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From UPTD to ESOT. Monitoring pulmonary
oxygen toxicity in surface-oriented diving
Jan Risberg

Pieter-Jan van Ooij Lyubisa Matity

Why care?

Relevance – when should calculation of POT be considered?

Presumed adherence to IMCA/HSE/NORSOK U-100:2015

SaturationTUPSurDIn-water 
decompression

Breating gas 
bottom

Air

Nitrox

Heliox

Marshall&Lambertsen, J Appl Physiol 1961

Clark and Lambertsen 1970

Clark and Lambertsen 1970

pO2=0.83 Atm (N=6)
pO2=0.98 Atm (N=4)
pO2=2.0 Atm (N=11)

Clark and Lambertsen 1970
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Bardin & Lambertsen 1970 
UPTD – Later OTU

𝑈𝑃𝑇𝐷 = 𝑡 ×
0,5

𝑃 − 0,5

షభ,మ

∆𝑉C(%) = −0,01 ∗ (𝑈𝑃𝑇𝐷 − 415)

Hamilton et al. 1988 (Repex)
Accumulated period

exposure (UPTD)
Average daily

exposure (UPTD)
Duration
(days)

8508501
14007002
18606203
21005254
23004605
25204206
26603807
28003508
29703309
310031010

3300>30011>

We did not invent this information. The 
information was developed by others it 
came from experience with oxygen 
exposure and was the best that we could 
find. Our only contribution is to fit it 
together to show how the daily dose can 
be determined as a function of mission 
duration.

• Other measures of POT
– DLCO

– Exhaled
• NO
• VOC

• Longitudinal and cross-sectional
epidemiological studies

1980-2022

• Equivalent Surface Oxygen Time (min)
• 1 ESOT = The hyperoxic exposure 

reached after breathing pO2=1 Atm for 
1 min.
– Conceptually similar to UPTD/OUT

• 60 ESOT
– Exposure for pO2=1 Atm for 

60 min (1h)
– Exposure for pO2=1.4 Atm

for 31 min

ESOT

𝐸𝑆𝑂𝑇 = 𝑡 × 𝑝𝑂ଶ
ଶ.ଶ଼ହ pO2: Atm

t: min

Summary – exposure limit

Minimum surface interval 
(h)

Maximum number of 
successive days of diving

ESOT after 
dive

24†>660

122501-660

125420-500

1210<420

Minimum surface interval: The time required in 
normoxia or air diving only to ignore/zero ESOT 
from the preceding exposure
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Summary of indices reviewed

CommentRecovery 
function

Outcome 
measure

Relationship 
between pO2 and 
time vs VC change

pO2 range 
(kPa)

Exposures 
included

Originally 
proposedIndex

Relationship between pO2 and 
time expressed as UPTD 
(rectangular hyperbola). 
Relationship between UPTD and 
VC was not mathematically 
expressed but tabulated.

(VC)(Rectangular 
hyperbola)84-20321 

Bardin and 
Lambertsen 
1970 [4]

UPTD

VCLinear25-203 440Harabin 1985 
[22]Unnamed

The Repex report holds 
recommendations for limiting 
UPTD’s for multiday exposure, i.e. 
inherent expectations of POT 
recovery

+(VC)Hamilton et 
al. [24]Repex

+VCExponential25-203794Vann 1988 
[7]

FR(1)-VC(2) 
FR(2)-VC(2)

+VC
Exposure: Power
Recovery: 
Exponential

106-30456Arieli et al. 
2002 [8]Arieli K

POT expressed as a likelihood 
function.+

FVC, FEV1, 
FEF25-75% or 
pulmonary 
symptoms 

Exposure: 
Exponential 
Recovery: Sigmoidal 

130-1401352Shykoff 2015 
[5]ROT

Risberg and Van Ooij, UHM 2022;49(4):395-413

Results – continuous exposure Results 130-140 kPa continuous exposure

Shykoff 2015, N=1352
>5200 manhours in water

Results – recovery 150-250 kPa Our conclusions
Estimate
precisionTime:VC

relationshipTime (h)pO2 (kPa)Exposure
KUPTD
--0<5h<100Continuous
Lin>>5h<100Continuous
-Exp*0-10 h130-140Continuous
--Exp0-10 h150Continuous
-Exp0-5 h200-250Continuous
00-4 h200Itermittent

-Sigm or 
Exp0-24h150-250Recovery

Risberg and Van Ooij, UHM 2022;49(4):395-413
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Arieli K and ESOT – the
difference

𝐾 = 𝑡ଶ × 𝑝𝑂ଶ
ସ.ହ଻

𝐸𝑆𝑂𝑇 = 𝑡 × 𝑝𝑂ଶ
ଶ.ଶ଼ହ

𝐸𝑆𝑂𝑇 =  60 × 𝐾 

pO2: Atm
t: h

pO2: Atm
t: min

• Equivalent Surface Oxygen Time
• 1 ESOT = The hyperoxic exposure 

reached after breathing pO2=1 Atm for 
1 min.
– Conceptually similar to UPTD/OTU

ESOT

𝐸𝑆𝑂𝑇 = 𝑡 × 𝑝𝑂ଶ
ଶ.ଶ଼ହ pO2: Atm

t: min

Summary – exposure limit

Minimum surface interval 
(h)

Maximum number of 
successive days of diving

ESOT after 
dive

24†>660

122501-660

125420-500

1210<420

Minimum surface interval: The time required in 
normoxia or air diving only to ignore/zero ESOT 
from the preceding exposure

Do we need hyperoxic monitoring in 
surface-oriented (non-sat) diving?

BG: Air
DC: TUP Air/02

BG: Air
DC: SurDO2

BG: Air
DC: IW air

24/18015/18027/60Profile 
(msw/min)

31214336UPTD

10>10>10
# consecutive 

diving days 
(Repex)

Louis Mackay
Design & Illustration

With Nitrox bottom gas and TUP or 
SurDO2 – yes we need monitoring.

Nitrox + TUP or SurDO2 calls for 
hyperoxic monitoring

BG: Nitrox
DC: TUP Air/O2

BG: Air
DC: TUP Air/02

BG: Nitrox
DC: SurDO2

BG: AirDC: 
SurDO2

BG: Nitrox
DC: IW nitrox

BG: Air
DC: IW air

24/18024/18012/24015/18012/24027/60Profile 
(msw/min)

51731247614346336UPTD

4104>105>10
# consecutive 

diving days 
(Repex)

20 21

22 24

25 26
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• A dive with these segments
– 180 min with pO2=1.3
– 17 min with pO2=1.9 Atm
– 96 min with pO2=1.6 Atm

• Calculus
– 180 min 1.3 Atm

• 328
– 17 min 1.9 atm

• 65
– 96 min 1.6 Atm

• 303
• Total

– 696 (328+65+303)

Calculation of multi-pO2 segmented dives
Time (min)

k
pO2
(Atm) 24018015012090603015

493731251812630.210.5
755647372819950.310.6
10680665340271370.440.7
144108907254361890.600.8
18914111894714724120.790.9
240180150120906030151.001
2982241861491127537191.241.1
3642732281821379146231.521.2
43732827321916410955271.821.3
51838832425919412965322.161.4
60645537930322715276382.531.5
70252743935126317688442.931.6
1040780650520390260130654.331.9
14541091909727545364182916.062.2
1948146112179747304872431228.122.5

• Segments
– 180 min 1.3 Atm

• 180 x 1.82 = 328
– 17 min 1.9 atm

• 17 x 4.33 = 74
– 96 min 1.6 Atm

• 96 x 2.93 = 281
• Total

– 683 (328+74+281)

To calculate it exactly
k

pO2 (Atm)

0.210.5

0.310.6

0.440.7

0.600.8

0.790.9

1.001

1.241.1

1.521.2

1.821.3

2.161.4

2.531.5

2.931.6

4.331.9

6.062.2

8.122.5

A DMAC Guidance note for operational
support

• ESOT is a simple mathematical
transformation of Arieli K

• ESOT respects the Arieli K relationship
between pO2 and time on ΔVC

• ESOT simplifies hyperoxic exposure
monitoring compared to Arieli K

• Similar to UPTD
– ESOT is a single dimension of time
– ESOTs may be added for different 

pO2 segments of a dive
– ESOT express the POT of a 1 min 

exposure to pO2=1 Atm

Summary – part 1

The tricky part
Recovery and threshold limits

• If 2 d recovery*
– 1-2 d exposure: ESOT=660
– 5 d exposure: ESOT=500
– 10 d exposure; ESOT=420

Which exposure limit?
FindingESOTAuthor
ΔVC 2%937Arieli 2019
PPOT=57%937Shykoff 2015
POT 50% after one exposure (PPOT 34%)715Shykoff 2018
"Well tolerated" for 5d, no accumulation <9d 
FEV1 0.16 %/d, 18d for 25% of divers to have 
significant spirometric change (PPOT 16%)

502Shykoff 2008

No PFT changes after 21-25 sessions632-665Thorsen 1998
Pott 2019

No PFT changes after seven days615Örnhagen
1989

*: "Recovery"=Normoxia or air dive only

32 33

34 36

37 40
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The practical consequence

BG: Nitrox
DC: TUP Air/O2

BG: Air
DC: TUP Air/02

BG: Nitrox
DC: SurDO2

BG: AirDC: 
SurDO2

BG: Nitrox
DC: IW nitrox

BG: Air
DC: IW air

24/18024/18012/24015/18012/24027/60Profile 
(msw/min)

51731247614346336UPTD

4104>104>10
# consecutive 

diving days 
(Repex)

73943671934458233ESOT

Not 
recommended5Not 

recommended102No limit# of consecutive
diving days ESOT

• Extremely limited data on >5 successive 
days of hyperoxic exposure

• Exposure limits are heavily based on 
Shykoffs 130-140 kPa exposures

• Suggested limits are probably conservative 
due to
– Divers are resting during decompression
– Air breaks are provided during 

decompression
• Suggested threshold limits will mainly affect 

number of successive days with Nitrox as 
breathing gas with SurDO2 and TUP 
decompression

Summary – part 2

• Very limited data available on 
multiday exposures and in particular
– Multiday exposure with low 

hyperoxic load
– Recovery

• Arieli K/ESOT behaves unexpected for 
multiday exposures ranging 1.1 – 1.4 
Atm

Limitations and caveats

41 42

43


