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Abstract

Decompression sickness can occur in divers even when recommended decompression procedures are followed. Furthermore,
the physiological state of individuals can significantly affect bubbling variability. These informations highlight the need for per-
sonalized input to improve decompression in SCUBA diving. The main objective of this study is to propose a fundamental frame-
work for a new approach to inert gas exchanges. A physiological model of oxygen delivery to organs and tissues has been built
and adapted to nitrogen. The validation of the model was made by transferring the N, to CO,. Under normobaric conditions (air
breathing, oxygen breathing, and static apnea) and hyperbaric conditions, the O, model replicates the reference physiological
Po, (Spearman correlation tests P < 0.001). The inert gas models can simulate inert gas partial pressures under normobaric and
hyperbaric conditions. However, the lack of reference values prevents direct validation of this new model. Therefore, the N,
model has been transferred to CO,. The resulting CO, model has been validated by comparing it with physiological reference
values (Spearman correlation tests P < 0.01). The validity of the CO, model constructed from the N, model demonstrates the
plausibility of this physiological model of inert gas exchanges. In the context of personalized decompression procedures, the
proposed model is of significant interest as it enables the integration of physiological and morphological parameters (blood and
respiratory flows, alveolo-capillary diffusion, respiratory and blood volumes, oxygen consumption rate, fat mass, etc.) into a
model of nitrogen saturation/desaturation, in which oxygen and CO, partial pressures can also be incorporated.

NEW & NOTEWORTHY This is the first model of inert gas transport based on the physiology of respiratory gas. It was built for
O, delivery and validated against literature data; it was then transposed to N, exchanges. The transposition procedure was
checked by transposing the N, model to CO, (and validated against literature data). This model opens the possibility to integrate
physiological and morphological inputs in a personalized decompression procedure in SCUBA diving.

decompression sickness; nitrogen; personalized decompression; physiological model; SCUBA diving

INTRODUCTION

SCUBA diving is a globally practiced recreational activity,
and it serves various professional and recreative purposes
such as aiding civil engineering, military operations, scientific
research, and entertainment. The diverse demographic of
diverse spans from physically fit youths to elderly individuals
with varying health conditions. The spectrum of diving prac-
tices encompasses brief, shallow air dives to deep, protracted
dives with the use of synthetic gas mixtures. Despite signifi-
cant advances in decompression procedures, notably the tran-
sition from decompression tables to diving computers,
incidents of decompression sickness (DCS) still occur.

Epidemiological data collected by the Divers Alert Network
(DAN) has revealed instances of DCS occurrence in divers
who adhere to their dive computer recommendations (1). In

342

Correspondence: M. Theron (Michael.theron@univ-brest.fr).
Submitted 14 May 2024 / Revised 29 October 2024 / Accepted 14 November 2024

8750-7587/25 Copyright © 2025 The Authors. Licensed under Creative Commons Attribution CC-BY 4.0.

addition, long-term adverse effects have been documented
in divers who have no history of diagnosed DCS (2).
Furthermore, it has been observed that the incidence of
“undeserved” DCS remains consistent regardless of the
algorithm used for decompression (3). In the context of
diving, preconditioning encompasses procedures imple-
mented before a dive that can either enhance resistance to
decompression stress or mitigate its severity (4). Studies on
preconditioning strategies have shown that, for a given diver
and dive profile, bubble formation can be significantly altered
by influencing the physiological condition of individuals (5).
Moreover, a recent study has discussed the potential involve-
ment of physiological parameters in bubble formation vari-
ability (6). Cumulatively, these investigations underscore the
necessity for personalized physiological input to enhance
decompression models (Table 1).
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Table 1. Physiological inputs in the model and their reference values

Physiological Parameter Model Parameter

Ventilatory flow Y,
Mean expiratory reserve volume Vaw
Mean functional residual volume Vaig
Hb concentration [Hb]
Hb O, carrying capacity Oxc
O, solubility in plasma 0o,p
N> solubility in plasma 0N, p
CO, solubility in plasma 0lco,p
Alveolar blood volume Vaib
Cardiac output Q
Arterial blood volume V,
Capillary blood volume Ve
Venous blood volume Vv
Tissue volume Vy
Metabolism MO,

Against this backdrop, the primary objective of this study
is to lay the groundwork for a novel approach to inert gas
exchanges in divers. Remarkably, despite more than a cen-
tury of research in this field [since the inception of Haldane’s
model (7)], no decompression model has been based on the
integrated physiology of gas delivery to tissues (8). On one
hand, there exists highly complex mechanistic models
designed to replicate respiratory and/or inert gas exchanges
(9-11). Although these models excel at finely delineating
pathophysiological conditions and gas exchange during an-
esthesia, their complexity far surpasses the requirements for
decompression procedures, rendering their integration into
dive computers challenging. Conversely, Haldanian or
Bliihlmann’s models consider different compartments with-
out establishing a direct connection to biological systems
(12-14). The diffusive models from Hempleman (15) or Hills
(16) aim at reproducing a single organ (an articulation).
Bubble models developed by Hennessy (17), Chappell and
Payne (18), or Hugon (19) encompass various tissues and
organs on a physiological basis. However, in all these instan-
ces, the dynamics of inert gas transfer are predicated on rele-
vant biophysical observations and hypotheses concerning
diffusive and convective capacities, but not on the physio-
logical dynamics of respiratory gas exchanges within the
human body prohibiting the prediction of inert gas but also
of O, and CO, exchange dynamics at the diver’s scale.

In this context, we propose to base a new model of gas
transfer on a well known gas: the O,. In a first step, a physio-
logical model of the O, delivery to organs and tissues is
built. The results of this O, model are compared with refer-
ence physiological values and literature. In a second step,
considering the differences of gas transportation and utili-
zation, we transpose this model to inert gas exchanges.
Nevertheless, due to the lack of experimental data, the N,
model cannot be directly validated, hence, in a third step,
the N, model is transposed to a CO, model that can be vali-
dated against reference values.

MATERIALS AND METHODS

Oxygen Model Structure and Equations

In its simplest structure (see Fig. 1), the model of oxygen
transfer is composed of eight compartments:
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Reference Value Bibliography
8.1L-min”" (21,22)
1L (22)
15L (22)
2.19 mmol-L™" (23)
134 mL-g”" (24)
9.97.10 ° mmol-L "-Pa" (25)
6.19.10"° mmol-L "-Pa~" (26)
2.2510"* mmol-L "Pa~’ (27)
0.5L (28)
4.2 L-min”" (28)
17L (28)
05L (28)
3L (28)
70L
0.119 mmol-min~"kg ™" (28)
e three gaseous one
o inspired air
o airways
o alveolar gas
e four blood compartments
o alveolar blood
o arterial blood
Inspired Air
Air
v
Airways
Aw
K1
Alveolar gas
Alg
K>
Alveolar Blood
\ Alb ,\1
Venous Blood Q Arterial Blood
Vv a
Capillary Blood {==) Diffusive steps
@
s '_> Convective steps
Ks ") Gas compartments
TisauE D Blood compartments
ti : Tissue compartments

Figure 1. Model structure. a, arterial compartment; Alb, alveolar blood
compartment; Alg, alveolar gas compartment; Aw, airways compartment;
¢, capillary blood compartment; Ky, K5, Ks, diffusion coefficient of a gas at
the interface between 1/the airways and the alveolar gas, 2/the alveolar
gas and the alveolar blood, 3/the capillary blood and the corresponding
tissue respectively; Q, cardiac blood flow; ti, tissue compartment; v, ve-
nous compartment; V, ventilatory flow.
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o capillaries blood
o venous blood
* one tissue compartment.

The number of capillary beds and corresponding tissue
compartments can be increased as needed to consider the di-
versity of organs. This point will be addressed in another
work aiming at applying this model to the prevention of DCS.

Exchanges of O, between ambient air and airways on one
hand and between the four blood compartments on the
other hand are due to convective phenomenon (ventilatory
and cardiac pumps). Exchanges at the interfaces

e airways/alveolar gas
e alveolar gas/alveolar blood
e capillary blood/tissue

are due to diffusive phenomena.

Gaseous Compartments

In the inspired air, the oxygen partial pressure is calculated
from the ambient pressure (AP), the water vapor partial pressure
at 37°C (Py,0), and the fraction of O, in the inspired gas (fro).

Po,air = fro,(AP — Py,0) (1)

Considering hyperbaric environments, AP is a known
function of time: AP = f(t).
The following assumptions are made:

e All the compartments’ volumes are constant over time,
hence their derivatives with respect to t are always
equal to O (NB: it is possible to assume that the time de-
rivative of the volume is known, leading to a general
case exposed in the Supplemental calculations S1).

e All the gaseous phases obey Clausius-Clapeyron’s ideal
gas law, namely, PV = nRT.

In the other gaseous compartments, the oxygen partial
pressure (Po,) can be linked to the O, concentration (C) using
the ideal gas law.

In the airways, the ideal gas law writes:

n
Po,aw = %RT = Co,awRT
W

And in the alveolar gas:

Po,alg = %RT — Co,algRT
Alg

with Va,, and Ve mean volumes of gas in the airways and
in the alveolar gas, R: ideal gas constant, and T: absolute
temperature.

The variation of oxygen content in the airways (dn/dt)
depends on the ventilatory convection from ambient air and
diffusion to the alveolar compartment as follows:

dno,a .
T‘EW = V(Co,air — Co,aw) — Kio, (Po,aw — Po,alg)

where V is the ventilatory flow, Kjo, is the diffusion coeffi-
cient between the airways and the alveolar gas, Co,aj, is the
O, concentration in ambient air, Co,aw and Po,aw are the O,
concentration and partial pressure in the airways, and Po,ajg
is the O, partial pressure in the alveolar gas.
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Considering the ideal gas law, the previous equation leads
to:

dPo,aw V(Co,air — Co,aw)RT Ko, (Po,aw — Po,aig)RT

dt Vaw Vaw
and
dPo,aw V(Po,air — Po,aw) — Kio, (Po,aw — Po,alg)RT
dt Vaw
which can be rewritten:
dPg;AW = VLAWPOZAir - %A:])ZRTPOZAW + K{(;;ST Po,alg (1o,)

In a similar way, in the alveolar gas compartment (Alg),
the variation of oxygen content can be described as the result
of diffusion from alveolar gas to alveolar blood (alveolo-cap-
illary diffusion):

dno,a;
d—,ztg = Kio, (Po,aw — Po,alg) — K20, (Po,a1g — Po,alv)

in which Ko, is the diffusion coefficient between the alveo-
lar gas and the alveolar blood and Po, aj, is the oxygen partial
pressure in the alveolar blood.

From this equation, it is possible to write:

dPo,aig  [Kio, (Po,aw — Po,alg) — Ko, (Po,alg — Po,am)IRT
dt VAlg

which can be rewritten as well:
dPo, A RT
d—;g = Vg (K20, + Kio,)Po,alg

RT
+ o— [Ki0,Po,aw + K20,Po,am] (20,)

VAlg
with Vit mean alveolar gas volume.
Blood Compartments

In the blood compartments, the O, concentration depends
on the O, partial pressure through the dissolved O, fraction
and the fraction of O, linked to the hemoglobin (noted Hb in
what follows).

The dissolved O, concentration (Cq4o,) can be computed
from Henry’s law, knowing the oxygen solubility constant in
the plasma (a0,,) and the oxygen partial pressure:

Cdo, = 20,pPo,

The concentration of O, carried on hemoglobin (Co pp) can
be calculated from the Hb saturation (Sat), the O, carrying
capacity of the Hb (Oxc), and the Hb concentration ([Hb]):

Cosz = Sat [Hb} Oxc

The hemoglobin saturation obeys Hill’s equation (20):

Sat — [(a(P%z + bPoz>_1> +1 h

in which
e a =234 x10*and b = 1.5 x 10% if Py, is expressed in
Torr and
e a=5.5x10"and b =2.5 x 10°if P, is expressed in Pa.
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Hence, the total O, concentration (Co,) is a function of the
oxygen partial pressure, noted f(Po,) (see Supplemental cal-
culations S1 for the study of the function f):

-1
-1
Co, = f(Po,) = Ka(sz + bPOZ> ) + 1} [HbJOXC + 40,5 Po,

Considering that in a given compartment i, Qo,i = Vi Co,i,
and our assumption on the constant volumes over time, it is
possible to express the derivative of Qp,; as:

dno,i . dPosio
dt _Vle(POZ') (@)

where
¢ _ a[HbJOxc(3P; + b)
# (B3, + bPoy + 2)?
The variation of oxygen content in the alveolar blood
depends on:
1) on the alveolo-capillary diffusion from alveolar gas,

2) on the oxygen flow to the arterial compartment and
3) on the oxygen flow from the venous compartment:

%o,p

dn b . .
% = K20, (Po,a1g — Po,ai) — QCo,am + QCo,v

(with Q: cardiac blood flow).
That can be written:

dno,ap
dt
Hence, considering Eq. «:
dPo,aib 1
dt  Vapxf'(Po,am)

= K0, (Po,a1g — Po,anw) + Q(Co,v — Co,amb)

[K20, (Po,a1g — Po,a)

+Q(f(Po,y) — f(Po,am))] (30,)

As there is no direct diffusion of oxygen from the arterial
compartment to the surrounding tissues, the variation of ox-
ygen content depends only on I) the inlets from alveolar
blood and 2) the outlets to the capillaries:

dn, . .
d%a = QCo,a — QCo;a

Consequently:
dn, .
d(éza = Q(Co,am — Co,a)
And similarly:
dPOza _ Q

[f(Po,an) — f(Po,a)] (4o,)

dt  V,.f'(Po,)

In the capillaries, the situation is close to the one in
the alveolar blood compartment: the variations of O,
content are due to one diffusive step (to the tissue) and
two convective steps (from arteries and to the venous
compartment):

dn :
40 = QCo, — Couc) ~ Kao, (Po,e — Poyu)

in which K3 is the diffusion coefficient between the capillary
blood and the corresponding tissue.
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Hence:
dPo,c 1 .
e f(P.
dt Ve (pog) 19

—f(Po,c)) — Kzo, (Po,e — Pozti)}

(50,)

At last, the venous situation is equivalent to the arterial
one:

dn, .
% = Q(COZC - COZV)

And:

dPOzv _ Q
dt Vyf' (Po,y)

[f(PozC) - f(Pon)] (602 )

Tissue Compartments

Regarding the calculation of the O, partial pressure in the
tissue compartment, the situation is simpler than in the blood
compartment, as the O, is only present in a dissolved state:

Co,ti

Po,i =
Ao, ti

The variations of O, content in this compartment are the
consequences of the income from the capillary bed and the
oxygen consumption from the metabolism:

dnozti

at = Kso,(Poye — Poyui) = MO,

And, as there is no hemoglobin in tissues, f = 0oyt
Hence:
dPo,i _ 1
dt Vt O‘Ozti

K30, (Po,c — Po,ti) — Moz} (70,)

It is possible to increase the number of tissue compart-
ments considering an equal number of capillaries compart-
ments. For each tissue compartment tia, there is a capillary
compartment co in which:

dno,cy,
C;)tzc = QO((f(POZa) - f(POZCu)) — KS&OZ (POZCu — Pozti:x)

and
dno, tio, .
% = K340, (Po,co — Po,tia) — MOy,
which can be written:
dPOZIi:x o 1

dt Vi %onti [KS&OZ (Pozca — POztiu) — MOZ&}
o Tl

In this system,

$G,-Q and Y MO, - Mo,

1—n 1—n

Po,c, and Py, are the O, partial pressures in the capillaries
and in the tissues o, V.,, and Vi, the volumes of these com-
partments, K3,0, is the diffusion coefficient between the capil-
lary bed and the tissue of interest, oo,r, the O, solubility
coefficient in tio, Q, the blood flow in the capillary bed and
MO, the O, consumption in this tissue.
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Table 2. Oxygen partial pressures reference values by
compartments (breathing air at atmospheric pressure)

Po, Reference Values

Compartments Model Parameter mmHg kPa

Airways Paw 120-130 16.0-17.3
Alveolar gas Paig 100-110 13.3-14.7
Arterial blood Pa 90-98 12.0-131
Venous blood P, 40-50 5.3-6.7
Tissues Py 5-20 0.7-2.7

Oxygen Model Parameters

From Egs. 1-7, and under the assumption that all the
volumes are constant over time, a differential system
can be established, whose numerical resolution gives
access to the oxygen partial pressures over time in any
compartment.

Inputs.
The external input of the system is the inspired oxygen par-
tial pressure (Po,air), which is a function of the ambient pres-
sure (AP) and the oxygen fraction (fro,) (see Eq. a).

The different equations of the model are based on a set of

Kio, (Po,aw — Po,alg)
(Po,alg — Po,arb)

Kzo, =

MO,
(Po,e — Po,ti)
The numerical values obtained from this equation set

(and from the values indicated in Tables 1 and 2) for the
three diffusion coefficients are given in Table 3.

Ko, =

Model Transposition from O, to N>

Once established for O, transport, the set of differential
Egs. 1-7 can be adapted to inert gases, for instance N,. In
fact, this transposition simplifies the equation set since:

1) those gases are only present in a dissolved form and
the problem of hemoglobin transport does not exist
anymore,

2) there is no inert gases metabolism and they will only
accumulate in tissues, or vanish from them.

Consequently, the set of equations defining N, gas trans-
port can be written as follow:

N o dp v V + K, RT Ky, RT
physiological parameters summarized in the Table 1. In the % = WPNzAir - %PNzAW + 1\1;2 Pralg (In,)
. W \\
present paper, these parameters are considered as constants
and are given with their corresponding reference values
(N.B.: Some of them could also be considered as variables dPy,alg _ RT (Kin, + Ko, )Proal
and used as inputs in a model considering cardiorespiratory dt Valg ’ e
and metabolic modifications during a dive). RT
o [Kix, Pryaw 4+ Kon, Prai] 2wn,)
Outputs. Alg
The outputs of the model are the oxygen partial pressures in
the different compartments. Table 2 recapitulates these pa-
. . . . dPnya 1 [K P p (K . ) P } 3x.)
rameters given with their reference values for O, (breathing At oo Vo LN Proatg — P Koy, + Q) + o, QPryy N,
air at atmospheric pressure).
e - dPy Q
Diffusion coefficients. ' - . dtza A (Pn,atb — Prya) (4n,)
In the set of Egs. 1-7, the various diffusion coefficients are a
the following:
i i i dp, . .
e Ko, for the dli'“fusu.)n from the airways to the .alveolar gas, szc _ 1v [O‘NzQPNza B (och a+ KSNZ)PNZC N KgNzPNm} (5x,)
e Ky, for the diffusion from the alveolo-capillary part to t Ve
the capillary, )
o Kjso, for the tissue diffusion. dPy Q
: dtzV = V_ (PN2C - PNzV) (6N2)
Considering a steady state (i.e., %’ = 0), these coefficients v
can be determined respectively from Egs. 1, 2, and 7:
V (Po,air — Po,aw) dPyi K
Kio, = ? ? ot — e (P, — Py 7
> (Po,aw — Po,aig)RT dt ozNztini( Mo ~ Proti) (7n:)
Table 3. Diffusion coefficients determination
Diffusion Coefficients (in mmol'-min~"-Pa~")
0, N, co,
Model Range of Calculated Values Used in Values Used in Values Used in
Diffusion Interface Parameter Values the Model the Model the Model
Airways — alveolar gas Ky 2.0 x107°-6.9 x 103 2.50 x 1073 267 x 103 213 x 103
Alveolar gas — alveolar blood Ko 46 x 1073227 x 1072 7.00 x 1073 7.48 x 1073 5.97 x 1073
Capillary bed — Tissue Ks 1.6 x 1073212 x 102 2.50 x 102 2.67 x10°° 213 x10°°
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Table 4. Coefficients of the equation pH = h(Pco,)

Co 7.6897094

C 0.49083576
C, —0.098342987
Cs 0.0053348381
Cy —0.00011621357

These coefficients have been established with the software
SciDAVis.

In the case of O, transport, the diffusion coefficients Kjo,,
Kzo,, and Kjo, can be determined, as the O, cascade is com-
pletely known. The same approach cannot be applied in the
case of inert gases.

In the present model, coefficients Ky, , Kan,, and Kz, are
defined using the Graham’s law that states that the diffusion
coefficient of a given species is inversely proportional to the
square root of its molecular weight (Mw). Applied to the pres-
ent problem, this law enables to compare the diffusion coef-
ficients of the O, to the ones of another gas (19). This can be

expressed as:
KN2 - MW02 - /g
K02 - MWN2 V28

The calculated diffusion coefficients for N, at atmospheric
pressure are given in Table 4.

Model Transposition from N, to CO,

From the N, transport, it is again possible to transpose the
model and to establish new equations for another respiratory
gas: the CO,.

The two first equations (in the gaseous compartments)
remain identical in their structure:

dPCOZAW _ V V + KICOZRT

- AW P o P
dt VAW CO,Air VAW COAw
Kico,RT (Ico,)
+ #PCOZAlg ’
\"'4
dPco,alg RT
Tt T Vg (Kico: + Kaco,)Peoaig

+ Ve [Kico,Pco,aw + Kaco,Pco,aib| (2c0,)

g

In the blood compartments, the situation is far more com-
plex. Indeed, the CO, is present under three different states: a
dissolved form, a form linked to the Hb (the carbaminohemo-

carried by the blood stream, and the total concentration of
CO, in the blood (Cco,) is given by the McHardy-Visser equa-
tion (29):

Cco, = dco,Pcoy (1 + 10PHPK) <1 - 0.0289 [Hb) >

(3.352 — 0.456Sat) (8.142 — pH)

Hence, the total concentration of CO, in the blood is a
function of the CO, solubility coefficient (oco,), of the CO,
partial pressure (Pco,), of the equilibrium constant of the
CO,/HCO;3™ reaction (pK), of the hemoglobin concentration
([Hb]), the Hb saturation for oxygen (Sat), but also of an
unknown parameter: the blood pH.

In the blood, the pH can be estimated by using two
methods. First, the Henderson-Hasselbalch equation
can be applied to the acid-base couple Pco,/HCO;™ and
writes:

[HCO;] = oco, Pcoy 10PH-PK)

Second, in the absence of metabolic disorder, the [HCO;3]
will be linearly linked to the pH along a line (of slope a) that
passes through a point of coordinates pH = 7.4, [HCO;]| =
24 mmol-L~% In a Davenport diagram (a representation of
the [HCO;]| as a function of the blood pH), it corresponds to
the “buffer line” (30).

Hence,

[HCO;]=apH + b

with a = —-21.6 mmol-L’l/pH and b the coordinate at the ori-
gin (183.84 mmol-LY).

Hence, assuming there are no metabolic disorders, it is
possible to conclude from the two previous equations that:

a.pH + b

Pco, = g(pH) = pH-pK)

Aco, 10<

This function is bijective only into two distinct intervals of
R"+ (]JO;x0 [&] x0; + oo[) and its reciprocal function does not
have any explicit expression. Nevertheless, in a physiological

PH range, it is possible to establish ﬁ(Pcoz), an approxima-
tion of the reciprocal function of g and its derivative

h(Pco,)(see Supplemental calculations S1).
h(Pco,), an approximation of the reciprocal of g, is given by

pH = h(Pco,)
=Co + GInPco, + Cy(InPco,)?
+C3(InPcoy)® + C4(InPcoy)*

globin), and as bicarbonate ions HCOz; . They represent And, considering that: h'(Pco,) :ﬁ, h'(Pco,) its de-
approximately and, respectively, 7, 23, and 70% of the CO, rivative writes: g (h(pcoy))
Table 5. Simulations performed to evaluate the model

Purpose of the Evaluation Criteria Conclusion

Normobaric steady state O, model calibration

CO, model calibration

O, model calibration

N, model behavior description
O, model calibration

CO, model behavior description
O, model calibration

N, model behavior description

Normobaric hyperoxic
Normobaric static apnea

Hyperbaric

Adequation to ref. values
Adequation to ref. values
Adequation to ref. values
Adequation to ref. values

Adequation to ref. values

Validation of O, model in steady state

Validation of the transposition process

Validation of O, model in hypertoxic steady state
Logical behavior

Validation of O, model during dynamic changes
Logical behavior

Validation of O, model in hyperbaric steady state
Logical behavior
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OLcozl()(h(PCOz)*PK)
a— (a h(Pco,) + b)Inl0
It is now possible to express the total CO, concentration

from a modified McHardy-Visser equation (V) (29) as a func-
tion of Pco,:

h' (Pcoy) =

Cco, = ¥(Pco,) = 0co,Pco, (1 + 1oﬁ<P°°2>—PK>
0.0289 [Hb]
x |1— -
(3.352 — 0.456 Sat) (8.142 — h(Pcoy)

Similarly to what has been done for the O,, as, in a given
compartment i,

Nco,i = Vi Ceoi

it is possible to express the derivative of nco,; as:

dnco i . dPCO i
dt 1l Vl dt 21 lP,(PCOZi)

with:

—h'(Pcoyi)Pcoyi
p)

(1 + loh(PCozi)*pK)
(8142 ~ (Peoy))

W' (Pco,i) = oco,

0.0289[HDb]
| 3.352 - 0.456Sat

) [1 + 107 (Peo) -PK
8.412 — h(Pcoy)

x(1 + Pgo,; In10 x b (Pcozi))}

From these elements, it is now possible to establish the
differential equations for the four blood compartments:

dPco,am 1
. : Kaco, (Pco,ae — P
it Van¥ (Poo ) [Kaco, (Pco,alg — Pco,aib)
+Q (¥ (Pco,v) — ¥(Pco,am))] (3co,)
dPco,a Q
dt VoW (Peo) [¥(Pco,am) — ¥(Pcoya)] (4co,)
dPeoye 1 .
dt VoW (Poon) [Q(‘V(Pcoza) ¥(Pcosc))
—Ksco,(Pco,e — PCOZti)} (5¢0,)
dp :
¥ Q [¥(Pcoye) — ¥ (Pco,v)] (6co,)

dt  Vy¥(Pcoyy)

Regarding the calculation of the CO, partial pressure in
the tissue compartment, the situation is simpler than in the
blood compartment, as the carbon dioxide is only present in
a dissolved state and as bicarbonate. The total CO, concen-
tration can be expressed as:

Cco, = 0€0,PCco, + (01€0,Pc0,10PH-PK))

Considering again that the pH can be expressed from Pco,
with the same function pH = h(Pco,) used in the case of
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blood compartments, it is possible to rewrite the total CO,
concentration:

Cco, = O(Pcoy) = 4c0,Pcoy(1 + 100 (Peo2)-PK)

Leading to
@' (Pco,) = aco, (1 + 100 (Peo2)—pk (1 + Pco,(In10)h’ (Pcoz)))

At last, it is here necessary to introduce the respiratory
quotient (Rq) defined as the ratio between the CO, produc-
tion and the O, consumption rates:

_Vco,

M02

Finally, the differential equation describing the evolution
of CO, in the tissue compartment writes:

dPcoyi 1

v Poon) {Ksco2 (Pco,e — Pcoyii) + (RQMOZ)]
2

Rq

(7co,)

Again, coefficients Kjco,, Kaco,, and Ksco, have been defined
using the Graham’s law:

Kc02 - MwN, - @
Ky, |MwCO, V44

The calculated diffusion coefficients for CO, at atmos-
pheric pressure are given in the Table 5.

Model Evaluation

Normobaric steady-state simulation.

In the first step, the model is evaluated in a steady state at
atmospheric pressure with an O, fraction corresponding to
the ambient air. In this condition, the model is supposed to
reach a steady state at the physiological O, partial pressures.

Normobaric hyperoxic simulation.

In a second phase, after 20 min of steady state, a 20-min
exposure to pure O, followed by a return to air breathing is
simulated. Modifications in O, and N, partial pressures in
alveolar gas, arterial blood, venous blood, and tissue com-
partment were calculated as well as the time constant for
these compartments (t;;;). After an instantaneous change
in the partial pressure of a gas in the breathing mixture
(the ambient air), the partial pressure of this gas will
change in the different compartments of the model to
reach a new steady state. The t;;; in a given compartment
is defined as the time needed for a gas partial pressure to
reach 50% of its new value. It is important to note that
here, the ty/, are calculated from the gas partial pressure
evolution and not defined a priori.

Normobaric static apnea simulation.

To go on with the analysis of the model numerical behavior,
after 20 min of steady state, the ventilatory flow is stopped
(set to 0) during a period of 2 min and then restored at 8.1
L'min . The simulation is made with Q = L-min ! and
assuming an initial hyperventilation before the apnea (at 16
L-min~! during 0.2 min) and of a 1-min ventilatory response
after the apnea (ventilatory flow: 50 L-min ). The results are
compared with published data (31).
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Table 6. Computed Po,, Pco,, and pH in normobaric
condition

Table 7. Oxygen and nitrogen t;»> during hyperoxia
exposure

Compartment Po,, kPa Pco,, kPa pH t/, Paw t),Paig t,,Pa t,, Py t, Py
Airways 17.3 19 Oxygen 10.3s 214 s 49.2s 1min 54 s 1min 26 s
Alveolar gas 13.9 4.6 Nitrogen 10.6 s 20.8s 446 s 22 min 34 s 20 min 8's
Arterial blood 12.8 55 7.39

Venous blood 53 6.5 7.34 . o .
Tissues 50 92 723 In the N, model, all the partial pressures equilibrated with

Hyperbaric simulation.

After 20 min of steady-state simulation, the ambient pressure
is increased at 20 kPa-‘min ! to 192 kPa (1.9 ATA) and kept
constant until ¢ = 40 min when the pressure is increased
again at the same speed to 253 kPa (2.5 ATA). At t = 60 min,
the pressure is then reduced (at 20 kPa-min?) to ambient
pressure. Gas pressure is simulated in all compartments.

The calculated Po,, (as a function of ambient Po,) are com-
pared with values from the literature (32-34).

The different simulations and their purpose are summar-
ized in Table 5.

All the simulations are performed using a Runge-Kutta 4
discretization method with a time step (dt) of 1/1,000 of mi-
nute over a period of 100 min. Spearman analysis is per-
formed to evaluate the correlation between calculated and
reference values (Statistica 15).

RESULTS

Steady-State Normobaric Simulation

The simulation of the O, transfer from ambient air at
atmospheric pressure to the tissues enabled to compute the
different aforementioned O, partial pressures. For an atmos-
pheric pressure of 101.3 kPa and an O, fraction of 0.21, the
obtained O, partial pressures stabilized at values included
in their physiological ranges (see Fig. 2 and Table 6). A
Spearman analysis showed a correlation coefficient R
between calculated and reference values of 0.997 and a
highly significant P value (P < 0.01). The N, partial pressure
stabilized at 75.1 kPa in all the calculated compartments. As
there is no metabolic consumption or production, this N,
partial pressure corresponds to the Py, in air saturated with
vapor pressure.

20

Air
15

Alg
10 a

Oxygen partial pressure (kPa)

computed values

physiological ranges
0
Figure 2. Oxygen cascade (physiological ranges and computed values). a,

arterial compartment; Alg, alveolar gas compartment; Aw, airways com-
partment; ti, tissue compartment; v, venous compartment.
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the ambient air at 75.1 kPa.

The computed Pco, values are given in Table 6 together
with the corresponding pH determined with the equation
h(Pco,). The correlation (R?> = 0.792, P = 0.04) between
these computed Pco, and literature values (32, 35, 36) was pos-
sible for alveolar gas, arterial blood, and venous blood.
Furthermore, the computed pH values were in very good ac-
cordance with reference physiological values.

Normobaric Hyperoxic Simulation

The evolutions of the calculated O, and N, partial pressures
during a normobaric exposure to pure oxygen and a return to
normoxia are presented in the Fig. 3. During the 20-min
hyperoxia exposure, the oxygen pressures stabilized at 92.4
kPa in the airways, 89.1 kPa in the alveolar gas, 87.7 kPa in the
arterial blood, 8.7 kPa in the venous blood, and 3.7 kPa in the
tissue compartment. For the gaseous compartments and arte-
rial partial pressure, there is a rapid change in partial pres-
sure, in the case of tissue and venous compartments, the
Kkinetics are a little bit slower as shown by the ¢/, (see Table 7).
In the N, case, breathing pure O, resulted in a sharp decrease
of all Py,. The 20-min oxygen exposure was nevertheless not
sufficient to stabilize even the faster gaseous compartments
and £y, for venous and tissue compartments are, respectively,
of 17.05 and 19.10 min (Table 7). Regarding carbon dioxide,
breathing pure O, did not induce any noticeable changes in
the computed Pco,(data not shown).

Normobaric static apnea simulation.

Inducing an apnea via a stop of the respiration induces a rapid
fall of O, partial pressure in the gaseous compartments (see
Fig. 4A). This evolution is smoother in the arterial blood and
the lower Pag, (6.6 kPa) is observed 3 s after the end of the
apnea. In the tissue and venous blood, the minimal O, partial
pressures were 0.65 kKPa and 5.2 kPa, respectively, 20 sand 5 s
after the end of the simulated apnea. During the apnea, the
Po,a were fitting closely to data from Gardette and Plutarque
(31) (Spearman test P < 0.01, see Fig. 4C). Rather logically,
these apnea simulations did not have any effect on Py,, what-
ever the considered compartment (results not shown). On the
contrary, Pgo, were strongly increased during the apnea (see
Fig. 4B); in the gaseous compartment, the Pco, were sharply
increased while apnea effects were moderate in the blood
compartments and not noticeable in the tissue compartment.
Interestingly, pre and post apnea hyperventilation had clear
effects on both O, and CO, partial pressures.

Hyperbaric Simulation

The increase in ambient pressure had a direct effect on O,
and N, partial pressures in the ambient air. For the oxygen
partial pressures (see Fig. 5A), the 1.9 and 2.5 ATA stops lead
(after a transient phase nearly parallel to the change of air
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Figure 3. Normobaric hyperoxic simulation: N, and O, partial pressures. A: O,. B: Ns. a, arterial compartment; Alg, alveolar gas compartment; Aw, air-
ways compartment; t, tissue compartment; v, venous compartment.
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Figure 4. Normobaric static apnea simulation. A: N, partial
pressures. B: O, partial pressures. C: correlation between
observed TcPo, and Pap, computed values. a, arterial com-
partment; Alg, alveolar gas compartment; Aw, airways com-
1000 partment; t, tissue compartment; v, venous compartment;
open circles in Fig. 4A correspond to Po, measured before
during and after apnea.
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Figure 5. Hyperbaric simulation, nitrogen, and oxygen partial pressures. A: oxygen. B: nitrogen. a, arterial compartment; Alg, alveolar gas compartment;
Aw, airways compartment; t, tissue compartment; v, venous compartment.

Po,) to steady states for all the considered compartments. For hyperoxia, the model seems to overevaluate the Py,, when
Po,a, these steady states can be compared (see Fig. 6) with compared with the data of Whalen (32) and Smit (34).

data from the literature (32-34). The results of the model com- For the nitrogen partial pressures, the situation appears to
putations appear to be close to the available values at least up  be different. In venous and tissue compartments (in Fig. 5B),
to an ambient Po, of 86 kPa. Nevertheless, at an ambient P, N, pressure increases slowly. In arterial blood and alveolar
of 101 kPa, and without any cardiovascular adaptation to gas, a rapid increase in Py, during the ambient pressure rise
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Figure 6. Hyperbaric simulation, correla-
tion between observed and computed
Pap, values. a, arterial compartment; Alg,
alveolar gas compartment; Aw, airway
compartment; t, tissue compartment; v, ve-
nous compartment.
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is followed by a slower evolution of Py, that converges to the
ambient Py, .

In these conditions P¢o, were not modified whatever the
compartment.

DISCUSSION

Decompression Modeling

The stages of gas transport to the tissues are ventilatory con-
vection, alveolar-capillary diffusion, blood convection, and tis-
sue diffusion. As the work of Haldane (7), the first stages (from
ventilated gases to arterial blood) have been considered almost
instantaneous and therefore negligible for the analysis of gas
exchange dynamics during diving. The focus is thus on the
delivery of gases by the blood circulation to the capillary beds
and their diffusion from the capillaries to the tissues.

The delivery of an inert gas through perfusion to the organs
and tissues primarily depends on its solubility (Henry’s law)
and on the perfusion rate (which varies depending on the tis-
sue and over time). Thus, it is considered that well-perfused
tissues (liver, kidney, brain, and heart) saturate and desaturate
more rapidly than poorly perfused tissues (fat). Mack and Lin
(37) showed in an in vivo experimental model that increasing
the cardiocirculatory gas transport capacity (cardiac output
and tissue perfusion) increases the rate of N, elimination by
the slowest compartments. Aukland et al. (38) established that
changes in the amount of a gas in a tissue depends on the arte-
rio-venous differential of that gas and on the perfusion rate of
the tissue.

The issue of gas diffusion between capillaries and tissues is
extremely complex and varies according to the tissues. Indeed,
this diffusion rate from the capillary bed to the associated tis-
sue is not only proportional to the partial pressure differential
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of the gas but also depends on the diffusion coefficient of the
gas at the interface between the blood and the tissue and
within the tissue. These coefficients themselves depend on the
architecture and properties of the exchanger (39).

Given the complexity of the various factors involved in gas
transfer to the tissues, Haldane’s solution (7) was to propose
compartments, completely independent from each other’s,
and defined by a half-saturation time. This solution has the
advantage of simplicity (the processes we previously consid-
ered are ignored), but it leaves unanswered the question of
the weight of the physiological parameters involved in gas
exchange rates. This simplification is the origin of the devel-
opment of the Haldanian and Bithlmann’s monoexponential
models widely and efficiently used for decades in decom-
pression management.

Although compartments are sometimes identified with
tissues or organs, experimental data indicate that even at the
scale of a tissue as bone marrow (40), brain, or skeletal mus-
cle (41), the kinetics of gas exchange are more often better
described by multiexponential models (and therefore, theo-
retically several compartments) than by monoexponential
models.

As discussed earlier, the relationship between diffusion
and perfusion in models of gas transport has been a subject
of investigation over several decades, and the modeling of
the gas exchange to the tissues was initially based on the pre-
mise proposed by Haldane that the structures of the tissue
exchangers are optimized to promote diffusion and thus
implies that diffusion is not limiting. However, different
works to assess blood flows in different tissues (using the
Fick principle and different gases: Kr, H,, Xe, etc.) show that
the hypothesis of limiting gas exchange based solely on per-
fusion is insufficient to accurately account for their experi-
mental results (42, 43). Hennessy (44) further explored the
interaction between diffusion and perfusion, concluding that
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Haldane’s approach remains an insufficient approximation
even when approaching stable states (asymptotic states).
However, Ohta et al. (45) suggested that diffusion played a
negligible role in argon-to-tissue exchange. More recently,
research by Doolette et al. (46) involving helium demon-
strated that in vivo results in sheep were better explained by
a perfusion-diffusion model rather than a perfusion model.
In addition, Murphy et al. (47, 48) underscored the signifi-
cance of considering diffusion phenomena for predicting
decompression sickness. The model presented here is as far
as we know, the only one that integrates both diffusive and
convective aspects involved in O, transport, to propose a set
of differential equations of respiratory and inert gases.

Diffusive Parameters

Our model is based on the assumption of homogenous
compartments connected through gas exchanges driven by
different convective and diffusive steps. The determination
of physiological constants significantly differs in these two
cases. Convective parameters can be readily found in the lit-
erature, encompassing respiratory and blood volumes, flows
(25, 49), and solubility coefficients (26, 50). On the other
hand, determining diffusion coefficients is a more complex
problem. These coefficients are inherently dependent on the
architecture of gas exchangers, as well as the intrinsic per-
meability of tissues. The intricate nature of lung and tissue
diffusion, characterized by vascular heterogeneity, various
tissue architectures, and composition, poses significant chal-
lenges. Our approach offers a solution by using differential
equations describing each diffusive step and leveraging
knowledge about the stable states of the O, transport steps.
For example, in the case of alveolo-capillary diffusion, Eq. 3
and a stable state (wWhere all oxygen partial pressures are con-
stant, % = 0) enable us to determine the global diffusion
coefficient for the specific step. Similarly, within a given tis-
sue, this approach makes it possible to determine diffusion
coefficients based on the tissue’s O, consumption rate, O, par-
tial pressure, and Po,.. Given that these parameters are either
available in the literature or can be measured experimentally,
our approach offers the potential to derive diffusion coefficients
for any organ of interest in the context of decompression. It is
noteworthy that in this manuscript, various O, diffusion coeffi-
cients were derived from a range of reference Py, values, lead-
ing to considerable ranges of possible coefficients. A promising
avenue for future research involves applying this method to an
individual’s unique set of physiological values.

Model Validation

The validity of our oxygen exchange model has been
assessed across multiple scenarios, encompassing stable
states, normoxia, hyperoxia (both normobaric and hyper-
baric), and static apnea. In normoxic conditions (at the
atmospheric pressure with an oxygen fraction in dry air
of 0.21), the calculated oxygen partial pressures across
different compartments align with established physiologi-
cal values. Strong and significant correlations between the
calculated and observed values (R*=0.997, P < 0.01) under-
score the model’s ability to replicate key aspects of oxygen
transport. In this condition, all Py, stabilize at 75.1 kPa: the
nitrogen partial pressure in the air when saturated with water.
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A second step of the model evaluation has been the calcula-
tion of the gas partial pressures in the context of a normobaric
simulation of pure oxygen breathing. During the 20-min of
simulated hyperoxia, the stabilization of the calculated oxy-
gen partial pressure was rapid (with ¢,;, of few tens of seconds)
in all compartments. In the case of nitrogen, the simulation of
pure oxygen breathing induces a rapid decrease of all Py,.
The stabilization of the tissue and the venous compartment
was slower than in the case Po, and their measured time of
half desaturation were 20 min 8 s and 22 min 34 s, respec-
tively. It is important to note that, in this simulation, the half
desaturation times are not a priori inputs of the model as they
usually are in the algorithms computing decompression pro-
files, but they are the result of the architecture of the model
and of the physiological values used (ventilatory flow, cardiac
output, diffusion coefficients ....). In the case of this model
with one compartment integrating all the organs and tissues,
the obtained t,, is close to 20 min. This value falls within the
range of the admitted half-time (ranging nevertheless from a
few minutes to several hundred minutes).

Another evaluation of the behavior of the model has been
performed simulating a static apnea. The interruption of the
ventilator flow induced a rapid fall of Py, in all computed
compartments. These results were compared with data from
previous experiments (31). As physiological volumes and
flows were not available, it has not been possible to imple-
ment the pre and postapnea hyperventilation in the model.
The model has consequently been set making assumptions
on these variables. Again, complementary experiments
would be necessary to measure the physiological variables
needed by the model, but the obtained results show that
this model enables to reproduce correctly the evolution of
arterial Po, during a static apnea (R*=0.991, P < 0.01).

The last step of evaluation of the oxygen model has been
performed simulating hyperbaric conditions. Increasing the
ambient pressure has, very logically, induced Py, and Po,
increases in all the compartments of the model. The compari-
son of the calculated Po,, and data from the literature show
that there is a very good correlation between these two varia-
bles up to an air P, of 86 kPa. Nevertheless, a small divergence
seems to appear when the model results are compared with the
data from Whalen (32) and Smit (34) at an ambient Po, of 101
kPa. This point will require further investigations if the model
is to be used in the context of high-inspired P, , but the validity
of this model is good (R*=0.988, P < 0.001) and its range is
compatible with the analysis of most of the recreational dives.

The approach presented in this manuscript is based on three
distinct steps. The first step consists in building a model of ox-
ygen transfer that has the advantage of being based on the
large amount of knowledge on the physiology of this gas. The
second step is the transposition of this model to the case of
nitrogen, the inert gas involved in DCS. A limit of this
approach is that it is based on the hypothesis that the O, model
(and in particular the diffusion coefficients) can be transposed
to nitrogen. This assumption appears not to be always true and
for example, the differences between nitrogen and helium
pharmacokinetics (generally assumed) are not always con-
firmed by experimental measurement (41). To evaluate the va-
lidity of the transposition process, the nitrogen model has
been again transposed to another well-known gas: the carbon
dioxide. Hence, a third step has been performed and the CO,

J Appl Physiol » doi:10.1152/japplphysiol.00357.2024 - www.jappl.org
Downloaded from journals.physiology.org/journal/jappl (2600:1005:B24D:CFDD:FODF:93C7:277E:85A2) on January 27, 2025.


http://www.jappl.org

() MODEL OF N; EXCHANGES BASED ON PHYSIOLOGY OF O, TRANSPORT

model has been built from the N, model. Despite these two
transposition processes, despite the complexity of the Pco,
equation set and despite the simplification hypothesis
needed to compute the total CO, (the model is not valid in
case of metabolic acid-base disorders), the resulting model
spontaneously stabilizes at physiological alveolar gas, arte-
rial and venous Pco,, and reproduces with a very satisfying
exactitude arterial and venous pH. From these results, we
conclude that the transposition procedure from a gas to
another is valid and hence that the validity of the nitrogen
model is highly plausible. A more direct validation of the
N, model based on measurements of nitrogen exchanges
will nevertheless be necessary.

Model Architecture

It is important to note that, in our model’s current config-
uration, arterial and alveolar blood Pg, are nearly equal. The
same observation can be made between the tissue capillary
bed and the venous compartment. Consequently, and to
make the different results easier to read, the Py, and the P,
are not presented in the different figures and tables of this
manuscript. This equivalence arises from our consideration
of alveolar capillaries as a single homogeneous compartment
supplying arterial blood exclusively. Notably, factors like the
foramen ovale (a physical connection between the right and
left atria) and pulmonary shunts (blood bypassing the lungs
without gas exchange) have not been integrated into the
model. These physiological phenomena lead to mixing of ve-
nous blood with oxygenated blood in the pulmonary veins or
left atrium, resulting in lower arterial Pp,, compared with
Po,ab- These shunts of the pulmonary function can easily be
added in the present model by modifying Egs. 3 and 4 to
send a fraction of the blood flow directly from the venous
compartment to the arterial one. There is a potentially strong
interest in integrating these shunts in a physiological model
of decompression as they are known to increase the risk of
DCS (51-53). Considering capillary bed and venous compart-
ment, in vivo, the Py, in the vena cava results from the mix-
ing of the different venous blood either strongly oxygenated
(from the renal blood flow) or with low Py, (from hepatic
vein or active skeletal muscles). In addition, while our model
currently represents one tissue with one capillary bed, fur-
ther development should involve the inclusion of different
tissues to accurately capture the dynamics of gas exchange
across tissues relevant to decompression scenarios in the
context of DCS prevention.

Conclusions

The major interest of the model presented here is to pave
the way for the integration of physiological and morphological
elements in a model of gas saturation/desaturation. Contrary
to Haldanian-type models including Bithlmann-type models,
the model presented here is not solely based on the evolution
of partial pressures of gases, but is designed to describe the
transfer of gas quantities. It can therefore quantify how the
diver takes on inert gas during the dive and how this gas is
eliminated during the ascent to the surface on a quantitative
basis. This model also opens the possibility to integrate differ-
ent tissues, patent foramen ovale, or pulmonary shunts and to
calculate their influence on the global Kinetics of N,
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elimination. This model could also integrate data on the car-
dio/respiratory activity during a dive. It could enable the inte-
gration of the physiological state of the diver before and
during the dive in the decompression algorithms and conse-
quently to individualize the decompression process. This
manuscript is only a first step toward the integration of physi-
ological parameters in a decompression algorithm and further
developments are clearly needed to make this model useful.
Bubble modeling could be interesting to introduce in circulat-
ing and tissue compartments, and relevant tissue compart-
ments will have to be defined on the basis of the physiology of
gas exchanges and the physiopathology of DCS.

GLOSSARY
a Arterial compartment
Alb Alveolar blood compartment

Alg Alveolar gas compartment
AP Ambient Pressure (in Pa)

Aw Airways compartment

[ Capillary blood compartment;

Cxyi Concentration of gas x in compartment i (in mmol-L ™
froo Fraction of oxygen in a gas mix (without unit)
[Hb] Hemoglobin concentration (in mmol-L ™)

Kix Diffusion coefficient of gas x at the interface between
the airways and the alveolar gas (in mmol-min~"-Pa™")
Diffusion coefficient of gas x at the interface between
the alveolar gas and the alveolar blood (in mmol-min~"
Pa’)

Diffusion coefficient of gas x at the interface between
the capillary blood and the corresponding tissue (in
mmol-min~"-Pa~")

Oxygen consumption rate (in mmol-min~".kg ™"

Nyi Quantity of gas x in compartment i (in mmol)

K2x

K3><

Oxc Oxygen carrying capacity of hemoglobin (in mL-g ™)

Ph,0 Water vapor partial pressure at 37 °C (6,246 Pa)

Py Partial pressure of gas x in compartment i (in Pa);

Q Cardiac blood flow (in L-min™")

Q Blood flow in a given tissue (in L-min ")

R Ideal gas constant (8.314 J-mol~"-K ™

Rq Respiratory quotient

Sat Hemoglobin saturation (in %)

t Time (in min)

T Absolute temperature (in K, approximately 310°K in the
human body)

ti Tissue compartment

TcPo, Transcutaneous oxygen partial pressure (Pa)

\Y Venous compartment;

Y, Ventilatory flow (in L-min ")

Vco, CO, production rate (in mmol-min~"-kg ™)

Vi Volume of compartmenti (in L)

Olyi Solubility of gas x in compartment i (in mmol-L~"/Pa)
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