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Disclaimer 

• I declare no real or potential conflict of interest. 
 

• Any views or opinions presented in this presentation 
are solely those of the author and do not necessarily 
represent those of any organization that author 
belongs to, including EUBS and ECHM. 
 

• All pictures are presented here either  
by the courtesy of their authors or taken  
from public websites for non-commercial use. 

  
Assoc. Prof. Jacek Kot, MD, PhD 

Head of National Center for Hyperbaric Medicine of Poland 
President of the EUBS 

General Secretary of the ECHM 
Medical Consultant of DAN Europe 



Extreme recreational diving 
Jacek Kot, 2018 

3 | 65 

Bühlmann Symposium 
Zürich Switzerland 2019 

Professor A A Bühlmann 

 Hans Keller 

and 

From - 

TAUCH MEDIZIN 

Springer-Verlag 1983 ▬▬▬▬ 

→ 

→ 
Hans Keller planted the 
Swiss flag at 1000 feet 
off California 
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Deepest underwater cave in the world 
Krzysztof Starnawski _ National Geographic _ 2017 

Courtesy of Krzysztof Starnawski (Poland) 
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Types of recreational diving 
Safe 

 
• Up to 30 m 
• Compressed air in open 

circuit 
• With a buddy 
• In comfort conditions 

(temperature, waves, 
visibility, currents, flora & 
fauna) 

Increased risk 
 

• Between 30 and 50 m 
• With basic breathing 

mixtures (nitrox and 
oxygen) including SCR 

• Solo 
• In difficult conditions 

(night, under ice) 

High risk 
(“technical”) 

 
• Over 50 m (down to 300 

m) 
• With many breathing 

mixtures, including CCR 
• Solo 
• In extreme conditions 

(caves, wrecks, …) 
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Content 

• Limiting factors 
– Remote locations 
– Oxygen toxicity 
– Inert gas narcosis 
– HPNS 
– Gas density 
– CO2 retention 
– Miscelanea 

• Emergencies 
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Professional vs Recreational diving 

• Professional 

– „for reward” 

– employer’s responsibility 

– controlled by regulations 

– restricted by regulations 

• Recreational 

– „paying fee” 

– self responsibility 

– described by guidelines 

– restricted by „good practice” 

PHYSIOLOGY IS THE SAME !!! 
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Professional vs Recreational diving 

• Professional 
– Previously: 

• MaxD – 300 mH2O 
• MaxT – few weeks 
• Open and Closed circuits  

 
– Actually: 

• The same 

• Recreational 
– Previously: 

• MaxD – 50 mH2O 
• MaxT – 60 minutes 
• Open circuit 

 
– Actually: 

• MaxD – 300 mH2O 
• MaxT – 16 hours 
• Open and Closed circuits 

PHYSIOLOGY IS THE SAME !!! 
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Challenges of extreme  
recreational diving 

 
• Diving in remote locations 

– Problems: medical consultations and evacuations, 
recompression 

 
• Diving to extreme depths 

– Problems: decompression, gas density 
 

• Diving in confined spaces (eg. cave dives) 
– Problems: emergency procedures, rescue missions 
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Examples of extreme dives for 
recreational purposes 

• Diving in remote locations 
– Diving in the North Pole – Polish expedition in 2006 with the 

nearest hyperbaric center 2.000 km 
– Deepest dive at highest altitude – Polish expedition Tilicho 2007 

to a depth of 30 m at 5.000 m ASL with the risk of hypobaric 
hypoxia and Acute Mountain Sickness, High Altitude Cerebral 
Edema, High Altitude Pulmonary Edema 

• Diving in caves 
– Diving in Dos Ojos system of caves with the in-cave distance of 

17 km, to the max depth of 72 m for almost 10 hours (Polish 
expedition) 

– Diving to 315 m using OC with 10 breathing mixtures with the 
max density 10 times greater than air 

– Diving to 331 m using OC (Guiness World Record) 
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Risk versus depth 

• 0+ mH2O  :  Drowning 
• 1+ mH2O  :  + Pulmonary barotrauma 
• 6+ mH2O  :  + Decompression sickness 

 
• 30+ mH2O  :  + Nitrogen narcosis (for compressed air) 
• 50+ mH2O  :  + Oxygen toxicity (for compressed air) 

 
• 150+ mH2O  :  + HPNS 
• 180+ mH2O  :  + Gas mixture density 
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General rules for deep dives 
• Keep control of OXYGEN 

– when depth increases, oxygen fraction must decrease 
• for example: @ 100 m ► maxFiO2 = 12% (PiO2=1,4 bar) 

• Keep control of NITROGEN 
– when depth increases, nitrogen fraction must decrease 

• for example: @ 100 m  ► maxFiN2 = 36% (PiN2=4,0 bar) 

 
• Oxygen and nitrogen can be replaced by: 

 
– Helium  ► HELIOX (O2–He) 

  ► TRIMIX (O2–N2–He) 
 

– Hydrogen  ► HYDRELIOX (O2–He–H2) 
  ► HYDROX (O2–H2) 
 

– Neon ► NEOX (O2–Ne) 
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(Pato)physiology of oxygen partial 
pressure (PPO2) 

3,0 ata – recompression tables (6,0 ata; nitrox 50/50) 

2,8 ata – Oxygen Tolerance Tests 

2,5 ata – hyperbaric oxygenation (HBO) 

2,0 ata – exceptional dives 

1,6 ata – operational dives (decompression) 
1,4 ata – operational dives 

0,5 ata – 50% O2 @ 1 ata – toxic limit 

0,2 ata – 21% O2 @ 1 ata – normoxia  

0,16 ata – 16% O2 @ 1 ata – hypoxia  

1,0 ata – 100% O2 @ 1 ata 
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Oxygen toxicity 

• Cerebral oxygen toxicity 
• Pulmonary oxygen toxicity 
• Whole body oxygen toxicity 

– Oxidative stress 
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Risk of cerebral oxygen toxicity 

• Known factors: 
– PPO2 & Time 
– PPCO2 

– Temperature  
– Immersion 
– Adrenergic state 
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Nitrogen narcosis 

• Also known as: 
– Inert gas narcosis 
– Raptures of the deep 
– Martini effect 

• Reversible alteration in 
consciousness 

• Completely reversed by 
ascending to a shallower 
depth with no long-term 
effects. 

 15 m = 1 Martini 
 30 m = 2 Martini 
 45 m = 3 Martini  
 60 m = 4 Martini  
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Relative narcotic potency of different gases 

Gas Molecular mass Lipid solubility Relative narcotic effect 

He 4 0.015 0.23 

Ne 20 0.019 0.28 

H2 2 0.036 0.55 

N2 28 0.067 1 

A 40 0.14 2.33 

Kr 84 0.43 7.14 

Xe 131 1.70 25.64 

O2 32 0.11 1.7 

CO2 44 1.34 20.0 

Must be added 
to the END! 

END = Equivalent Narcotic Depth 

Should be added 
to the END! 
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HPNS – first symptoms 
• Symptoms 

– Tremor 
– Psychomotor disturbances 
– Balance disturbances 
– Breathing difficulties 
– Nausea 
– Vomiting 
– Loss of consciousness 

 
• Occurence 

– 91 m (Bennett & Dossett) 
– 131 m (Zaltsman) 
– 183 m [30 m/min] (Bennett) 

 
• Test: 15 min / 180 m (Fructus) 

 
• Even if compression is slow (<1 m/min)  

it occurs at depth of 427 – 549 m 
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HPNS - patophysiology 
• Critical volume concept 

– Miller 1961 

• Compression of neuro cell membrane,  
increases rate of signals 

• Reversing 
– Adding of narcotic gas (N2, H2, N2O)  

to expand the membrane volume 
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HPNS versus IGN 
• Counteracting effect of pressure and inert gas narcosis 

 
• Problem of individual susceptibility and managing symptoms during 

fast compressions 
 

• Gradual increase in max depth 
– 150m – 180m – 210m – 240m ... 



Extreme recreational diving 
Jacek Kot, 2018 

21 | 65 

Bühlmann Symposium 
Zürich Switzerland 2019 

Different gases 
• Helium 

– Practically is not narcotic (reversion by pressure) 

• Neon 
– Is not narcotic (reversion by pressure,  

same as for helium), but it has high density 

• Hydrogen 
– Explosive with oxygen (if O2 > 4%) 
– It is more narcotic than helium and neon,  

but less than nitrogen 
– Used for extremely deep dives (when O2 < 4%) 

• Argon 
– Very dense and narcotic 
– Neuroprotective? 

• Xenon 
– Very narcotic, anesthetic at normobaric conditions 
– Cardio- and neuroprotective? 
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CO2 and ventilation 

• CO2 stimulates ventilation - MV, TV, f 
• There is an internal limit of increasing ventilation caused by  CO2 

• Above this limit the PPCO2 raises as CO2 cannot be eliminated 
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Increase in gas density 

• Significant reduction in Maximum  
Voluntary Ventilation (MMV)  
with pressure 
 

• Significant increase in dead space  
(Vd/Vt ) with pressure 

 
• Retention of CO2 

Camporesi & Bosco 

Moon 
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CO2 and LOC 
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CO2 retaining 
• “Whatever its aetiology, the individual tendency to retain CO2  

during exertion appears to be the most important single factor  
in the problem of abnormal PalvCO2 and its potentially serious 
consequences” (Lanphier, 1975) 
 

• Hypercapnia leads to: 
– Loss of consciousness 
– Increases risk for oxygen toxicity,  

nitrogen narcosis and – probably - DCS 

 
• Death of technical diver due to CO2 (David Shaw, CCR, 264 m) 

– Mitchell SJ, Cronjé FJ, Meintjes WA, Britz HC. Fatal respiratory failure during a "technical"  
rebreather dive at extreme pressure. Aviat Space Environ Med. 2007; 78(2): 81-6. 
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CO2 retaining 

• Divers tolerate higher PPCO2  
when compared to non-divers 
 

• Some divers are not able to notice 
hypercapnia (CO2 retainers) 
 

• Hypercapnia is easier noticed  
in low temperatures 
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CNS OxTox  
Max PPO2 Limits 

1.6 bar for decompression 
and eupneic diver* 

1.4 bar for bottom phase  
or CO2 retainers** 

1.2 bar for exercise or heavy work 
or extreme CO2 retainers*** 

* PetCO2 < 50 mmHg during exercise test# 

** PetCO2 50-55 mmHg during exercise test# 

*** PetCO2 > 55 mmHg during exercise test# 

# exercise test with VO2 1.2 – 1.4 L/min  
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Miscelaneous limiting factors 

• Voice distortion – Donald Duck effect 
• Thermoregulation – during helium breathing 
• Quality / gas purity 
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Emergencies in extreme diving 

• No plan for rescue mission 
 

• On-surface O2 decompression (Sur-O2) 
• Not using recompression for mild symptoms  

(eg. skin bends) 
• In-Water Recompression (IWR) 

 
• Long-term complications unknown  

(aseptic bone necrosis?) 
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In-Water Recompression 
• Strongly advised against by ECHM 

– „No In-Water Recompression”  
Type 1 – strongly recommended, Level C of evidences 

 
• No position of UHMS 

 
• Allowed by the panel of experts 

– Mitchell SJ et al. Pre-hospital management of DCI:  
expert review of key principles and controversies.  
Diving Hyperb Med. 2018;48(1):45-55 
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Conclusions 

• When diving to extremely deep depths, exceeding 200 
meters, recreational divers are prone to risks know already 
from professional diving, including Carbon Dioxide retention 
due to increased gas density and High Pressure Neurological 
Syndrome.  

 

• It should be expected that the scope of modern diving 
medicine for recreational divers should be expanded also by 
these subjects which previously were assigned exclusively to 
professional and military divers. 
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