefore, any exposure in terms of PO2 and time can be expressed in UPTD units. It is assumed that these units may be
added to describe a total exposure pattern.
To convert an exposure of any PO2 = P2 and any time = t2 to a dose of equal toxicity at some P1 and t1, simply perform
the division:

P1-0.5ATA btlm

= Which can be solved for t1 to give: tl = t2

P2-0.5 ATA bt2m P2-0.5 ATA
where “ P 7 =inspired PO2 in ATA, “¢ “=time in minutes, “ b “ = intercept constant for t=1, “m “ = slope constant.
When t2 is expressed in minutes, P2 in Ata, and P, is set equal to 1 Ata; then t1 will be the number of UPTD units
incurred by exposure (P2, t2 ).

0.5 ATA

P1-0.5 ATA

P2-0.5ATA

On the basis of empirical evidence currently available the value of m = -1.2 has been selected as the pulmonary index of
toxicity in man. Therefore to calculate the pulmonary toxic dose of oxygen for any exposure to oxygen at PO2 = P2 and
duration t2 , solve only the following equation:

These equations are complex for those who are not used to mathematics. For this reason, and to simplify the
implementation of the procedure, doctor Wright published tables based on the function above that have been further
developed later by other scientists and are still in force with organizations such as NOAA. They are explained on the next
page. However, we have published these mathematical formulas as it is essential to understand the process that triggered
this concept's creation and, thus, the exposure limitations tables commonly used by many diving teams.

To explain the practical applications and the limits of this concept, doctor Wright said the following:

“It is routine and reasonable in surface supplied helium-oxygen helmet diving and in treatment of decompression
sickness to increase the speed and safety of decompression by using elevated oxygen pressures. One can sensibly accept
minor degrees of pulmonary toxicity if they are completely reversible and asymptomatic.

The degree of pulmonary toxicity equivalent to a two percent decrease in vital capacity is completely reversible,
asymptomatic and even impossible to measure under ordinary circumstances. A UPTD of 615 will produce this degree of
pulmonary toxicity. Therefore, a UPTD of 615 or less is a reasonable maximum limit of oxygen exposure for treatment of
uncomplicated decompression sickness or other treatment procedures.

When elevated pressures of oxygen are used in the treatment of more serious diseases such as severe decompression
sickness or gas gangrene, it may be reasonable to access a greater degree of pulmonary toxicity in order to better treat
the illness.

The primary requirement of any therapy is that the treatment not be worse than the disease. Since high pressures of
oxygen are so useful in treating serious decompression sickness it is reasonable to use a greater dose of this agent than
would be sensible to hasten decompression.

The degree of pulmonary oxygen toxicity which produces a ten percent decrease in vital capacity is associated with
moderate symptoms of coughing and pain in the chest on deep inspiration.

This degree of impairment of lung function has been shown experimentally to be reversible within a few days following
cessation of exposure to elevated oxygen pressures. However, symptoms and signs of pulmonary toxicity can progress for
a few hours following the termination of the elevated oxygen exposure. Greater oxygen exposures may not be reversible.
Therefore, it is suggested that a 10% decrement in vital capacity or a UPTD of 1425 be chosen as the extreme limit for
hyperbaric oxygen therapy procedures.

1t is possible that oxygen exposures which produce reversible changes in pulmonary functional measurements may be
associated with chronic histologic changes in the lungs. Whether this is true or not is unknown, but the possibility should
council caution against the indiscriminate use of elevated PO2.”
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With this method, the UPTD is calculated by using tables given for oxygen exposures from 0.6 atmospheres to 5.0
atmospheres in increments of 0.1 Ata. Note that these tables are displayed at the end of this book.

The times are expressed in minutes with the corresponding UPTD, with a maximum of sixty minutes. If an exposure is
longer than sixty minutes, one may convert the time of the stop to hours and minutes and enter the table twice, once for
the number of hours to get UPTD in hours and once for the remaining time in minutes to get UPTD in minutes.

1. Convert the partial pressure of oxygen breathed at each depth to PO2 in atmospheres.
2. Select the appropriate PO2 table (see the table below for 0.6 ATA).

3. Enter the table in the "time" line at the time corresponding to the duration stop.

4. Read the corresponding UPTD.

5. Add the UPTD’s for each depth together to get the total UPTD for the exposure.

Tabular method for calculation of the Unit Pulmonary Toxic Dose (UPTD):

Unit Pulmonary Toxic Dose - PP oxygen 0.6 ata

i 1 2 3 4 5 6 7 8 9 10
(minutes)

UPTD 0.26 0.52 0.78 1.05 1.31 1.57 1.83 2.09 2.35 2.62

Lz 11 12 13 14 15 16 17 18 19 20
(minutes)

UPTD 2.88 3.14 34 3.66 3.92 418 4.45 471 4.97 5.23

e 21 22 23 24 25 26 27 28 29 30
(minutes)

UPTD 4.49 5.75 6.02 6.28 6.54 6.8 7.06 7.32 7.58 7.85

T 31 32 33 34 35 36 37 38 39 40
(minutes)

UPTD 8.11 8.37 8.63 8.89 9.15 9.42 9.68 9.94 10.2 10.46

Time 41 42 43 44 45 46 47 48 49 50
(minutes)

UPTD 10.72 10.98 11.25 11.51 11.77 12.03 12.29 12.55 12.82 13.08

1z 51 52 53 54 55 56 57 58 59 60
(minutes)

UPTD 13.34 13.6 13.86 14.12 14.38 14.65 14.91 15.17 15.43 15.69

It is also permissible to break a single exposure to the same PO2 down into partial times small enough to be found in the
tables and then add each corresponding UPTD to find the total UPTD of the stop.

Simplified arithmetic method for calculation of the Unit Pulmonary Toxic Dose (UPTD):

This procedure can be use in place of the previous one. It has the advantage of using only one table. To explain it, Doctor
Wright referred to the linear function for calculating UPTD, which formula,can be expressed as follows:

-1.2 0.5

UPTD = t —_—
P-05
This formula can be reduced to

UPTD=KPx't When “ P “ is held constant

As aresult, at any PO2, a factor “ KP “exists, which, when multiplied by the time of exposure to that PO2, yields the
UPTD for that exposure.

The table displayed on the next page lists the KP factors from 0.5 ATA to 5 ATA. To make the explanations of Dr.
Wright more simple each KP factor correspond to 1 UPTD on the previous table. Thus KP 0.6 ATA equal 0.26.

The procedure for finding the UPTD for a given exposure is as follows:
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Convert the partial pressure of oxygen breathed at each depth to PO2 in atmospheres.
Select the corresponding KP value from the table
Multiply the time of exposure at that PO2 by the corresponding KP to get the UPTD for that depth.
4. Add the UPTDs for each PO2 in the complete exposure to get the total exposure.

Unit Pulmonary Toxic Dose - Table of KPs

w =

PO2 0.5 0.6 0.7 0.8 0.9 1 1.1 1.2 1.3 14
KP 0 0.26 0.47 0.65 0.83 1 1.16 1.32 1.48 1.63
P O2 1.5 1.6 1.7 1.8 1.9 2 2.1 2.2 2.3 2.4
KP 1.78 1.93 2.07 2.22 2.36 2.5 2.64 2.77 291 3.04
P O2 2.5 2.6 2.7 2.8 2.9 3 3.1 3.2 3.3 3.4
KP 3.17 3.31 3.44 3.57 3.7 3.82 3.95 4.08 4.2 4.33

An example of implementation of the procedure is provided with the medical table USN 6:

Time in minutes % Depth (feet) PO2 (ATA) KP UPTD
60 100 60 2.8 3.57 214.2
15 21 60 0.6 0.26 3.9
120 100 30 1.9 2.36 283.2
30 21 30 0.4 0 0
30 100 45 2.4 3.04 91.2
30 100 15 1.5 1.78 53.4
Total UPTD 645.9 (= 646)

Note that the procedure includes the air breaks already mentioned for acute oxygen poisoning.

Limitation of exposure - The Repex method

The “Repex method” is an evolution of the UPTD concept that allows doses to be calculated or tabulated the same way
using the same equation but calls the single dose unit, “OTU or Oxygen Tolerance Unit”. This system was developed as a
means of dealing with daily hyperoxic exposures over a mission duration of several days or longer. It was described by
Rw Hamilton, D. Kenyon, Re Peterson in a document called “REPEX habitat diving procedures: Repetitive vertical
excursions, oxygen limits, and surfacing techniques”, published in 1988, and adopted later by NOAA. Note that the value
of the OTUs are similar to the KPs mentioned by Doctors Wright , Clark, Lambertsen, Bardin, and J. Field. The main
difference with the initial UPTD concept is that this method provides daily limits for the diving operations undertaken.
To justify the adoption of this system, in their diving manual, NOAA says that tracking OTUs is not of great importance
when the dives are of a no-stop nature. It is when the diver will be conducting many dives over more than three days, and
where the exposures get lengthy, that OTU tracking will be of significant value.

The 1% phase of the procedure is as for finding UPTDs using the simplified arithmetic method described above:

1. Convert the partial pressure of oxygen breathed at each depth to PO2 in atmospheres.
2. Select the corresponding “OTU” value from the table below (They are of the same values as the "Kps” above).

PPO:2 (ATA) OoTU PPO2 (ATA) OoTU PPO:2 (ATA) OoTU PPO2 (ATA) oTU
0.5 0 1.1 1.16 1.7 2.07 2.3 2.91

0.6 0.26 1.2 1.32 1.8 2.22 2.4 3.04

0.7 0.47 13 1.48 1.9 2.36 2.5 3.17

0.8 0.65 1.4 1.63 2.0 2.64 2.6 331

0.9 0.83 1.5 1.78 2.1 2.64 2.7 3.44

1 1 1.6 1.93 22 2.77 2.8 3.57
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3. Using the table below, check whether the diver is within the tolerable limit. Note that the allowable daily dose is
gradually decreasing from 850 to 300 and is then maintained at this value.

Days of exposure
1 2 3 4 5 6 7 8 9 |10 | 11 | 12 | 13| 14 | 15-30
A 850 | 700 | 620 | 525 | 460 | 420 | 380 | 330 | 330 | 310 | 300 | 300 | 300 | 300 | 300
daily dose
Total dose | 850 | 1400 | 1860 | 2100 | 2300 | 2520 | 2660 | 2800 | 2970 | 3100 | 3300 | 3600 | 3900 | 4200 reqﬁfre .

The scheme below represents the total allowable cumulative oxygen dose in OTUs in red and the average daily dose in
bleu according to the table above. The corresponding days are on the horizontal line at the bottom. Note that the
cumulative oxygen dose curve increases exponentially as the daily dose line becomes flatter.
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Limitation of exposure - Advantage of the UPTD / Repex system and elements to consider for its implementation

The UPTD concept is easy to implement, which is its main advantage. Although it is based on a theoretical assumption, it
has provided a simple means to estimate the planned effects of prolonged hyperbaric oxygen exposures for years. That
explains why divers and diving medical specialists still commonly use it instead of more modern concepts.

Based on what is said in the previous points, a UPTD of 615 is a reasonable maximum limit of oxygen exposure for the
treatment of uncomplicated decompression sickness or other treatment procedures. Also, in case a longer exposure is
necessary, it is suggested that a 10% decrement in vital capacity or a UPTD of 1425 has been shown experimentally to be
reversible within a few days following cessation of exposure to elevated oxygen pressures. In his study, doctor Wright
recommended a 10% decrement as the ultimate limit.

For information, the USN treatment tables 5, 6 and 6A have the following UPTD values.

Treatment table Total UPTD Treatment table Total UPTD
USN 5 333 USN 6 extended at 60 and 30 min 860
USN 6 045 USN 64 690
USN 6 extended at 30 min 718 USN 64 extended at 30 min 763
USN 6 extended at 60 min 787 USN 64 extended at 60 min 833

Some specialists suggest that a dose of around 2190 UPTD that would cause a 20% decrement would be acceptable on
the first day for treatments requiring lots of oxygen, as the lung damage would be tolerable and recoverable. However,
we cannot confirm this point because no official guidance as straightforward as the one of doctor Wright has, according
to what we know, been published, even though data from several studies may suggest it could be possible. Thus,

Diving & ROV specialists - Saturation diving handbook / Book #4 - Page 99 of 302



% Tables of contents

exposures to such decrement levels are medical decision and should not be the fact of the diving team, whose
responsibility regarding the treatment to apply to a victim ceases when the Diving Medical Specialist intervenes, which
must be at the very beginning of the treatment. Also, in their study “Oxygen toxicity and special operations forces
diving: Hidden and dangerous”, doctors Thijs T. Wingelaar, Pieter-Jan A. M. van Ooij, and Rob A. van Hulst confirm
exposure to 1425 UPTD as the absolute maximum limit, and this only in exceptional circumstances with sufficient
medical support available. They also consider that oxygen exposure should be limited to 450 UPTD per day and 2250
UPTD per week.

Concerning the “Repex method”, as for the procedure regarding the prevention of acute oxygen poisoning recommended
in the latest “Diving Standards & Safety manual NOAA”, it must be noted that this method is not necessary when the
recommended UK-HSE operational limits (from doctors Shield & Lee), explained throughout the handbook are
implemented, as the accumulated OTUs are far from the daily limits when this recommendation is implemented. Thus,
those applying it should regard the Repex method as a backup procedure in case of an undesirable event.

Limitation of exposure - Inconvenient of the UPTD / Repex system

The limitations of the UPTD concept have been known for a long time, and the following reserves have been published
in various diving medical books:

« The system attempts to describe biological function with mathematics, which can never be more than a close
approximation.

« The system cannot allow for variations in sensitivity between people: The method calculates a theoretical dose
that will produce a given amount of damage in an "average" person.

« It is not possible to allow for oxygen exposure prior to treatment: The effect of this pre-treated exposure can
only be estimated.

« The method does not take into account the recovery between oxygen exposures.

In addition, in the article mentioned above, published in May 2017, and referring to other scientists, doctors Thijs T.
Wingelaar, Pieter-Jan A. M. van Ooij, and Rob A. van Hulst emit the following reserves regarding the UPTD system:
The main flaw in the UPTD concept and the derived equations is the change in Vital Capacity (VC) as the sole indicator
to determine oxygen stress.

Vital Capacity (VC) has a circadian rhythm, and there is a strong intra and interpersonal variability when measuring
lung volumes. Ventilation during anaesthesiology with a high PO2 is known to influence VC, possibly due to absorption
atelectasis (Note: atelectasis is the complete or partial collapse of the lung).

Whether this also occurs in divers, or how long this endures after diving, is unknown. Recent findings have proven that
immersion itself alters VC regardless of oxygen stress.

Since the UPTD model was derived from dry dives, the above-mentioned factors are not taken into account. Although the
original authors recognized the limitations of the UPTD model, more advanced diagnostic measurements were either too
difficult to perform or were unavailable in the 1960's/1970’s.

Also, in another article called “UPTD calculations should not be used”, published in May 2017 on Shearwater’s website,
doctor Barbara Shykoff said the following critics, which should be considered:

1. The group at the University of Pennsylvania who proposed the UPTD model continued to collect hyperbaric
chamber data about the development of pulmonary oxygen toxicity. The U.S. Navy Experimental Diving Unit
(NEDU) found that the results for PO2s from 1.5 to 2.5 bar deviated importantly from the UPTD predictions. In
fact, the model fit well only to the PO2 = 2 bar study used in the development of the UPTD model (but not to a
later PO2 = 2 bar study) and to PO2 =1.5 bar data.

2. Researchers from Duke University showed that the underlying injury to the lungs differs depending on the
exposure PO2 even though the signs and symptom are similar for a large range of PO2. Thus, a single model
cannot be expected to fit for all PO2s.

3. There is no “unit dose” that can be multiplied by time to find the effect across all PO2 VC changes
approximately as a function of time for PO2 <1.5 bar,4 but approximately as a function of time squared for
higher PO2s.

4. The U.S. Navy Treatment Table 6 (TT6) provides 633 UPTDs. This is predicted to cause a 2% (median)
decrease in VC, a negligible change. However, among 18 healthy subjects who underwent a TT6 exposure,7
three divers had decreases in Vital Capacity (VC) ranging from 8% to 12%, decreases that lasted from 1 to 3
days. Changes in other pulmonary function variables were also notable in those three and in one other diver.
One of the divers reported mild symptoms. Clearly, UPDTs do not provide the full picture.

5. Because Vital Capacity (VC) changes cannot be detected until there is swelling of lung tissues and/or liquid in
some of the air spaces (interstitial and/or pulmonary oedema), other markers of pulmonary oxygen toxicity that
occur earlier with exposures to low PO2s, for example, symptoms, are preferable. UPTDs have not been
correlated to symptoms or to other changes in pulmonary function.

6. We need a model that includes recovery if we are to assess “pulmonary O2 dose” over multiple dives and/or
recompression treatments.

Science progresses through the proposal of models and hypotheses that are tested initially with one set of data, retested
with new data, and either disproven or not disproven. The UPTD model that showed promise in 1970 has been displaced
by later evidence. It is time for the diving community to pay attention to the last 40 years of evidence. UPTDs are not a
useful measure.
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Doctor Arieli bases the Toxicity Index on the following power equation: Toxicity Index = K =t*> x PO2¢, where “¢ “
represents time in hours or minutes, “ PO2 “ is expressed in atmosphere absolute, and “ ¢ “ represents the power term for
Pulmonary Oxygen Toxicity: so 4.57. Thus, the toxicity index formula can be K = t?> x PO,*37, and the expected relative
reduction in VC is set to 8.2 x 10+ of the K value.

In the document mentioned above, doctor Arieli says that the US Navy recommended oxygen exposure limits that will
result in a 2% change in Vital Capacity (VC), maximum exposure being expected to produce a 10% decrement. Thus,
inserting AVC = 2% or AVC = 10% in the power equation will set the PO2 and time limits (Note: delta (A) is used to
represent "difference" or "change" in mathematics). For these two values of AVC, the Pulmonary Oxygen Toxicity index
t2 x PO»*7 should not exceed 244 and 1,220, respectively, both at constant pressure and for a complex exposure.

Doctor Arieli also used complex equations to calculate the recovery from oxygen toxicity.

He concludes his study by suggesting this index is as a replacement for the UPTD concept. However, he also suggests
that for the most common exposures, the Pulmonary Oxygen Toxicity (P-OT) index limit can be set at 250.

Arieli’s formula allows drawing the following curves of VC reduction.

Limitation of exposure - Arieli K concept
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Note that these formula have not yet resulted of tables similar to those of UPTD that are approved by the scientific
community. Nevertheless, it is said that scientists are working on it.

Limitation of exposure - Doctor Barbara Shykoff calculator

Doctor Shykoff has published a calculator to estimate the risk of pulmonary oxygen toxicity after repeated dives with
oxygen partial pressure of 1.35 bar, on “The Rebreather Education & Safety Association” website.

This calculator that provides an estimated oxygen toxicity in % can be used through the internet at this address:
https://www.rebreather.org/blog/pulmonary-02-tox-calculator/

Normoxic mix intake between periods of oxygen breathing is another way to diminish the effects of chronic oxygen
toxicity.

As already mentioned for acute oxygen poisoning, it has been discovered that periods of normoxic mix intake in between
periods of oxygen breathing allow diminishing the effects of oxygen toxicity, and thus, is an efficient technical approach
for increasing the total time of exposure to hyperoxia. As an example, in an article called "Extention of oxygen tolerance
in man (predictive studies VI)", doctors Lambertsen and Clark tested several variations of intermittent exposures at 2
ATA. Regarding pulmonary toxicity, they concluded their study by saying, "Our results show that pulmonary oxygen
tolerance can be extended significantly at 2.0 ATA by the systematic alternation of oxygen and normoxic exposure
periods. They also show clearly in man or animal that early toxic effects on the lung can be stabilized or reversed at
least partially during continued intermittent exposure with an appropriate combination of oxygen exposure and normoxic
recovery periods"

Periods of oxygen and normoxic breaks vary according to the tables.

Based on this principle, the organization of breaks when intensive diving operations are in process is recommended. For
example, it is a recognized good practice to stop the diver one day a week. Also periods without diving activities should
be organized following long periods of nitrox diving.
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Diseases resulting from long exposures to hyperoxia

Acute oxygen poisoning and chronic oxygen poisoning are effects from hyperbaric oxygen described and studied since
the end of the 19t century. As explained in the previous chapters, they show visible symptoms. More recent studies have
highlighted that repetitive and long exposures to hyperbaric oxygen may lead to diseases not immediately detectable.
Note that divers in saturation are exposed to doubled oxygen partial pressures than normal exposure with surface air
during long periods.

Oxidation reactions are crucial for life, but on the other hand, they can be involved with mechanisms of cell destruction:
“Oxidation” is a chemical reaction that transfers electrons or hydrogen from a substance to an oxidizing agent. Oxidation
reactions can produce free radicals. In turn, these radicals can start chain reactions. When the chain reaction occurs in a
cell, it can cause damage or death to the cell.

To control this phenomenon, the body maintains complex systems of multiple types of antioxidants. Antioxidants are
molecules that inhibit the oxidation of other molecules. These systems are influenced by diet and genetic factors. It is
said that the ability to produce antioxidants decreases with age; nevertheless, the specialists do not currently know the
capacity for antioxidant defense.

Many studies have linked decreased production or the inhibition of antioxidants to diseases such as cancer, insulin
resistance, diabetes mellitus, cardiovascular diseases, atherosclerosis, and others.

It has been proved that at sufficient pressure and exposure duration, oxygen can inhibit the antioxidant defense and cause
functional impairment. The severity of effects in different tissues depends on interactions between the oxygen dose and
relative susceptibilities of the exposed tissues.

In an article named “Saturation diving; physiology and Pathophysiology”, published by “Comprehensive physiology”,
doctors Alf O. Brubakk, John A.S. Ross, and Stephen R. Thom say that the regulation of these highly reactive molecules
and the defense mechanisms must be kept under tight control.

To answer to these problems, oxygen exposure limits during the saturation diving have been set up by official bodies. As
an example:

« NORSOK standard U-100 says that PPO2 should not be higher than 150 kPa.
« US Navy limits the oxygen partial pressure during a saturation to 0.48 ATA at storage level and 0.6 ATA during
excursions. Note that US Navy recommends excursions limited to 4 hours.
« Partial pressure limits of NORMAM 15 are between 0.38 bar and 0.45 bar in the chamber and 0.8 bar during
exclusions. Bell run durations of NORMAM 15 are limited between 8 and 3 hours, depending on the depth.
Another strategy is to organise minimum intervals between two saturations, so the diver is exposed to normal PPO2
values during a minimum time.

« DMAC 21 says that under normal circumstances saturation duration should not exceed 28 days. DMAC 21 also
says that saturation diving should be planned so that each period spent in saturation by a diver is followed by a
surface interval of equal duration.

« NORMAM 15 procedures are more stringent that those of the DMAC:
Using the Saturation Technique, the maximum one can stay under pressure is 28 days.

The minimum interval between two saturations will be the same as the saturation time, and it cannot be
below 14 days.

The maximum time one can stay under saturation in a period of 12 consecutive months cannot be over
120 days.

Following deep saturation dives, the surface interval should not be less than the duration of the
saturation and preference should be given to a surface interval of at least 28 days.

In conclusion, not following the procedures recommended by the table designers can expose the diver to the health
problems explained above.
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Narcosis

Description

Narcosis (also known as nitrogen narcosis, inert gas narcosis, raptures of the deep, Martini effect) is a reversible
alteration in consciousness that occurs while diving at depth with air or mixes using nitrogen or other narcotic gasses.
Narcosis is unlikely to happen in the normal conditions during saturation as the divers are breathing heliox, which has no,
or limited effects in the ranges permitted by the maximum excursions of NORMAM 15 and similar saturations
procedures that limit the maximum depth to 350 m. Nevertheless, a wrong mix could be in line. Also, note that every gas
has narcotic effects at a certain depth.

As soon as he leaves the surface and descends, a diver breathing air is exposed to increasing partial pressure of nitrogen.
At the same time, the effects of nitrogen narcosis begin. The effects are mild at shallow depths, but as he descends, the
effects increase, altering his awareness of events and his own behaviour. The condition is completely reversed by
ascending to a shallower depth with no long-term effects.

The precise mechanism of narcosis is not well understood. Still, it appears to be the direct effect of gas dissolving into
nerve membranes and causing a temporary disruption in nerve transmissions. While the effect was first observed with air,
other gases, including argon, krypton, and hydrogen, cause very similar effects at higher than atmospheric pressure. One
particular group of nerve cells in the brain appears particularly sensitive to nitrogen and other narcotic agents. They are in
the reticular formation, which is one of the brain's exchange area situated in the brain stem. The reticular formation
receives messages from one part of the brain and transmits them to other parts. If the reticular formation is disrupted, all
brain functions linked to it become disrupted, and the subject becomes narcotised or loses consciousness.

The narcotic effect of gases has been studied since the

beginning of the diving industry, and what is known is derived Gas Solubility coef. in olive oil
from the study of anesthetic gases.

At the beginning of the 20™ century, two German scientists, Helium (He) 0.015
Meyer (1853-1939) and Overton (1865-1933), independently

discovered the correlation between lipid solubility and Hydrogen (H2) 0.042
anesthetic potency. The presumed mechanism is related to the )

hypothesis that agents could act at the cell membrane's lipid Nitrogen (N2) 0.052
layer, particularly those of neurons. Further experimentations

highlighted the role of proteins in this process. These Oxygen (02) 0.11
observations are known as the Meyer-Overton hypothesis,

which says that the anesthetic potency of a gas is inversely Argon (Ar) 0.15
related to its lipid solubility. In other words, lipid-soluble

gases produce narcotic effects at lower concentrations than less Krypton (Kr) 0.44
solul?le gases. Note.that according to this hypothesis, oxygen is Carbon Dioxide (CO2) 134
considered a narcotic gas.

The most dangerous aspects of narcosis are the impairment of judgment, multi-tasking and coordination, and the loss of
decision-making ability and focus, which increases the risk of an accident and, at the same time, decreases the ability to
cope with an emergency.

Symptoms

The analogy between alcohol and narcosis is commonly used to describe the effects of narcosis:

« If'taken in substantial amounts, alcohol can be fatal because it poisons the brain cells, and the person who takes it
passes into a coma, stops breathing, and dies. However, most alcohol deaths occur when people have much less
alcohol than this in their blood but make irrational decisions and cannot react in an unplanned event.

Like alcohol, narcosis may be fatal at a high partial pressure of a narcotic gas, but this is very rare. Much more
frequently, narcosis causes divers' death in indirect ways due to lack of reactivity, hallucinations, and bizarre
behavior that may occur.

« Similarly to alcohol, there is individual variation in susceptibility to narcosis. In addition, the same individual
may be susceptible to the effects of narcosis on some occasions more than on others.

« It is recognized that alcohol affects the brain even at small doses, and there is no doubt that, if measurements are
made, everyone shows some evidence of narcosis at depth.

However, unlike alcohol, which takes time to be absorbed from the stomach into the blood, the partial pressure of a narcotic
gas in the blood changes quickly with the depth. Thus, the effects of narcosis occur with short delay as the partial pressure
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of the narcotic gas changes. As indicated in the previous point, narcosis disappears as the diver ascent, and there are no
residual effects such as hangover.

There is no published table of effect for dives performed under heliox for the reasons indicated previously. Thus, narcosis
in diving is usually linked to nitrogen, so air and mixes where nitrogen is used. For this reason, the table below describes
the effect of narcosis during air diving.

Depth in m Depth in ft Visible Symptoms

- Mild impairment of performances
10 to 30 33 1t0 100 - Mildly impaired reasoning
- Mild euphoria possible

- Delayed response to visual and auditory stimuli

- Reasoning and immediate memory affected more than motor coordination

- Calculation errors and wrong choices

30to 50 100 to 165 - Idea fixation

- Over-confidence and sense of well-being

- Laughter and loquacity (in chambers) which may be overcome by self-control
- Anxiety (common in cold murky water)

50 m /165 ft is the limit commonly admitted for air diving

- Sleepiness, impaired judgment, confusion

- Hallucinations

- Severe delay in response to signals, instructions and other stimuli
- Occasional dizziness

- Uncontrolled laughter, hysteria (in chamber)

- Terror

50t0 70 165 - 230

- Poor concentration and mental confusion
70 to 90 230 to 300 - Stupefaction with some decrease in dexterity and judgment
- Loss of memory, increased excitability

- Hallucinations
- Increased intensity of vision and hearing
- Sense of impending blackout, euphoria,
dizziness, levitation, manic or depressive states
- Disorganization of the sense of time, changes in facial appearance
- Unconsciousness, Death

> 90 > 300

Treatment and Prevention

The use of heliox protects the saturation diver from narcosis. As indicated before, narcosis in a saturation system could only
happen as a result of a mistake such as a wrong gas put online.

Wrong gas online could lead to a catastrophic event. If that happens, the supervisor should switch-on the backup supply as
soon as possible and purge the supply lines affected using a correct mix. The rescue diver should be launched to recover
the victim(s). The dive has to be stopped if a wrong gas is detected online.

Wrong gas in chambers also requires a full purge of the system with correct mix. The diver medic on deck should be sent
to assist the victims if necessary after the situation is stabilized. Treatment of injured people may have to be organized.

Note that Nitrogen in the gas supply system creates a decompression problem in addition to the narcosis.

The procedures to avoid wrong gas online are those indicated for oxygen poisoning:

« Good monitoring can also prevent the problem. DMAC 02 “In-water diver monitoring” clearly indicates some
means of control like the respiratory rate and the control partial pressure of the gas supplied to the diver during
the dive and before (analysers on the panel for monitoring during the dive and strict control of % O2 before
connecting to the panel).

« Gas monitoring includes the control of the gas containers and their content. These procedures are indicated in
Book #2 & Book #3 of this handbook. Note that these controls also consist of proper gas management
procedures.
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High Pressure Nervous Syndrome (HPNS)

Description & symptoms (sources: reports from doctors Bennett and Fructus)

Various general descriptions of HPNS have been published
« Bennett and Towse 1971
o Fructus and Agarate 1971
« Fructus et al. 1971;
« Fructus and Conti 1971
« Fructus and Vigreux 1970

These descriptions are in agreement regarding the basic characteristics of this syndrome.

- Compression rates seem to influence symptoms and their severity: For example, when the French COMEX Physalie
series of dives utilized a compression rate of approximately 1 m/min (8.25 ft/min) without rest stops, the following
events were observed:

o Tremors appeared at 21 ATA

« Electroencephalogram (EEG) changes began at 25 ATA

« Motor incoordination developed at 33 ATA

« Subjects were experiencing loss of alertness at 35 ATA

« Subjects had extreme indifference and decreased comprehension at 36 ATA (Fructus and Vigreux 1970)

« In general, symptoms have tended to rapidly abate with the beginning of decompression (Fructus et al. 1971)
« Electroencephalogram (EEG) changes may persist for somewhat longer (Bennett and Towse 1971)

« It has been the consensus of a number of authors that there are no residual effects

- Personal observations by subjects have corroborated the patterns described above (Brasier 1968).

- Bauer describes the tremors precluding his note-taking at depth. In addition, he relates a certain degree of disorientation
and confusion in reading dials. However there are no comments in relation to residual effects after dives.

- Neuromuscular signs and symptoms tend to be the initial manifestations of HPNS. One group has described fine resting
and intention tremors in a dive to 1000 fsw utilizing a compression rate of 40 ft/hr (Summitt et al. 1969). Many authors
have described gross resting and intention tremors of the limbs and body of varying severity

- Depth at onset and severity have been almost uniformly correlated with compression rate.

- Other experimenters have noted muscle fasciculations or myoclonic jerks and spastic movements . Loss of coordination
has been noted, which may be on the basis of tremor. Various attempts have been made to measure or quantify these
tremors. (Note: “myoclonic twitches, jerks, or seizures” are usually caused by sudden muscle contractions (positive myoclonus) or
brief lapses of contraction (negative myoclonus).)

Early experiments utilized tests to quantitate manual dexterity, such as the ball-bearing test (Bennett 1965, 1967,
Bennett and Towse 1971).
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- Some attempts have used transducers attached to the subject's fingers, or a magnetic finger ring held over an induction

coil.

+700

+600

+500

+400

+300

+200

+100

Percentage difference from control value

-100

Such measurements have shown enhancement of tremors by compression with gradual return towards normal
levels during rest periods.

It has also been noted that there are consistent, idiosyncratic differences in the tremor patterns of different
individuals, leading to the concept of individual tremor signatures, which might conceivably be used as a
monitoring standard.

Tremor measurements have shown increases in tremor amplitudes in a wide range of frequencies with special
augmentation of the 6-10 Hz band.

Percentage change in postural tremor

measurements during exposure of two subjects
----------- to 1500 fsw in stages with compression at 16-

- A A 17ﬁ/mln
At depths greater than 600 fsw each

compression phase elicits in one subject (1) a
marked increase in tremor, which recovers
with time at the stage, together with an overall
increase in resting tremor, which does not

improve with time. The other subject (2) is
\— unaffected (Bennett and Towse 1971).

Subject 1

Subject 2
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- Several experiences carried out on animals have demonstrated similar symptoms.

- In summary, HPNS is a serious factor that must be considered in human diving to great depths, which has the following
characteristics in a variety of invertebrates and vertebrates, including man.

It usually appears at depths somewhat greater than 150 m (500 fsw).

It involves primarily the central nervous system, its symptoms are manifested as neuromuscular disturbances
(incoordination, fasciculations, tremors) or as disturbances of higher cerebral function (disorientation,
microsleep, convulsions in animals).

These neurological aberrations can be correlated to some degree with changes in the electroencephalogram.
The development and intensity of HPNS is augmented by rapid compression to depth.

This entity seems to be a manifestation of some aspect of hydrostatic pressure, rather than the result of other
more indirect effects of increased ambient pressure.

Experiences have demonstrated that the use of anesthetic gases and anticonvulsants may offer some degree of
protection against this phenomenon.

Experiences have also proved that the use of trimix mixture give good results, Nevertheless Hydreliox (H2 + He
+ 02) is not used in the petroleum industry.

- Doctor Bennett said:
It appears that what has been called “high pressure nervous syndrome” may be in reality two (or more) different
processes producing a single clinical picture.
The signs and symptoms described are not specific but are, rather, a general indication of excitation of the central
nervous system. It becomes obvious that rapid compression to depth can produce or augment this clinical picture.
Osmotic gradients created by dissolving gases offer one plausible explanation for this “compression syndrome”.
However, osmotic gradients equilibrate, and the persistence of symptoms, signs, and EEG alterations after very
prolonged times at depth cannot be satisfactorily explained on the basis of such a phenomenon, which would be
expected to be transient.
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This stable picture seen after prolonged times under pressure might be termed the “hydrostatic pressure syndrome” to
distinguish it from the effects of compression. This latter phenomenon is most probably caused by some action of
hydrostatic pressure, although the exact mechanism of this action is not fully understood.

The distinction seems appropriate, for manipulation of compression rates will affect only the compression syndrome,
while pharmacologic agents might be expected to have their greatest usefulness in ameliorating the hydrostatic pressure
syndrome.

Lambertsen has demonstrated that gas density will probably not be the limiting factor in deep diving. Simulation of the
density equivalent of helium-oxygen atmospheres at 5000 fsw has been accomplished in humans. These subjects were
able to function despite the burden placed on their respiratory and cardiovascular systems. Thus the high pressure ner-
vous syndrome would seem to be the factor that will set the ultimate depth limit for human divers.

Even so, that limit becomes increasingly hard to predict with the advent of advancing knowledge of HPNS and the
means to ameliorate or prevent it. Further, and perhaps of even greater importance, is the fact that this knowledge can be
used to develop safer techniques for shallower diving by using such concepts as mixed gas with three or more gases and
excursions.

Such a mixed gas system should be much safer for short-duration shallow and deep diving, permit fast compression
times, be less expensive than pure helium dives, and, in addition, help to overcome the problems of voice distortion and
the necessity of supplying heat due to the intrinsic thermal conductivity problems of helium alone. Decompressions
should also be rapid for short deep-dives (Workman 1963). Here, then, may be the solution to many of the problems
which have limited diving safety and depth in the past decade and should be an area of increasing research interest in
the years ahead.

To complete what Dr. Bennett said on trimix mixtures, during the experimental dive “Hydra 10” in November 1992,
which was at 701 msw using hydreliox, no symptoms appeared and the three divers were in excellent shape to perform
all programmed tasks up to 650 msw. Then at 650 msw (6.6 MPa) and deeper, an increasing HPNS with : slight tremor,
myoclonia, dysmetria which induced psychometric and intellectual performance decrease were observed.

Treatment and Prevention

Treatment of High-Pressure Nervous Syndrome (HPNS) consists of halting the compression and perform a stabilization
stop or recover the divers to a depth where the symptoms disappear in case of mild symptoms. In case of severe
symptoms, the dive must be stopped, and the divers put on observation at their arrival at the surface.

NORMAM 15, COMEX MT 92, US navy, and NORSOK saturation procedures, which are currently in force in the
offshore industry, are all based on binary gas mixtures (heliox). Thus the benefit of trimix mixtures described by Dr.
Bennett and applied by COMEX during Hydra 10 and other experimental dives do not apply to these procedures to
prevent the effect of HPNS.

- Several strategies have been developed to eliminate or at least keep under control the symptoms of HPNS :

« Slow rates of compression is a method used with all procedures. It is the case of US Navy and COMEX MT 92.

« Slow rates of compression plus stabilization periods prior to dive when arrived at depth is the procedure
promoted in NORSOK standards. These stabilization's periods are of 1 hour from depths up to 89 msw, and 2
hours between 90 and 180 msw.

« NORMAM 15 cumulates slow descent rates with stops during the descent and stabilization periods before the
dives as indicated in the table below

Depth | surface to | Stab. at I* | 1* stopto | Stab. at | 2" stop to | Stab. at 3| 3™ stop to | Stab. at Total time

(metres) | I*'stop stop 2" stop 2" stop 3" stop stop final depth | final depth
50m 50 min - - - - - - 60 min | 1:50 hours
100 m 100 min - - - - - - 120 min | 3:40 hours
180 m 100 min 120 min 80 min - - - - 96 min | 6:36 hours
240 m 200 min 120 min 400 min 120 min 240 min - - 360 min | 24 hours
300 m 200 min 120 min 400 min 120 min 600 min - - 720 min | 36 hours
340 m 200 min 120 min 400 min 120 min 600 min 120 min 320 min 720 min | 43:2 hours
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Hypoxia - Anoxia

Description

- Hypoxia:
Hypoxia, is a condition in which the body is deprived of adequate oxygen supply that occurs when the PPO2 is less than
160 Mb (0.16 bar). However, it is said that a completely inactive person can survive for a time on less than 100 Mb.

A severe hypoxia impedes the normal function of cells and eventually kill them. The brain is the most vulnerable organ in
the body to the effects of hypoxia.
Lack of oxygen can have various causes:

« Improper line up of breathing gases supply resulting in a too low partial pressure of oxygen in line.

» Mechanical failure of the air/gas supply

« Foreign object blocking the normal gas supply

« Helmet supply blocked due to diver sick and vomiting.

« Paralysis of the respiratory muscles due to spinal cord injury...

« Pneumothorax or reduction of the O2 exchange at alveoli/capillary membrane tissue area due to decompression
illness, oedema. ..

» Undetected chronic disease like: Anemic hypoxia (oxygen content of the blood is reduced due to a decreased
ability for hemoglobin to carry it); “ischemic hypoxia” (due to decreased blood flow); histotoxic hypoxia (due to
cells unable to use the oxygen effectively) and others. ..

« Also, a diver holding his breath too often during a dive can have the PPO2 in the lungs falling progressively and
becoming hypoxic without feeling it sufficiently early.

- Anoxia:

What is called Anoxia is a Hypoxia in which there is complete deprivation of oxygen. The result of anoxia is nearly
immediate death. The main cause of anoxia is the breathing of gasses without oxygen such as pure helium, pure nitrogen,
etc., which are often used for gas mixing, calibration of analysers, or other purposes

Symptoms

- Hypoxia:

- 1t visible symptoms:
« Increased pulse rate, blood pressure, and breathing (body trying to compensate hypoxia)
« Cyanosis (It cannot be seen when the diver is in the water)
« Lack of concentration
« Lack of muscle control
« Inability to perform tasks requiring sharp skills
» Weakness, agitation, euphoria

- Symptoms when the victim is in a state of deep hypoxia:
« Loss of breath control
« Drowsiness
« Loss of consciousness

- Important point:
There is no reliable warning of the onset of hypoxia. It can occur unexpectedly, making it a particularly serious hazard.

- Anoxia

Anoxia happens immediately without any visible symptoms and result in nearly immediate death. The victim collapsing
without having the time to understand what happens.
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Treatment

There is nothing possible with anoxia. Regarding hypoxia, the following procedures should be applied:
« Shift the gas supply to back up.
o Flush the hat.
« Send the standby diver and recover the diver as soon as possible (and safely).
« Pure oxygen is to be provided through a mask.
« Resuscitation may be necessary.
« Maintain a close observation of the victim and call the diving medical specialist.

Prevention

Prevention is linked to the management of gasses and the close monitoring of the diver, which is indicated in point 1.2.6,
and chapter #2 of Book #2 of this handbook:

« Gas containers must be color-coded, and the exact composition of their content marked and logged.

« Analysers with high and low alarm must be used during the dives, the fabrication of mixes, and the transfer of
gasses. Analysers with alarms must also be in place in storage rooms.

« There must be minimum levels of oxygen in Helium. DMAC 5 “Minimum level of O2 in helium supplied
offshore” says:
“DMAC endorses the recommendation that an oxygen and helium mixture should be used in place of
pure helium supplied to offshore diving installations. It is recognised however that contractors may need to use
pure helium as a calibration gas. The choice of mixture supplied should be left to the diving contractor but a
minimum of perhaps two percent of oxygen should present no problems operationally from 50 to 150 metres,
and from 150 metres a smaller percentage may be appropriate.”

« Pure gasses used for calibration and other purposes must be separated from breathing gasses and be stored in a
ventilated area.

« Backup supply to be ready all the time

« The bellman must be ready to operate as a rescue diver at all times.

« Good diving practices like avoiding breath holding should be in force.

« Close monitoring of the divers and gas supplies should be in place (as indicated in the previous points).
o Therapeutic gasses must be ready at all times.
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Hypercapnia

Description

Hypercapnia, also called “Carbon dioxide toxicity” is due to accumulation of carbon dioxide (CO2) through excess
production or inadequate ventilation (breathing).

The excess production of CO2 is usually due to metabolism from increased exertion. Whereas only 0.5 litres/minute of
CO2 is produced at rest, that can rise to over 3 litres during maximal exercise.

- The phenomenon can be caused by:
« Mass density of the gas increased at depth (at 37°C, one litre of air at the surface = 1.133 g, and at 60 m =8 g )
« Breath-holding
« Strong effort during heavy work at depth
« Excessive dead space and inadequate ventilation of some models of helmets
« Failure of gas supply system
« Inappropriate setting of the regulators on surface panel or in the bell
« Excessive breathing resistance of the helmet regulator
« Inappropriate flushing of the air chambers or, if installed, inefficient scrubber
« Air intakes in vicinity of source of pollution (The CO2 is 13% of the total of the exhaust gas of a diesel engine)
« Recycling system failure (saturation)
« Failure to control the level of CO2 in the chamber or in the bell.

- The mechanism can be explained as follows:
The pressure of carbon dioxide is about 40 mm hg in the alveolus, and about 45 mm in the venous blood reaching the lungs
while the normal pressure of CO2 in the atmosphere is 0.3 mm hg.

Atmospheric air Alveolar Air Note:
Millimetre of mercury (mm of hg) is
P. mmHg | P. ATA % P. mmHg | P. ATA % the unit commonly used in medicine
N2 597 0.78 78.62 % 569 0.749 74.99 | lomeasure the pressures:
760 mm hg = 1 Atmosphere
02 159 20.9 20.8 % 104 0.136 13.6 % 760 mm hg = 1013 Mb
o2 03 0.00039 | 0.04% 40 0.052 53% 40 mm hg = 33.33 Mb
0.3 mm hg = 0.4 Mb
H20 3.7 0.0048 3.7 % 47 0.62 6.3 %
Total 760 1 100 % 760 1 100 %

The oxygenation and pulmonary ventilation is adapted to the needs of the organism by the respiratory muscles which are
innervated by motor nerves (see “Circulatory and respiratory systems” in part 2 of this book).

Breathing is a vegetative function which can be modified by the will.
The adaptation of the vegetative respiratory system is dependent on nerve centres, which provide management,
synchronization, and control of the entire ventilation. These respiratory centres are situated in the brainstem and are
independents from the rest of the brain, operating automatically without the concurrence of the will. The will intervenes
only for the forced inspiration and expiration.
The respiratory centres adjust their actions based on the content of oxygen and carbon dioxide in the blood. Any
elevation of the CO2 level in the blood leads to an increased ventilatory flow. The rising of the ventilation automatically
triggers the frequency of the heart to eliminate the excess of CO2 as soon as possible.

During the diving operations, the partial pressure of CO2 in the gas supply increases due to the absolute pressure at depth.

peprn | AP s"’”(’lf » )’ essure | o €02 PPO2 (bar) | PPO2 (mb) y ’: Z (Zg )
0m i i 0.01 10 75
10m 2 i 0.02 20 15
30m 4 1 0.04 40 40
50 m 6 1 0.06 60 45
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If the excess of CO2 cannot be eliminated, the partial pressure of CO2 continues to rise. As a result, the ventilation and
the cardiac rate rise and the amplitude of the movements of the thoracic cage as well. At this moment, the body uses the
inspiratory and expiratory reserve. The diver can control this process when it starts, because he still has the possibility to
perform forced expiration and inspiration using the expiratory and inspiratory reserves.

However, if the CO2 is still not eliminated, the respiratory and cardiac rates increase again, but the thoracic cage is not
able to follow the frequency requested and the amplitude of the movement decreases quickly with the elimination of the
CO2 becoming inefficient.

At last, only one part of the inspiratory reserve is used and no more expiration is performed, allowing the partial pressure
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Symptoms

As described previously, the symptoms are linked to the partial pressure of carbon dioxide (CO2).
The chart below indicates the possible symptoms for a mix with 1% CO2.

Note that 5 mb is the maximum partial pressure of carbon dioxide agreed in a diving system

Absolute press

Depth (ATA)

% CO2 PPO2 ATA PPO2 mb Visible symptoms

- Nothing visible

Surface Ji 1 0.01 10 - Note that 10 Mb was the maximum
agreed in “emergency”’ in previous
times.

10m 2 1 0.02 20 - Slight hyperventilation

- Shortness of breath associated with
30m 4 Ji 0.04 40 headaches

- Possible panic

- Strong shortness of breath associated with
narcosis

50m 6 1 0.06 60 .
- Panic

- Irrational behavior

- Uncontrolled shortness of breath
associated with strong narcosis

- Hallucinations

60 m 7 1 0.07 70 .

- Dizziness

- Vomiting

- Strong panic

- Strong dizziness

70 m 8 1 0.08 80 - Stupor

- Loss of conscious

Note that:

The effects of narcosis and hypercapnia can add to each other: A diver under the influence of narcosis will probably not
note the warning signs of carbon dioxide intoxication. Hypercapnia, in turn, will intensify the symptoms of narcosis.

Carbon dioxide in excess dilates the arteries of the brain. This may partially explain headaches often associated with carbon
dioxide intoxication, though these headaches are more likely to occur following the exposure than during it.

The increase in blood flow through the brain, which results from dilation of the arteries, can explain the reason carbon
dioxide in excess speeds up the onset of CNS oxygen toxicity.

Excess carbon dioxide during a dive is also believed to increase the likelihood of decompression sickness, but the
mechanism is not fully clarified.

Treatment

The strategy consists of reducing the excess of carbon dioxide as soon as possible. Note that new saturation systems are
equipped with CO2 analysers.

- During the diving operation:
«» If the problem affects the divers at work
The diver affected should stop the job undertaken and flush his helmet.
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The diver should return to the bell if the problem is not definitively solved using the procedure above.

If the problem is from the gas supply, the supervisor should switch on the backup supply on panel.
The dive must be stopped in case of severe symptoms.
The soda-lime of the reclaim system must be changed, and the gas supplies verified.
- The rescue diver should be sent to assist if the diver is not able to return in the bell.

If the problem is in the bell:
The divers should breathe through the masks of the Built-In Breathing System (BIBS).
The bell and its supply lines must be flushed, and the scrubber should be checked (change the cartridge of
soda-lime).
The soda-lime of the reclaim system must be changed, and the gas supplies verified.
The analyzers and their calibration should be verified.
If the situation is not stabilized, the bell must be recovered, and the divers should be under observation.

- In the chamber

The divers should be on BIBS until the return to the normal situation.

The Life Support Technician should switch on the backup supply, and flush the chamber.

The gas supplies should be checked and the soda lime of the regeneration system should be changed.
The analyzers and their calibration should be verified.

Prevention

The prevention is linked to gas management procedures and the control of the efforts during the operations.

The divers should be trained to control their efforts and detect the 1% signs of hypercapnia.
The gasses planned to be in line must be checked.
CO2 analyzers must be in line.

The diving equipment should be regularly maintained and checked by competent personnel. Helmets and gas
supply equipment not in perfect condition should not be used.

A proper checklist should be performed prior to dive.

Continuous communications with the diver should be in place with adequate monitoring.
Task plans should be designed to avoid unnecessary efforts.

NORMAM 15 procedures recommend PP CO2 < 0.005 bar (5 mb) in chamber.
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Drowning

Definition

Drowning is defined as death due to asphyxia by fluid. When patients lose consciousness due to immersion and
aspiration, but subsequently recover, the term “near drowning” is used. Near drowning can lead to serious secondary
complications or death, possibly up to 72 hours after the event, in this case, the term “secondary drowning” is used.
There are a lot of causes for drowning:

« Personnel falling into the sea without a floating device and not being able to swim.

« Helmet invaded by water due to neck dam failure or other maintenance problems.

« Helmet/ full face mask ripped off due to external events like a blast, too strong current, or other external events.

« Loss of conscience of the diver with the head down following, hypothermia, narcosis, hypercapnia, injury, or
other bad events.

« lllogical actions like removing the helmet due to narcosis, hypercapnia, panic, etc.

Elements to consider

The degree of panic of the casualty is variable and may be reduced by factors such as personality, training, resistance to
narcosis, and hypothermia.

If the casualty is totally deprived of gas for some reason, he initially holds breath until the "breakpoint" is reached, and
then he takes an involuntary breath. The inhalation of water usually provokes coughing and closure of the epiglottis
(valve situated on larynx preventing any liquid or solid intrusion in the airways), producing involuntary breath-holding
followed by unconsciousness. It is unusual that large amounts of water enter the lungs after the victim loses
consciousness as the tongue and loose tissues in the throat tend to close the airway. Instead, there is often swallowing of
seawater (in the stomach), making the victim susceptible to vomiting.

%\N_Nasal cavity
—
(ad 2-’:_ "

Epiglottis

Trachea

Larynx

Trachea

The temperature of the water is also important: As an example, victims with the face submerged in waters at a
temperature less than 21°C can have a reflex of bradycardia (heart rate slowing down) with peripheral vasoconstriction (
blood flow restriction in the limbs) and the blood shifting to the thoracic cavity to avoid the collapse of the lungs. This is
triggered by the “autonomic” nervous system and can happen to conscious or unconscious persons. This reflex allows the
casualty to stay underwater for extended periods. Waters warmer than 21 °C does not cause the reflex.

Fresh or saltwater entering the alveoli (where the gas exchange normally takes place) wash out or damage the surfactant
lining them, causing alveoli to collapse and become unavailable for gas exchange.

Damage to the alveoli walls also causes the capillaries to leak blood and protein into the lungs. That interacts with air and
water, producing a foam the victim may cough up in copious amounts. This state is called pulmonary oedema. Water in
the lung will be the main cause of “the secondary drowning” if not detected.

In addition to what has been indicated above, there is a difference between drowning in seawater and freshwater: The
main water difference between saltwater and freshwater drowning involves osmosis occurring between the lung's surface
and the bloodstream:

« When saltwater enters the lung, the high salt content prevents it from crossing the capillaries' membranes. Instead,
it causes blood and water from the bloodstream to cross over the capillary walls' membranes and into the lungs.
This prevents oxygen from entering the bloodstream and causes the victim to drown in their own fluids.
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o When freshwater enters the lungs, the low salt content allows the water to cross the membrane of the capillary
walls, and it will be absorbed into the bloodstream. This causes damage to the blood and causes cardiac arrest
very quickly.

The severity of pulmonary damages also depends on the aspirated material's pH, the volume of the aspirate, and if
particulate matter like vomit and bacterial contamination are present in the aspirate. When the pH level of an aspirate is
2.5 or less, a severe pulmonary response occurs. When the pH is below 1.5, the patient usually dies. The mortality among
patients who aspirate material grossly contaminated approaches 100%.

Symptoms

1) Drowning:
« The patient has been in the water for too long time to be successfully resuscitated.
« Note that the statement of death is to be decided by the doctor.

2) Near drowning:
« Increased respiratory rate
» Casualty vomiting
« Pulmonary oedema
« Unconsciousness

2) - Secondary drowning :
« Irritation or pain in the throat or chest
« Coughing after taking a deep breath or persistent coughing or wheezing
« Shortness of breath or difficulty breathing and unusual fatigue
« Dizziness/altered level of consciousness
« Hypoxia, hyperoxia, poisoning
» Vomiting or diarrhea
« Epilepsy, thermal stress, loss of conscience

Treatment

1) Near drowning:

« Remove all foreign objects from the mouth.

« Restore breathing and heart beat as soon as possible (CPR).

« Subsequent to resuscitation, keep the patient warm and rested.

« Give therapeutic mix with the maximum allowable PPO2 on BIBS (diver in saturation) or 100-percent oxygen
by mask (victim at the surface).

« Call for assistance from qualified medical personnel.

« Regardless of the severity of a near-drowning case, the victim should be transferred to a hospital as quickly as
possible: Pulmonary oedema (accumulation of fluids in the lungs), pneumonia, and other complications may
occur many hours after the incident. Immediate transfer to the hospital is impossible when the diver is in
saturation because the ascent may take several days. Therefore, proper medical observation is essential, and
communication with the diving medical specialist is essential, as well as the use of the system that allows him to
check the status of the victim remotely. This remote system should be ready for use at all times.

« Notes regarding resuscitation:

If a neck injury is suspected, the victim's neck should be supported in a neutral position as soon as possible.
If the victim must be turned, the head, neck, chest, and body should be aligned. If artificial respiration is
required, maximal head-tilt should not be used. Rescue breathing should be provided with the head
maintained in a neutral position without head-tilt, or chin-lift without head-tilt should be used.

Heimlich manoeuvre is not recommended to remove fluids. The technique may have relevance in situations
where airways are obstructed by solids but not fluids. Performing the manoeuvre on drowning people not
only delays ventilation but may induce vomiting, which, if aspirated, will place the patient in a far worse
situation. Moreover, the Heimlich manoeuvre in any choking situation involving solids or fluids has
become controversial.

2) Secondary drowning:
« Evacuate the patient as soon as possible. Nevertheless, as indicated for near-drowning, if the incident happens in
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saturation, the decompression will take several days. For this reason, the procedures and precautions indicated in

the previous point should be applied.
« Rich mix on BIBS in bell or 100% O2 at the surface.

Note

The drowning can be associated with omitted decompression or decompression illness, which will have to be treated if
the victim has passed the excursion limits during the incident.

Prevention

« Training and selection of the divers

« Prudent divers and supervisors, checklists always performed, and proper task plans.
« Diving equipment always in perfect condition

« The rescue diver must be ready to intervene.

« The personnel in charge of the launching and recovery of the bell working near the edge of the boat (or the
moonpool) should wear a life vest + harness with stop fall.
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Pulmonary barotraumas

This topic is discussed in five separate points:
1 - Definition

2 - Mediastinal and subcutaneous emphysema
3 - Pneumothorax

4 - Arterial Gas Embolism

5 - Prevention of pulmonary barotraumas

1 - Definition

Pulmonary barotraumas are disorders that are caused by gas expanding within the lungs. If the alveolar space (in part or
whole) is closed at the ascent, the volume of air they contain increases to the rib cage's elasticity limit, and the pressure
increases also. It is sufficient to have the internal pressure exceeding the ambient pressure of 80 mmHg or 106 mb; thus,
1 meter of seawater, to have alveolar damage or rupture.

The disorders encountered in diving are mediastinal emphysema with possible subcutaneous emphysema, pneumothorax,
and arterial gas embolism. These disorders are described in the next pages.

Blockage or over
inflation of the airways
during the ascent

Rupture of the alveolis

Pulmonary interstitial
Emphysema

v

Arterial Gas Mediastinal
Pneumothorax

embolism emphysema

v

Sub-cutaneous
emphysema

Pulmonary barotraumas are mostly noticed with surface supplied diving operations. That explains why most treatment
procedures provided in medical manuals are based on actions at the surface. Nevertheless, pulmonary barotraumas may
happen during saturation, and in such cases, the treatment is to be implemented in the chamber. Note that such an
accident may be associated with other problems, such as decompression illness or wounds.
Note:

« Mediastinal emphysema causes no symptoms unless further leaking occurs.

« Pneumothorax occurs if gas accumulates between the lung and chest wall, and if accumulation continues
without venting, then tension pneumothorax may result.

« If gas enters the blood circulation, potentially fatal Arterial Gas Embolism may occur.
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2 - Mediastinal and subcutaneous emphysema

Description

Mediastinal emphysema is caused by gas expanding in the tissues behind the breast bone. Subcutaneous emphysema
results from the movement of the gas from the mediastinal to the region under the skin of the neck and lower face. The gas
can also migrate to the abdominal cavity.

Mediastinum

Symptoms

Mediastinal emphysema:
« Often unnoticed by the casualty in mild cases
« Mild to moderate pain under the breast bone
« Dull ache
« Feeling of tightness
« Deep inspiration painful.
« Coughing and swallowing painful
« Pain radiating to the shoulders and the back

Subcutaneous emphysema :
« A feeling of fullness around the neck
« Difficulties in swallowing
« Hoarse voice
« Swelling or apparent inflation of the neck
« The skin near the collar bone and the windpipe producing a cracking sound

Treatment

The treatment must be organized under the direction of the diving medical specialist:
« Put the casualty on a rich mix in the bell and then in the chamber.
« A close monitoring for possible pneumothorax or /and Arterial Gas Embolism(AGE) is organized.

« If'the symptoms are severe, compression to a depth of relief by 5 ft increments may be beneficial. Compression
should only be carried out according to the diving medical specialist's guidance.

« Decompression should be organized for MEDEVAC after stabilization of the victim. The Diving medical
specialist should monitor the process closely.
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3 - Pneumothorax

Description

Pneumothorax is the penetration of air into the pleural cavity, which separates the lung from the chest wall and interferes
with normal breathing. It is mostly accompanied by bleeding (haemothorax). Under normal conditions, the lungs adhere

to the back of the ribs by suction as there is no air in the pleural space. The escaped gas will break this suction, causing a
partial or complete collapse of the lungs.

There are 2 types of pneumothorax: Simple and tension pneumothorax.

In a simple pneumothorax, air or gas comes in
and out of the pleural space. The respiratory
distress usually does not get worse after the
initial gas leaks out of the lung.

There is no shifting of the midline structures.
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Simple pneumothorax

A tension pneumothorax is when the damaged
lung tissue acts as a one-way valve, allowing
gas to enter the chest cavity but not to leave.
Under these circumstances, the size of the
pneumothorax increases with each breath. That
can cause a shift of the heart and the mediastinal
structures (esophagus, trachea...). As a result,
the opposite lung is compressed with the
respiratory compromised. The casualty will be
quickly shocked and dead if the trapped gas/air
is not removed.

Pneumothorax

Tension pneumothorax
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Symptoms

The symptoms depend on the severity of the pneumothorax:

- Signs may not be apparent if the pneumothorax is relatively small. In this case, the pneumothorax can be identified by
X-rays.

- Signs should be visible in case of severe pneumothorax:

Sudden, sharp chest pain.

Victim with tendency to bend the chest toward the involved side.

Cough associated with bloody sputum.

Inaudible breath on the affected side.

Percussion of the chest may be perceived as hyper-resonant (like a booming drum).
Short and painful breath.

Increased heart rate and weak pulse.

Cyanosis.

Loss of conscious and death can quickly happen.

Treatment

Medical support (Diving medical specialist) is essential.

The casualty must breathe treatment mix at the maximum PPO2 (2.8 ATA)

Cases of pneumothorax compromising the cardiac and respiratory functions may require the insertion of a chest
tube or other device (like a large intravenous catheter) designed to remove the intra-thoracic gas. (To be done by
a trained diver medic or nurse only)

Close monitoring for symptoms of Arterial Gas Embolism or Decompression illness should be undertaken.

If present in combination with Arterial Gas Embolism or decompression sickness, Pneumothorax should not
prevent immediate recompression therapy. However, a pneumothorax may be vented as described above before
ascending from the treatment depth.

Decompression to be organized after stabilization according to the recommendations from the Diving Medical
Specialist.
MEDEVAC by specialized services/companies to be organized according to the doctor's recommendations.
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4 - Arterial Gas Embolism

Description

Arterial Gas Embolism is caused by the entry of gas bubbles into the arterial circulation. These bubbles then obstruct one
or several blood vessels and create embolism due to the pressure forcing the gas/air through the alveolar walls into the
surrounding tissues and the bloodstream. If the gas enters the arterial circulation, it will be dispersed to all organs of the
body. The organs that are especially susceptible to arterial gas embolism and responsible for the life-threatening symptoms
are the central nervous system (CNS) and heart. In all cases of Arterial Gas Embolism, associated pneumothorax is possible
and should not be overlooked.

The following elements are to be considered:

Fat has an affinity with nitrogen - Remember that the central
nervous system is mainly composed of fat.

Small bubbles redistribute, and hypertension and
vasodilatation promote redistribution.

Large bubbles occupying several branching arteries may trap
small bubbles.

Hypotension promotes trapping.

Irritated endothelial

Blood vessel
Gas bubble

Trapped bubbles cause a restriction of blood supply to the
tissues (ischemia): That can be critical if the problem is
not quickly resolved.

The bubbles damage the thin layer of cells that line the
interior surface of blood vessels and lymphatic vessels
(endothelium).

Patent foramen ovale:

Arterial Gas Embolism is mainly caused by damages to the vascular filter and
associated with the mediastinal and/or pneumothorax. It can also result from a shunt
in the heart due to the "foramen oval".

The "foramen ovale" is a hole between the right and the left atrium of the heart.

It normally exists while babies are in the womb but should close soon after birth. If it
does not close, the condition is called “patent foramen ovale”.

This problem occurs with 25% of people. In this case, the bubbles can pass directly
from one side to the other without being stopped by the pulmonary filter. An accident
can affect people suffering this malformation without any noticeable events. The
problems arising from shunts are discussed in detail in the chapter “Decompression
sickness”.
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Symptoms

Symptoms are very similar to decompression illness type 2. The main difference is that the onset of AGE is usually
sudden and dramatic, often occurring within seconds after surfacing and less than 10 minutes for the wide majority of
cases, while symptoms of decompression accident are generally visible after a much longer time.

The following disorders can be observed:

« Numbness or tingling

« Disturbances of movement including paralysis or/and weakness
« Sensation of fatigue

« The victim is anxious, and personality changes are visible.

« Vision disturbed

« Abnormal hearing

« Problems of elocution

« Abnormal balance or/and coordination

« Disturbances of intellectual function

« Vertigo and dizziness

o Tremors

« Heart attack, including chest pain, shortness of breath, and palpitations.
« Loss of conscious

Treatment

As for pneumothorax, medical support (Diving medical specialist) is essential.
« The casualty must breathe treatment mix at the maximum PPO2 (2.8 ATA)
« Cardiopulmonary resuscitation (CPR) is necessary in case of the absence of pulse and respiration.

« Decompression to be organized after stabilization according to the recommendations from the Diving Medical
Specialist.

« MEDEVAC by specialized services/companies is to be organized according to the doctor's recommendations.
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5 - Prevention of pulmonary barotraumas

The prevention of barotraumas is linked to appropriate medical checkups, knowledge, and training:

Detection of lung disease or problems of “patent foramen ovale” should be undertaken during the medical
checkup.

Divers who have had spontaneous pneumothorax have a high incidence of recurrence and should not dive
anymore.

Divers who have had pneumothorax from other reasons (e.g., surgery, trauma, etc.) should have their fitness for
continued diving reviewed by an experienced Diving Medical Specialist (doctor), in consultation with
appropriate respiratory specialists.

An evaluation of the diver's physical condition should be performed before committing him to saturation.

Any impairment of respiration such as a cold, bronchitis, etc., may be considered as a temporary restriction from
diving.

Training of divers should include physics and physiology associated with barotraumas and instruction for the
correct use of diving equipment.

A diver must never interrupt breathing during an ascent.

When making an emergency ascent, the diver must exhale continuously. The rate of exhalation is to match the
rate of ascent.

The divers must be trained to take care of a casualty's airways during a rescue.
The diver should report any illness that may affect the respiratory system to the Diving Supervisor.
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Decompression accidents

Description of decompression sickness

Decompression sickness (DCS) is a disease resulting from the liberation of gas bubbles in solution into the tissue or the
blood. The effects can be relatively minor with full recovery or permanent impairment or worse, death.

Various conditions may cause the diver to absorb an excessive amount of inert gas or inhibit the elimination of the
dissolved gas during normal controlled decompression. In certain individuals, decompression sickness may occur even
though decompression procedures are followed meticulously. Decompression sickness may also occur with exposure to a
lower pressure than sea level after the arrival at the surface. It is the case of dives performed in altitude where a
correction must be applied to avoid the problem or a sudden loss of cabin pressure in an aircraft.

The mechanism is linked to 3 basic laws:

1 - Boyle - Mariotte law: Surface | 3 litres

The absolute pressure exerted by a given mass of an ideal gas is inversely

proportional to the volume it occupies if the temperature and amount of gas
remain unchanged within a closed system. 10 metres
As result a ball filled with gas will be compressed and have half the initial
20 metres

volume at 10 m and only 1/3 at 20 m

2 - Henry law:

At a constant temperature, the amount of a given gas that dissolves in a given type and volume of liquid is directly
proportional to the partial pressure of that gas in equilibrium with that liquid.

|

Molecules of gas H H
© o o o o

Initial pressure Increasing pressure Final status

- The solubility of a gas in a liquid is the property the gas has to dissolve in the liquid to form a homogeneous solution.
- The point at which no more gas can be absorbed or assimilated is called “saturation”.
- Note that the solubility of a gas in lipids is also linked to Meyer-Overton hypothesis.

Comparison of various gas solubilities

Molecular Mass Voluminal Mass Solubility in water Solubility in oil
Nitrogen 28 1.25 13 67
Oxygen 32 1.43 29 (@ 25°C) 120 (@ 40° C)
Argon 40 1.78 26 140
Helium 4 0.18 8.6 15
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3 - Dalton law:

The total pressure exerted by the mixture of non-reactive gases is equal to the sum of individual gases' partial pressures.
In other words, total pressure =P1+P2+P3 ....
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Depending on the mix, nitrogen or helium (He) is gradually absorbed by the organism during the phases under pressure
while it is considered that oxygen is consumed. When a diver breathes a mix at depth, the N2 or He is breathed at
increased partial pressure, and the gas diffuses from areas of high concentration (high partial pressure) to areas of lower
concentration. The N2 or He is taken up from the lungs by the blood and transported around the body and into the tissues.
The greater the depth, the greater the partial pressure of N2/he, and therefore the amount of N2 or He absorbed.

The speed the N2 (or He) is distributed into the tissues also depends on the blood flow. The tissues with high metabolism
like the brain, heart, kidneys, and liver are very vascularized. Thus, they will have a rapid N2 or He uptake. Such tissues
are called "fast tissues" because of their fast N2 or He uptake. Because the blood passing through the lungs equilibrates
immediately with any change in the inspired N2 or He partial pressure, the blood is the fastest tissue of all. Other issues
like the ligaments, tendons, and fat, with a relatively small blood flow, have a relatively slow N2 or He uptake. These
tissues are called "slow tissues". Between the two are tissues of intermediate blood flow, such as muscle. Some organs,
such as the spinal cord, have both fast and slow tissue components. The rate of uptake of the N2 or He in a specific tissue
is exponential; it varies depending on the amount of gas already taken up by the tissue.

The N2 or He is eliminated in a reverse process: As the diver ascends, there is a reduction in the partial pressure of N2 or
He in the air he breathes, allowing blood to release N2 (or He) into the lungs. The decrease in the blood level of N2 or He
causes N2 or He to diffuse into the blood from the tissues. Fast tissues naturally unload N2 or He quicker than slow
tissues. Note that the speed of saturation and de-saturation are not the same, with de-saturation taking more time.
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During the ascent, the pressure surrounding the diver (environmental pressure) is reducing. In this case, the pressure of
N2 or He dissolved in the tissues is becoming greater than the environmental pressure. The tissue is then said to be
"supersaturated". The tissues can tolerate a certain degree of gas supersaturation. Still, if the pressure of N2 or He in the
tissues exceeds the environmental pressure by a critical amount, bubble formation is likely. The bubbles can form in any
tissue in the body, including blood. The pressure in each bubble will be the same as the environmental pressure, and
Boyle's law will govern the bubble size. Once a bubble has formed, if nothing is done, it will continue to grow until the
N2 or He excess has been eliminated. Once this has occurred, the bubble will begin to decrease in size, but it may take
hours, days, or weeks to disappear. In the meantime, the bubble will damage the surrounding tissues. This is called
“decompression sickness”.
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The bubbles:

- Gas nuclei & bubble formation:

The bubble formation during the decompression is not only the consequence of inert gas supersaturation. Numerous
experiments indicate that bubbles may originate from pre-existing gas nuclei, which are bubbles of less than 1 Micro.
These gas nuclei are generated by “tribonucleation”, resulting from viscous adhesion and surface friction during physical
activities. The lungs normally filter the gas nuclei except when the lungs' capacity of filtration is exceeded. In this case,
the nuclei can pass through the pulmonary filter and return to the blood circulation. These nuclei can aggregate and create
some pathogen bubbles.

In the absence of gas nuclei, bubbles may be generated directly by tribonucleation in supersaturated tissue.

Some bubbles are pathogen, but some other bubbles that are detectable in most dives, including the well-managed dives,
do not produce clinical features of DCS and are called “Silent Bubbles” by the scientists. There is an assumption that
these bubbles may also be a foundation on which decompression sickness could develop.

“Decompression sickness” is a multi-system disease, and single organ involvement is uncommon. The definitive
pathophysiology of DCS remains to be elucidated but most likely is multi-factorial in origin. The bubbles may form
within the intra vascular space or the tissues.

- Arterial bubbles:

Whilst it is possible for bubbles to form from the beginning in the arterial system, this is thought to be an unlikely
mechanism because the combined effects of the arterial blood pressure and the equilibration of the arterial blood with
alveolar inert gas tensions will reduce the arterial pressures of these and avoid bubble formation.

With decompression, venous bubbles may become arterialized. The lungs normally act as an efficient bubble filter, the
bubbles being trapped and undergoing resolution. This bubble filter may be overwhelmed in the presence of too many
bubbles, resulting in the passage of gas nuclei and venous emboli through the left heart chambers and consequently into
the arterial circulation.

The venous bubbles may also gain access to the arterial circulation via congenital or pathological shunts such as those
described below that are present in %4 of people.

Patent ductus arteriosus

-

Superior cava vein
Aorta

Pulmonary artery

« A “patent ductus arteriosus” is a Right pulmonary
. . . vems
malformation that is a persistent \
communication between the descending

Lefts pulmonary

thoracic aorta and the pulmonary artery veins

resulting from abnormal physiologic closure
of the foetal ductus of the more common
congenital heart defects.

Left atrium

Left atri i
eft atrium Mitral valve

Tricuspid valve

Right ventricle Left ventricle

« A septal defect is one of the more commonly
recognized congenital cardiac anomalies
presenting in adulthood. An atrial septal defect is
characterized by a defect in the interatrial
septum allowing pulmonary venous return from
the left atrium to pass directly to the right
atrium. Depending on the size of the defect, size
of the shunt, and associated anomalies, this can
result in a spectrum of diseases from no
significant cardiac sequelae to right-sided
volume overload, pulmonary arterial
hypertension, and even atrial arrhythmias.

Interatrial septum
defect

Left atrium
Right atrium

The importance of a right-to-left shunt in the
heart, through a patent foramen oval, allowing
venous gas emboli (VGE) to become Arterial
Gas Embolism, has been previously observed in
autopsies, and the expected incidence of this
disorder among severe DCS cases has been

demonstrated. Right ventricle Left ventricle
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« A “Patent arteriovenous anastomosis” is a connection between Arteriole Capillary.
two blood vessels, such as between arteries, between veins, or \
between an artery and a vein. "Anastomosis” normally occurs in
the body in the circulatory system, serving as backup routes for
blood to flow if one link is blocked or otherwise compromised, Arteriovenous
but may also occur pathologically. The arteriovenous anastomosis
anastomosis can happen, especially when the pulmonary artery
pressures increase with emboli blockage of the pulmonary
circuit, producing a right-to-left intra-cardiac shunt (paradoxical Metarterioles
emboli). Similar effects could be induced by straining,
coughing, “valsalva maneuver”, etc....

Venule

« The greater the number of pulmonary emboli, the greater the
pulmonary artery pressure, and the greater the likelihood of \
paradoxical gas embolism and arterial gas embolism (AGE). Glomerular capillaries Vein

- Venous bubbles:

Venous bubbles may generate or result from the intravascular release of tissue bubbles. As indicated, bubbles form from
supersaturation combined with micronuclei and as a result of tribonucleation and cavitation.

Venous bubbles are detectable post-diving, by Doppler. After typical near- decompression dives, they are observed some
minutes after ascent and persist for some hours. For short deep dives, they occur early and are not long-lasting, but they
take longer to develop for longer shallower dives and may continue to be produced for many hours.

- Extra vascular bubbles:

“Autochthonous bubbles” are those which form within the tissues. The way these bubbles are generated is still not fully
understood. Autochthonous bubbles are most likely to form in tissues with a high gas content (high solubility and low
diffusivity) and relatively poor perfusion, such as the spinal cord, white matter, periarticular and adipose tissues.

Effects:

- Cerebral DCS:

Arterial bubbles are distributed according to buoyancy relative to blood in large vessels and blood flow in small vessels.
This explains the preponderance of cerebral symptoms in DCS because the bubbles will distribute preferentially to the
cerebral circulation via the cerebral vessels, and multi-vessel pathology is more common.

Arterial gas bubbles may do one of the three things below.

1 - Obstruct the vessel permanently.
2 - Temporarily obstruct the blood vessel and then eventually redistribute through venous circulation.
3 - Pass through the vessel directly into venous circulation.

Irritated endothelial

Blood vessel

During their passage, the arterial emboli damage the vascular Gas bubble
endothelium, setting in place a neutrophil-mediated inflammatory
cascade that opens up the blood-brain barrier, resulting in localized
decreased cerebral blood flow and “haemo-concentration” (increased
concentration of blood cells). This inflammatory reaction is thought
responsible for cerebral DCS symptoms, such as generalized malaise,
headache, lethargy, fever, and vague aches and pains.

N

k Affected neurons _/‘

Cerebral DCS is thought largely to occur as a result of this embolic form of bubble injury; however, other pathological
possibilities for cerebral DCS include myelin sheath damage and “autochthonous bubbles,” also called “tissue bubbles”,
which are gas bubbles evolved from the nitrogen dissolved in white matter. These are also multi-focal and predominantly
affect the white matter.

Pathology may also be induced by other emboli (lipid, platelet, etc.), while aggravated damage may result from raised
intracranial pressure, and coagulopathies,

- Spinal cord DCS:

Spinal cord DCS is not thought to be principally embolic, and possible mechanisms for this condition include “venous
infarction” of the cord, “autochthonous bubble” formation, and “embolic disease”.

The spinal cord changes occur predominantly in the white matter. They are most often observed in the mid-thoracic,
upper lumbar, and lower cervical areas, with the lateral, posterior, and anterior columns suffering in that order. Often,
there is sparing of some long sensory tracts.
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Venous infarction of the cord:

This theory proposes that when the Venous Gas Embolism blocks the pulmonary
arterioles, there is a rise in intrathoracic pressure (pulmonary hypertension), which
interferes with the venous drainage from the spinal cord through back pressure in the Brachiocephalic
anastomoses (connections between blood vessels) of the spinovertebral-azygos system  Veins
(vein running up the right side of the thoracic vertebral column.). This interference o
with venous drainage causes engorgement and thrombosis of the spinal cord with Azygos vein /
infarction in the comparatively poorly vascularized areas. This theory explains why
spinal DCS is more common than cerebral DCS, despite the much greater mass and
blood supply (and thus emboli) to the brain.

Autochthonous Bubbles:
Autochthonous or tissue bubbles, which are the gas bubbles evolved from the nitrogen or helium dissolved in the white
matter of the cord, may arise because the white matter has a high lipid content, which absorbs more gas than the grey
matter, which is relatively spared.
Some scientists suggest that autochthonous bubbles may result in spinal cord dysfunction by:

« Destruction of the axons around the growing bubble;

« Stretching and compression of axons around the growing bubble; A biochemical interaction between blood and
bubble (activation of the inflammatory cascade).

« Hemorrhages into the tissue secondary to damage to the micro-vasculature, persisting after the resolution of the
bubble.

The spinal cord is a “soft tissue”, but with limited compliance because of its Grey matter White matter
confinement by the vertebrae and Durra. If the canal volume is increased by
10 percent or more, the slack is taken up, and the pressure within the cord
escalates rapidly. This can develop by either the engorgement of blood or the Veins
production of gas. Once the slack has been taken up, the escalating pressure  paural fur
could compress the venous system. This mechanism explains how spinal
DCS cases can respond to recompression (reducing bubble size and cord
pressure) but deteriorate with ascent (expanding bubble size and cord
pressure).

The autochthonous bubble theory, therefore, can account for rapid-onset
spinal DCS, but the autochthonous bubble theory for spinal cord disease also
has its critics:

« Tissue bubbles have rarely been demonstrated pathological.

« This theory does not account for spinal cord disease developing hours after surfacing from the dive.

« For bubbles to form, there must be a degree of supersaturation. The time frame for spinal cord bubbles to form
will be limited to minutes rather than hours; thus, for these bubbles to remain silent for some hours before
symptom onset suggests that another mechanism such as activation of the inflammatory cascade may be
involved.

Gas Emboli:

Embolic diseases are considered less frequent causes of spinal cord DCS since AGE resulting in ischemia (restriction in
blood supply to tissues) is more likely to affect the more vascular grey matter of the cord rather than the white.

Also, the spinal cord is relatively poorly perfused compared to the brain, and the redistribution of Venous Gas Embolism
(VGE) to the spinal cord will take a finite time. Because of this delay, scientists suggest that VGE cannot account for the
rapidly progressive spinal cord disease observed in some divers soon after surfacing from a dive. A single mechanism
cannot completely explain the varying forms of spinal cord DCS. Most likely, a combination of mechanisms coexists to
explain the observed clinical condition.

Subarachnoid space Spinal cord

Anterior
ramus

- Musculoskeletal DCS:

Musculoskeletal symptoms are common presentations of DCS, but the
pathology is still not well understood.

Specialists consider that radiological evidence of gas in joint spaces, Neuron
periarticular areas, facial planes, and tendon sheaths is occasionally seen, Dendrite Axon terminal
but this is not necessarily the causative lesion because some gas in joint /

space is not usually painful. Node of Ravier

Extravascular bubbles in the sub-periosteal area, tendons, ligaments, joint
capsule, fascia, and muscles are thought to cause pain (see joint drawing in
"skeletal system"). These tissues are tight, and a bubble's development is
likely to distort and stretch the tissue and/or its nerve supply. Bubbles in the
articular vascular supply have been proposed but are unlikely as recurrences
tend to be in the same site.

Bubbles in the myelin sheaths (see drawing) of peripheral nerves and referred
neurological pain have also been incriminated and verified in some cases.
Some reports also suggest that bubble formation in the muscle might provoke
pain via associated sensory fibres.

%

Schwann cell
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Mpyelin sheath B
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Tympanic canal
Filled with perilymph

Organ of corti
Filled with endolymph

- Inner-ear DCS:
The precise mechanism by which inert gas bubbles injure the Internal cochlea Vestibular canal
inner ear is uncertain. Filled with perilymph
The mechanism may involve the formation of bubbles in the '/,’
perilymph (extra-cellular fluid located within the cochlea), \

endolymph (fluid contained in the membranous labyrinth), \)

or associated blood vessels. \)

Also, scientists reported the observation of fractures in the

semicircular canal walls following severe decompression

stress in animals, suggesting that bubbles forming in

restricted spaces may generate immense destructive forces.

It is notable that “pure” inner ear DCS is uncommon following air diving but became well recognized with deep
diving using oxygen-helium mixtures.

This has been attributed to the expansion of silent vestibulocochlear helium bubbles by inward diffusion of nitrogen
following gas switching from oxygen-helium mixes to air during decompression: The inner ear can receive helium
from its own blood supply and from gas that passes across the round and oval windows bordering the middle-ear
space. Thus, the perilymph can become saturated with this gas and rapidly reach a steady-state of gas content. The
bubbling that develops during decompression may then disrupt the delicate inner-ear structures.

- Peripheral nerve DCS:

Autochthonous bubble formation in the myelin of peripheral nerves will result in patchy sensory damage or motor
impairment, predominantly involving the limbs. Usual symptoms are tingling, tickling, prickling, pricking, numbness,
and weakness. Pain may be related to a major plexus and maybe long-lasting. The differentiation between peripheral
nerve and an incomplete spinal lesion is important because the prognosis is less worrisome if the clinical symptoms are
due only to peripheral nerve involvement.

- Cardiopulmonary DCS:
The first micro-vessels encountered by venous bubbles are the pulmonary capillaries. It has been demonstrated that
bubbles generated by decompression or directly infused into the venous circulation become trapped there. The time
course for subsequent bubble resolution by diffusion into the alveoli is inversely proportional to embolic gas volume but
can be accelerated by oxygen breathing. It is possible to establish a state in which the rate of venous gas infusion is
equalled by its clearance by the lungs.
The lungs can trap and excrete venous bubbles. However, the pulmonary bubble filter may be overwhelmed by excessive
venous bubbling.
Factors other than the degree of bubbling have also been identified as promoting, or being associated with, bubble
redistribution through the pulmonary capillary bed. These factors include:

« Elevation of pulmonary artery pressure

« Decrease in mean systemic arterial pressure

« Recompression

« Administration of “aminophylline” (used in the treatment of asthma or chronic obstructive pulmonary decease)

« Pulmonary oxygen toxicity
The obstruction of pulmonary vessels by bubbles may be accompanied by:

« Damage to the endothelium.

« Accumulation of leukocytes.

« Release of “thromboxanes” (synthesized by platelets and is an inducer of platelet aggregation and platelet

release functions and is a vasoconstrictor)
« Release of “leukotrienes” (molecules produced in response to allergen exposure, and contributing to allergy
symptoms).

« Damage to the blood-lung barrier

« Release of vaso-active substances.
There may be hypoxemia (deficient oxygenation of the blood) due to either a ventilation-perfusion mismatch or
pulmonary oedema generated by elevated transcapillary pressure and plasma leakage through damaged or inflamed
endothelium. Ultimately, there may be cardiac decompensation, respiratory arrest, and death.
To complete this point, some doctors thought that AGE might be triggered when bubbles enter the coronary arteries,
especially if the diver is horizontal. But, venous bubbles may also cross an interatrial shunt, such as a patent foramen
ovale (PFO). In asymptomatic persons, flow across a PFO, if any, is usually from left to right.
There is evidence that such shunting may be important in human DCS:
In recent studies, hyperbaric doctors found shunts in 52.0% of 100 divers with neurological DCS, compared with 12.2%
of 123 diver controls without DCS. In a subgroup of 38 divers with spinal DCS, 26 (68.4%) had medium to large PFO
shunts. The same authors also found a strong association between cutaneous DCS and patent foramen ovale (PFO). They
showed that 47 of 61 divers with cutaneous DCS had a PFO, compared with 34 of 123 divers who had never suffered
DCS. Using magnetic resonance imaging, another team detected multiple asymptomatic brain lesions only in those
divers. With a large PFO. thus data suggest a relationship between serious DCS and a large PFO
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Factors influencing the likelihood of DCS in saturation:

Some physiological and environmental factors influencing the blood supply to tissues and, therefore, the speed of gas
uptake or release are known to increase the likelihood or severity of DCS:

- Physical activity (exercise):

The physical activities performed at depth are likely to increase the blood supply to the muscular tissues and increase the
rate of inert gas absorption. Some specialists indicate that the decompression requirements can be increased by 3,
depending on the physical efforts.

This is perhaps due to increased cavitation from “tribonucleation” (creation of bubble nuclei through surface friction) or
to “turbulence” (flow regime characterized by chaotic and unpredictable property changes).

Intense physical activities during or after decompression results in an increase in bubble development speed and the
number of bubbles. Thus, it is likely to trigger decompression sickness (DCS)

A mild exercise during decompression, if the diver is in the state of “supersaturation” (state of a solution which contains
more dissolved material than it could be dissolved under normal circumstances) and the bubble growth have not incurred,
is thought by specialists as increasing the rate of gas elimination, perhaps by increasing tissue perfusion.

Thus, during decompression, periodic walking in the compression chamber is to be encouraged.

- Physical fitness:

Due to its relationship to more efficient muscular use and blood flow, physical fitness seems to be of some protective
value to divers.

- Obesity:
Inert gas (N2 or H2) have an affinity to fat. Thus, obesity increases the tissue mass available to absorb more inert gas and
may increase DCS in longer-duration dives. Nitrogen is 4.5 times more soluble in fat than in water and non-fatty tissue.

- Environmental temperature:

According to doctor Edmonds, the temperature may influence DCS by its influence on perfusion (increased temperature
producing increased blood flow) and solubility (lowered temperature producing increased gas solubility). The divers
exposed to cold at maximum depth may have less tissue perfusion and DCS possibility than divers in hot-water suits.

If the diver becomes mildly hypothermic, eliminating the inert gas is decreased, and DCS is more likely. In some studies,
the perfusion rate in muscle was halved, thus doubling the required decompression duration.

The divers who become cold during decompression have a lowered perfusion of tissues during ascent, less gas uptake
from the tissues, and more DCS possibility. The opposite occurs in warmer conditions. It is better to be warm during
decompression because the nitrogen or He elimination is increased.

After the dive, exposure to sudden excessive heat (such as with a hot shower) produces increased superficial blood flow
and lowered solubility of gas, resulting in a bolus of nitrogen or He being mobilized, with gas-phase separation and
delivery to the lungs. Both skin and generalized DCS manifestations could develop.

- Carbon dioxide retention:

Increased carbon dioxide pressures from the effects of pressure, exercise, or breathing resistance with equipment may
cause increased perfusion during the dive, with increased nitrogen loading. It is also a factor with inadequate ventilation
in chambers and helmets.

- Dehydration:

While diving, dehydration caused by the water loss from respiration, physical activity, external temperature, and the non-
replacement of fluid reduce the perfusion of tissues and thus the elimination of inert gas.

- Age:

Increasing age increases DCS incidence, possibly due to impaired perfusion or already damaged vessels being more
susceptible to other flow interferences. Abnormalities and degeneration within joint surfaces also increase the likelihood
of tribonucleation in the aged.

- Alcohol:

Alcohol is strictly forbidden on worksites and influences dehydration, vasodilatation, heat loss. Thus aggravating DCS.
- Physical injury:

Physical injury, such as a sprained joint or a previous decompression sickness (DCS), may predispose to DCS due to
scarring and alterations in local tissue perfusion. Thus, some clinicians are concerned that spinal operations may be
associated with spinal DCS risk.

- Position when decompressing:

Decompression staging in a horizontal position in the chamber results in an increased gas elimination rate compared with
seated positions.

- Dive profiles (saturation):

Uncontrolled upward excursions during bell run expose the divers to massive bubbling. These effects are increased in the
case of an upward excursion following a downward excursion. Regarding this point, the UK HSE study "Excursion
tables in saturation diving decompression implications of current UK practice" shows the relationship between the
magnitude of the excursion, the pressure from which the excursion starts, and the volume of gas which is predicted to
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form into bubbles.

In cases of saturation profiles with frequent changes of storage levels resulting in successive decompressions and
recompressions outside the limits of standard excursions, bubbles are likely to form during the ascents and are reduced
during the subsequent compression, allowing them to escape through the pulmonary filter into the tissues, as with surface
supplied dives “yoyo profile” consisting of coming up and down during the dive frequently (see the scheme below).
Decompression illness is then possible. It is the reason organizations such as NORSOK and the French ministry of labour
promote saturation profiles starting the shallowest level to finish the deepest one prior to final decompression.

Time¢ — ——p

Surface
At this level the bubbles which have nested .
have expanded and are stuck. They cannot The stops will not be
At this level, small bubbles return in the blood circulation : The diver is sufficient to solve the problem
and nuclei are produced and in condition to develop the accident
normally eliminated by the T~
pulmonary filter
.
A S
“ >
Depth ¥

During the ascent, the
nuclei and the bubbles
start to expand

During the descent the
nuclei are sufficiently
reduced to pass from the
pulmonary filter into the N
arterial system

Because the small circulation is g
directly linked to the brain, @@
there is possibility for the %. 7
bubbles and nuclei to nest there

Another up and down
can have the same effect,
with a duration of the
exposure to pressure not
sufficiently long to
remove the bubbles
already stuck. In fact it
can worsen the situation

The nuclei can merge
together and build
new bubbles.

- Interval following saturation:

Linked to the phenomenon described above, exposure to pressure immediately following a saturation is likely to trigger a
decompression accident. The phenomenon is possible because the restitution of helium is widely slower than nitrogen.
Thus there will be residual tension in the body several days following a saturation. Also, the effects of repeated long
hyperbaric exposures are still unknown. It is the reason for the minimum intervals indicated in DMAC 21 or the
NORMAM 15 procedures.

- Exposure to altitude and travelling by flight:

Altitude exposure can induce DCS days after a dive, especially from repetitive, long, or saturation dives by producing or
expanding existing bubbles. Air travel may also predispose to DCS because the cabin is not pressurized to the sea level
but at a higher altitude, and the dry atmosphere of the cabin increases the dehydration effect, which must be compensated
by fluid intake. It is the reason DMAC 7 "Flying after diving: Recommendations" has been published and should be
applied.

- Adaptation

A factor reducing the likelihood of developing DCS is the acclimatization to repetitive pressurizations. Several records
have highlighted that decompression sickness is more probable in the 1st week of diving operations. A theoretical
explanation for this adaptation is the removal of the naturally occurring gas nuclei, which are thought to be the support on
which the bubble develops. This is the reason divers are advised to work up to their maximum exposures gradually.

- Other factors:

Many other possible endogenous (serum complement, lipids, smooth muscle activating factors, etc.) and exogenous
(smoking, drug addiction, etc.) aggravating factors can be considered.

Symptoms and treatment of decompression sickness

Decompression sickness symptoms can be musculoskeletal pain (classified “Type I”’) or involve the central nervous
system and organs of sense (classified “Type II”’). However, symptoms can develop quickly, and an accident that seems
trivial at first can be the opposite. Due to this subtleness, the diver suffering from decompression sickness should be
questioned about symptoms and report the medic of every change. Also, he must be permanently under observation.
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Type I decompression sickness symptoms can progress quickly to type 2 or be associated with a type 2 accident. For
these reasons, it is recommended to confirm at regular intervals whether the manifestation classified type 1 at first
evolutes to a more damaging occurrence. In case of a doubt, the symptoms should be considered type two.

Symptoms and treatment of classified type 1 decompression sickness:

Symptoms:
1 - Pain:

« The characteristic pain of “type I’ decompression sickness usually begins gradually, is slight when first noticed,
and may be difficult to localize. Following this phase, It may be located in a joint or muscle, increasing in
intensity, and is usually described as a deep, dull ache in a precise area.

« The pain is always present at rest and may or may not be increased by movement of the affected joint. As a result,
the limb may have to be held in certain positions to reduce pain intensity.

« The pain may also lessen if local pressure is applied manually or with a blood pressure cut off.

« Note regarding pain in the thoracic and abdominal areas:

Pain in the abdominal and thoracic areas may be localized to joints between the ribs and spinal column, joints
between the ribs and sternum, present a shooting-type pain that radiates from the back around the body (radial or
girdle pain), or appear as a vague, aching (visceral) pain. Because it is difficult for non-medical personnel to
differentiate between "type I" joint pain and "type II" radial or visceral pain in the abdominal and thoracic areas,
any pain occurring in these regions should be considered as arising from the spinal cord. In this case, the treatment
should be "type 2" decompression sickness.

« Note regarding pain in a knee:

The knee is most often involved in saturation than in surface orientated diving. Divers report that it begins as
knee stiffness that is relieved by motion but increases to pain over a period of several hours.

Care must be taken to distinguish knee pain from compression arthralgia or injury incurred during the dive from
pain due to decompression sickness. This can usually be done by obtaining a clear history of the onset of

symptoms and their progression. Pain or soreness present prior to decompression and unchanged after ascent is
unlikely to be decompression sickness.

2 - Cutaneous (skin):

« The most common skin manifestation is itching. Itching by itself is generally transient and does not require
recompression.

« Skin rashes may be present in conjunction with itching. These rashes also are transient and do not require
recompression.

« Mottling or marbling of the skin is a symptom of decompression sickness and should be treated by
recompression. This condition starts as intense itching, progresses to redness, and then gives way to a patchy,
dark bluish discolorations of the skin. The skin may feel thickened. In some cases, the rash may be raised.

3 - Lymphatic:

« Lymphatic obstruction may occur, creating localized pain in involved lymph nodes and swelling of the tissues
drained by these nodes. Recompression will usually provide prompt relief from pain. However, the swelling may
take longer to resolve completely and may still be present at the completion of treatment.

Treatment:

- Type I Decompression Sickness that occurs during an Upward Excursion or within 60 minutes immediately after an
upward Excursion should be treated in the same manner as Type II Decompression Sickness, as it may herald the onset
of more severe symptoms.

- Type I Decompression Sickness occurring more than 60 minutes after an Upward Excursion, or during saturation
decompression should be treated by recompressing in increments of 1 - 1.5 m (5 fsw) per minute until a distinct
improvement of the symptoms. Note that recompression of more than 9 m (30 fsw) is usually unnecessary. Then,
depending on the decision of the diving medical specialist, US Navy or COMEX method can be selected:

« US Navy method:
Once the treatment depth is reached, the stricken diver is given a treatment gas, by BIBS mask, with an

oxygen partial pressure between 1.5 and 2.8 ATA. Interrupt treatment gas breathing every 25 minutes with
5 minutes of breathing chamber atmosphere.

The diver should remain at treatment depth for at least 2 hours on treatment gas following the resolution of
symptoms.

Decompression can then be resumed using standard saturation decompression rates.

Further Upward Excursions are not permitted.

« COMEX method:

Put the patient on BIBS,to breath heliox for 60 minutes, and without interruption, the mix indicated in the
table on the next page.

Note the time of relief.
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Table Cx B
Put divers on BIBS for 60 minutes without interruption
>
Depth of treatment Mix to be used
0 - 18 metres Oxygen
19 - 40 metres Heliox 50/50
41 - 110 metres Heliox 20/80
111 - 210 metres Heliox 10/90
211 - 360 metres Heliox 5/95
361 - 450 metres Heliox 3/97
N
After successful treatment, resume decompression

N

Apply standard heliox saturation decompression

- No relief after 15 minutes: Apply the table Cx SB below
- No relief or worsening of symptoms: Apply table Cx N (for treatment of “type 2” accident)
- Recurrence: Apply a second table CX B

Table Cx SB

Put diver on BIBS (25 minutes on + 5 minutes off)

N

Depth of accident Depth of treatment BIB:UE;:;)t:ing Mix to be used
0 - 18 metres Plus 6 metres 120 minutes Oxygen
13 - 31 metres Plus 9 metres 120 minutes Heliox 50/50
32 - 98 metres Plus 12 metres 120 minutes Heliox 20/80
99 - 195 metres Plus 15 metres 120 minutes Heliox 10/90
196 - 345 metres Plus 15 metres 120 minutes Heliox 5/95
346 - 450 metres Plus 15 metres 120 minutes Heliox 3/97

After successful treatment, resume decompression

N

Apply standard heliox saturation decompression

- No relief or worsening of symptoms: Apply table Cx N
- Recurrence: Apply table CX B
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Symptoms and treatment Type 2 decompression sickness:

Type 11 Decompression Sickness in saturation diving most often occurs as a result of an Upward Excursion. The onset of
symptoms is usually rapid, occurring during the Upward Excursion or within the first hour following an excursion ascent.

Symptoms:
- In the early stages, symptoms of Type 2 decompression sickness may not be obvious, and the stricken diver may consider
them inconsequential.

- Many “type II” symptoms are similar to those of Arterial Gas Embolism (AGE), although the time course is generally
longer (AGE usually occurs within 10 minutes of surfacing). Since the initial treatment of these two conditions is the
same, and subsequent treatment conditions are based on the patient's response to treatment, treatment should not be
delayed unnecessarily to diagnose severely ill patients (see initial evaluation).

- Type 11, or serious symptoms, are divided into neurological and cardio-respiratory symptoms. Type I symptoms may or
may not be present at the same time.
1 - Neurological symptoms
o Numbness
» Tingling
« Decreased sensation to touch.
« Tingling, "pins and needles", or "electric sensations".
« Muscle weakness or paralysis.
« Mental status or motor performance alterations
« Vertigo or/and dizziness.

« Ringing in the ears and hearing loss can also occur. (These symptoms may be difficult to distinguish from a round
or oval window rupture).

« Disturbances of higher brain function may result in personality changes.
« Amnesia, bizarre behavior, lightheadedness, in-coordination, and tremors.
« Lower spinal cord involvement can disrupt urinary function.
« Some of these signs may be subtle and can be overlooked or dismissed by the stricken diver as being of no
consequence.
2 - Pulmonary symptoms

« If profuse intra-vascular bubbling (chokes) occurs, symptoms may develop due to the congestion of the lung
circulation

« Chest pain aggravated by inspiration and/or as an irritating cough.

« Increased breathing rate is usually observed.

« Increasing lung congestion may progress to complete circulatory collapse,

« Loss of consciousness and death if recompression is not instituted immediately.

Treatment

- Type II decompression sickness resulting from an upward excursion is a medical emergency and should be treated by
immediate recompression at 9 m/ min (30 fsw/min) to the depth from which the upward excursion originated.

- When Type II Decompression Sickness symptoms do not occur in association with an upward excursion, depending on
the decision of the diving medical specialist, US Navy or COMEX method can be selected:
« US Navy procedure:
Compression at 1 - 1.5 m/min (5 fsw/min) to the depth where distinct improvement takes place.
Upon reaching treatment depth, symptoms usually begin to abate rapidly.
If symptoms are not significantly improved within 5 to 10 minutes at the initial treatment depth, deeper
recompression at the recommendation of a Saturation Diving Medical Specialist should be started until
significant relief is obtained.
After reaching the final treatment depth, treatment gas with an oxygen partial pressure of 1.5 to 2.8 ATA
should be administered to the casualty for 25-minute periods interspersed with 5 minutes of breathing
chamber atmosphere.
Treatment gas should be administered for at least 2 hours and the divers should remain at the final
treatment depth for at least 12 hours following resolution of symptoms.
Decompression can then be resumed using standard saturation decompression using rates shown in the
table next page. Further Upward Excursions are not permitted.

« COMEX procedure CX N:
Recompress the patient 20 metres deeper than the depth at which the accident occurred.

Put the patient on BIBS as per the table on the next page (25 min on + 5 min off)
Note the depth and time of relief.
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Recompress the diver 20 metres deeper than the depth of accident

N

Put diver on BIBS (25 minutes on + 5 minutes off)

7

Depth of treatment after

BIBS breathing duration

Mix to be used

recompression
20 - 40 metres 120 minutes Heliox 50/50
41 - 110 metres 180 minutes Heliox 20/80

111 - 210 metres

240 minutes

Heliox 10/90

211 - 360 metres 300 minutes Heliox 5/95
361 - 450 metres 360 minutes Heliox 3/97
346 - 450 metres 120 minutes Heliox 3/97

N

decompression

After successful treatment, hold at treatment depth for 6 hours, then resume

N

Apply heliox saturation decompression:
- 60 minutes/metre from 200 to 15 m. (PPO2 = 600 to 630 Mb)
- 120 minutes/metre from 15 m to surface (O2 percentage < 23%)

US Navy saturation decompression sickness treatment flow chart

Start treatment at 1.5

Continue / resume

Recompress to storage Improvement

—>

Yes — to2.8 ATA PPO2

treatment gas at least 2

depth @ 30 ft/mi within
P @ i 10 min 25’ on/ 5’ off hours
No :
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Recompress to depth

of improvement
@ 5 ft/min
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Excursion
@ within past
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f
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under the control of the

DMS until relief is
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following the
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|

Resume standard saturation
decompression
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authorized

Remain at treatment
depth at least 2 hrs
following the
resolution of symptoms

Recompress to depth
of improvement
@ 5 ft/min

>

Start treatment at 1.5
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hours

—>|
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Precautions when evaluating a decompression accident

The basic rule is that any uncertain and suspicious case must be treated.

If the victim is treated promptly, the illness's progression is usually stopped, and the person is often cured even though a
wrong table is selected. A treatment that proves inadequate is often due to an inaccurate evaluation of the symptoms or a
lack of follow-up.

A usual error is that following the first diagnosis, it is assumed that the victim suffers from type 1 accident only. Thus,
the diver receives a type 1 treatment without further examination. This is an error for the following reasons:

« The diver may have pain typical of a spinal bit and not know the difference.

« The diver may truly have joint pain and have symptoms of spinal cord DCS, which he hasn't noticed but could
be detected with a neuro exam.

For the reasons indicated above, if a diver reports pain, it must be determined whether it is a joint pain or spinal cord
pain. If it is a joint pain, a careful neuro-examination must be done to ensure that serious symptoms are not present. If a
diver reports a neurological symptom, this can quickly be verified, if necessary, he should be immediately recompressed.

Post treatment procedures

Chamber proximity & post-Treatment Observation Period:

This point discusses post-treatment performed at the arrival of the saturation dive and not of treatment performed after
eventual recompression.

Patient observation time near the recompression facility and:
A patient should remain at less than 15 minutes of a recompression facility for 24 hours and be accompanied throughout
that period. He should not be released unless the Diving Medical Specialist authorizes him.

Evacuation to a hospital immediately after surfacing:

Patients treated are likely to be evacuated to a medical facility for a hospitalisation period immediately after surfacing
from the treatment. Such evacuation is done only on the recommendation of the Diving Medical Specialist (doctor) in
charge.

This medical evacuation (MEDEVAC) should be organized with medical personnel trained to transfer patients suffering
DCS or AGE. In the eventuality that this personnel is missing, diver medics may be used with the approval of the Diving
Medical Specialist. During this transfer, the patient should breathe 100 percent oxygen.

Air transfer may be necessary for medical or logistical reasons. However, the Diving Medical Specialist should decide
whether this procedure is suitable.

As the aircraft cabin is usually not or insufficiently pressurized, it must fly as low as safely possible and never expose the
casualty to an altitude above 300 m (1,000 feet). To compensate for the depression in the aircraft cabin, and if available,
an emergency evacuation hyperbaric stretcher that maintains the patient at the sea level pressure (1.013 bar) can be used
if the Diving Medical Specialist allows for it..

As an example of a hyperbaric stretcher, the
model in the photo is the SOS Hyperlite
hyperbaric stretcher JFD.

Residual Symptoms.

After completion of the initial recompression treatment and after a surface interval sufficient to allow complete medical
evaluation, additional recompression treatments may be organized by the Diving Medical Specialist. These treatments are
more often performed in the hyperbaric hospital, but it may happen that the diving medical Specialist request some
sessions on board for several reasons.
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In the case that some complementary treatments are undertaken, the team in charge must be aware that it is common that
some residual symptoms may remain unchanged during the first one or two treatments. The delay time between
completion of initial treatment and the beginning of follow-up hyperbaric treatments is known to decrease the probability
of benefit from additional treatments, but this is not a valid reason to preclude follow-up treatments.

The follow up of the patient must be the same as for the initial recompression. Such treatments should be continued until
the Diving Medical Specialist judges that there is no further benefit noted.

Post-Treatment Transfer:

The decision to transfer the patient to his home after successful treatment or to a unit for further recompressions is only
from the Diving Medical Specialist. Without any clear guidance from the Diving Medical Specialist, the patient must stay
on the job site.

The patient may have a handicap resulting from the decompression illness. Regarding this problem, the US Navy says:
“If ambulatory patients are sent home, they should always be accompanied by someone familiar with their condition who
can return them to the recompression facility should the need arise.”

Most of the time, the patient will return to his home by flight. In this case, the recommendations from DMAC 7 (see
below) are to be applied as a minimum:

Minimum time from completion of therapy

Table 2: (completion of recompression treatment)
Following therapy for DCI, advice must be sought from a diving
medical specialist 2000 feet (600 m) All other flights

2.1 - Immediate and complete resolution of symptoms on first

. 24 hours 72 hours
recompression

2.2 - Cases without immediate response or with residual symptoms must be
decided on an individual basis by a diving medical specialist. Consult a diving medical specialist
Generally wait as long as practical

Residual risks will be reduced by giving 100% oxygen during the flight. Following landing the diver should be assessed
by a diving medical specialist.
DCl in Flight:

In most circumstances, the medical decisions concerning an air passenger who develops symptoms of decompression
illness during flight will be the responsibility of the air crew and airline. The following guidance may be helpful.

o Where the diver’s symptoms consist only of pain in a limb, the diver should be treated with analgesics, oral fluids,
and oxygen if available. Advice should be sought from a diving medical specialist. It may be possible for the plane
to continue to its destination without diversion or adjustment of altitude, but the risk of development of more
serious symptoms, the duration of flight and route need to be considered.

o When the diver has any other symptoms, immediate advice should be sought from a diving medical specialist. The
diver should be given 100% oxygen and oral fluids. Reduction in cabin altitude and diversion to an airport where
further treatment can be given may be necessary.

Assessing Fitness to Return to Diving (DMAC 13):

The DMAC (Diving Medical Advisory Committee) suggests the following minimum intervals before returning to diving
after decompression illness. Please consider that the Diving Medical Specialist is the only person who can make the final
decision. In some cases, he may decide on longer intervals to complete the investigations required.

The period begins after the completion of successful treatment (there are no residual manifestations).
A - Limb pain, or non-specific manifestations only:
1) With uncomplicated recovery: 7 days
2) Where there has been a recurrence or relapse requiring further recompression: 14 days
B - Neurological or pulmonary manifestations (Refurn to diving only after a review by a Diving Medical Specialist):
1) Sensory disturbance ONLY (paraesthesia or loss of sensation): 28 days.
2) All other neurological or pulmonary symptoms: 3 months
C - Cutaneous and lymphatic manifestations without neurological involvement, i.e. skin rash with severe itching or

marbling (Cutis Marmorata) or swelling of tissues: 28 days (the diver should be assessed by a Diving Medical
Specialist).

D - Pulmonary barotrauma resulting in a pneumothorax or mediastinal/subcutaneous emphysema. Following appropriate
investigation, including High-resolution computed tomography (HRCT) of chest, a diver may be considered fit to
return to diving, but no earlier than 3 months after complete recovery.

E - In cases where there are significant residual neurological manifestations, even after repeated treatment, the diver
should normally be considered unfit to dive. Return to diving should only be permitted if sanctioned by a diving
medicine specialist.

Diving & ROV specialists - Saturation diving handbook / Book #4 - Page 137 of 302



W~
% Tables of contents

Prevention

The respect of the excursion tables and the procedures indicated in this manual is the base to avoid decompression
accidents. But it must be remembered that a decompression accident can happen despite safety procedures that are in
place. For this reason, recovery procedures must be in place at all times.

« Divers must be regularly medically checked. Investigation for diseases such as “patent ductus arteriosus” and
“septal defect” should be performed.

« Divers must have basic Ist aid qualifications and be trained to detect the symptoms of decompression accidents.

» Regarding the diver medic during saturation diving, DMAC 11 “provision of first aid” recommends the
following:

One trained diver medic must remain outside the chamber at all times for purposes of communications and
provision of equipment. This role can be met by a rig medic or nurse or by a member of the dive team with
medic training.

A minimum of two trained diver medics should be pressurized in the chamber system. A lower level of
provision could result in the situation where the only trained diver medic is the casualty.

Where a saturation system is operating with chambers at different depths, all divers must retain rapid access
to a trained diver medic. Of course, this point does not apply with only two divers in the system.

o There must be direct communication (satellite phone) with the Diving Medical Specialist in the chamber control,
and if possible, in the chamber (Fathom system). Also, there must be a system allowing the doctor to follow up
remotely the casualty’s vital parameters.

« Sufficient treatment gas must be available. Prudence consists of being always above the minimum indicated in
IMCA D 050

« An emergency medical kit conforming at least to the list of DMAC 15 must be available in chambers and in the
bell (This list is in “Part E ** Medical check list and records” of this book)

Investigations regarding the use of antibiotics

In an article published the 8/21/19, it is said that US Naval Medical Research Center (NMRC) scientists explained that an
additio