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Modeling the Impact of
Abdominal Pressure on Hypoxia
in Laboratory Swine1

This paper presents an experimentally parameterized model of the dynamics of oxygen
transport in a laboratory animal that simultaneously experiences: (i) a reduction in
inspired oxygen plus (ii) an increase in intra-abdominal pressure. The goal is to model the
potential impact of elevated intra-abdominal pressure on oxygen transport dynamics. The
model contains three compartments, namely, the animal’s lungs, lower body vasculature,
and upper body vasculature. The model assumes that intra-abdominal pressure affects
the split of cardiac output among the two vasculature compartments and that aerobic
metabolism in each compartment diminishes with severe hypoxia. Fitting this model to
a laboratory experiment on an adult male Yorkshire swine using a regularized nonlinear
least squares approach furnishes both physiologically plausible parameter values plus a
reasonable quality of fit.
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1 Introduction
This paper models the potential coupling between two physio-

logical phenomena, namely: (i) elevated intra-abdominal pressure
and (ii) hypoxia. The paper examines a laboratory animal whose
oxygen supply is reduced to induce hypoxia, or deficiency in blood
oxygen concentration. Suppose the pressure in this animal’s ab-
domen, known as intra-abdominal pressure (IAP), is elevated. The
paper’s goal is to examine and model the degree to which this
elevated IAP potentially affects the dynamics of hypoxia.

1Paper presented at the 2023 Modeling, Estimation, and Control Conference
(MECC 2023), Lake Tahoe, NV, Oct. 2-5. Paper No. MECC2023-151.

At least two factors motivate the above research question. First,
there is a need to provide life support for patients with respira-
tory failure due to ailments such as COVID-19. Even prior to
the COVID-19 pandemic, more than 100,000 patients were hos-
pitalized annually in the United States alone due to respiratory
failure [1]. Second, the literature suggests that it may be pos-
sible to use oxygen carriers, such as perfluorocarbons (PFCs) or
oxygen microbubbles (OMBs), to deliver oxygen to patients or lab-
oratory animals experiencing respiratory distress [2–4]. Different
pathways exist for perfusing (or circulating) these oxygen carri-
ers through the body, including peritoneal and enteral perfusion
[5–10]. This paper focuses on peritoneal oxygenation, where an
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oxygen carrier is perfused through the peritoneal (i.e., abdominal)
cavity of a patient or laboratory animal using surgically inserted
catheters. The idea is to enable the diffusion-based transport of
oxygen through the abdominal tissue into the bloodstream, thereby
employing the abdomen as a “third lung" in a manner similar to
its use as a “third kidney" during peritoneal dialysis [11]. This
creates a critical tradeoff: on the one hand, one can plausibly hy-
pothesize that more aggressive perfusion conditions (e.g., higher
perfusion flowrates and pressures) have the potential to improve the
effectiveness of gas transport during peritoneal oxygenation. On
the other hand, elevated perfusion pressures, or IAPs, are known
to cause adverse conditions such as intra-abdominal hypertension
(IAH) and abdominal compartment syndrome (ACS) [12]. This
makes it important to examine and model the potential coupling
between IAP on the one hand and the dynamics of hypoxia on the
other hand. The overarching goal of this paper is to model this
coupling using data from a laboratory experiment on an adult male
Yorkshire swine.

There is a rich existing literature on the modeling of gas trans-
port dynamics, including both oxygen and carbon dioxide transport,
in both human patients and laboratory animals [13–20]. Previous
work by the authors also examines the problem of modeling cavity
pressure dynamics in adult male Yorkshire swine [21]. However,
to the best of the authors’ knowledge, modeling the coupling be-
tween cavity pressure and hypoxia dynamics remains relatively
unexplored in the literature.

This paper presents three novel contributions to the literature,
collectively addressing the above gap.

• First, the paper presents a model for the coupling between
cavity pressure and the dynamics of hypoxia in laboratory
swine. The model assumes this coupling to be unidirectional,
meaning that cavity pressure affects the dynamics of hypoxia,
but not vice versa. In fact, our prior experiments (including
the one used in this paper) showed that hypoxia without PFC
perfusion never produced a statistically significant changes in
IAP, thus justifying our assumption. Fig. 1 presents a simple
schematic of this three-compartment model, where the com-
partments are the lungs, the upper body vasculature, and the
lower body vasculature. The model assumes that a particular
set of underlying mechanisms governs the coupling between
IAP and the dynamics of hypoxia. The intent of the model is
neither to prove nor disprove these governing mechanisms, but
rather to examine the degree to which these assumed mech-
anisms may potentially fit experimental data from tests on
laboratory swine. Specifically, the model assumes that when
intra-abdominal pressure is elevated by a significant degree,
the flow of blood from the animal’s lower body back to the
heart, through the inferior vena cava (IVC) is partially or fully
occluded. This occlusion reduces the oxygen available to the
animal’s lower body, thereby reducing aerobic metabolism in
the lower body. In contrast, the animal’s upper body vascula-
ture receives a larger fraction of systemic blood flow without
occlusion, thereby potentially experiencing a reduction in the
severity of hypoxia.

• Second, the paper presents data from a laboratory animal
experiment where an adult male Yorkshire swine simultane-
ously experiences a reduction in the fraction of inspired oxy-
gen (FiO2) plus an increase in IAP. The increase in IAP is
sufficiently large to induce ACS, and coincides with an im-
provement in upper-body pulse oximetry.

• Third, the paper uses nonlinear least squares estimation to
fit the parameters of the above model to the above experi-
mental dataset. Regularization is utilized to penalize parame-
ter deviations from physiologically plausible nominal values,
consistent with earlier physiological modeling research by the
authors [22]. The end result is a model that achieves a good
quality of fit while remaining physiologically plausible.
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Fig. 1 Schematic of proposed model. The model receives
three inputs including minute ventilation (u1), FiO2 (u2), and
IAP (u3) to predict SpO2 in the upper body vasculature (y ).

The remainder of this paper is organized as follows. Section
2 summarizes the proposed model. Section 3 presents the perfu-
sion setup used for the paper’s animal experiment, and summarizes
the results of this experiment. Section 4 presents the parameter-
ization approach used for model fitting, as well as the results of
this parameterization. Finally, Section 5 summarizes the paper’s
conclusions.

2 Proposed Model
The proposed model uses three state variables to represent the

dynamics of gas transport. The first state variable, 𝑥1 (𝑡), is the
alveolar partial pressure of oxygen in the animal’s lung com-
partment. The remaining state variables, 𝑥2 (𝑡) and 𝑥3 (𝑡), are
the percent oxygen saturations in the animal’s lower and upper
body vasculature compartments, respectively. The model has three
control inputs plus one exogenous input. The first control input
𝑢1 (𝑡) = 𝑀𝑉/60, is the animal’s inhalation/exhalation rate, or its
minute ventilation divided by 60. The second control input, 𝑢2 (𝑡),
is the fraction of inspired oxygen, expressed as a percentage. The
third control input, 𝑢3 (𝑡), is the animal’s cavity pressure, or IAP.
In animal experiments employing mechanical ventilation plus peri-
toneal perfusion, 𝑢1 (𝑡) and 𝑢2 (𝑡) can be adjusted by changing the
ventilator setting, whereas 𝑢3 (𝑡) can be adjusted through perfusion
control. The exogenous input, 𝑤(𝑡), is the animal’s cardiac output
in liters per second. Finally, the model’s main output, 𝑦(𝑡), is pulse
oximetry (SpO2), or the percentage of oxygen saturation in the an-
imal’s arteries. The proposed model assumes that this saturation
percentage can be computed from the alveolar partial pressure of
oxygen, which is used as an approximation of the partial pres-
sure of oxygen in the pulmonary veins and systemic arteries. This
computation is performed using the Hill equation [23]:

𝑦 = 𝑓𝑑 (𝑥1) = 100
(𝑥1/𝑝𝑜)𝑟

1 + (𝑥1/𝑝𝑜)𝑟
(1)

where the Hill function 𝑓𝑑 represents the hemoglobin dissociation
curve, 𝑝𝑜 is the partial pressure of oxygen at 50% pulse oximetry,
and 𝑟 is a constant governing the steepness of the dissociation
curve.

The proposed model makes three key assumptions regarding the
impact of peritoneal perfusion on the dynamics of hypoxia. First,
the model neglects the diffusion of oxygen from the perfusate to
the animal’s bloodstream, even if the perfusate is an oxygen carrier.
The idea is to focus this modeling effort entirely on the potential
impact of perfusion pressure on the dynamics of hypoxia, leaving
the problem of modeling oxygen diffusion from the perfusate into
the bloodstream open for future research. Second, the model as-
sumes that the fraction of total cardiac output circulating through
the lower body vasculature is given by some function, 𝑓𝑜 (𝑢3 (𝑡)).
This function is tailored to model the occlusion of venous return
from the lower body, through IVC, at high perfusion pressures.
Finally, the model assumes that metabolism in each body compart-
ment is related to the corresponding oxygen saturation percentage
through some function 𝑓𝑚 (𝑥𝑖), where 𝑖 is the index of the com-
partment and the function 𝑓𝑚 is tailored to represent a switch to
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anaerobic metabolism at very low oxygen saturations. Both of the
above two functions are selected to be sigmoidal, as shown below:

𝑓𝑜 (𝑢3) =
1

1 + (𝑢3/𝑝∗)𝑟
∗

𝑉2
𝑉2 +𝑉3

, 𝑓𝑚 (𝑥𝑖) =
(𝑥𝑖/𝑝𝑚)𝑟𝑚

1 + (𝑥𝑖/𝑝𝑚)𝑟𝑚
(2)

where 𝑉2 is the volume of the lower vasculature compartment end-
ing in IVC, 𝑉3 is the volume of the upper vasculature compartment
ending in the superior vena cava, 𝑝∗ is an IAP value governing the
onset of venous return occlusion, 𝑟∗ is a constant describing the
steepness of the impact of IAP on occlusion, 𝑝𝑚 is a percentage
oxygen saturation governing the onset of anaerobic metabolism,
and 𝑟𝑚 is a constant describing the steepness of this onset.

Given the above definitions, the proposed model is governed by
the following state equations:

𝑉𝐿

760
𝑥̇1 = 𝑢1

[︂ 𝑢2
100

− 𝑥1
760

]︂
+ 𝑤𝐻

100

[︃
𝑓𝑜 (𝑢3) (𝑥2 − 𝑓𝑑 (𝑥1))

+(1 − 𝑓𝑜 (𝑢3)) (𝑥3 − 𝑓𝑑 (𝑥1))

]︃
𝐻𝑉2
100

𝑥̇2 =
𝑤𝐻 [ 𝑓𝑜 (𝑢3) ( 𝑓𝑑 (𝑥1) − 𝑥2)]

100
− 𝑓𝑚 (𝑥2)𝑉2𝐶

𝐻𝑉3
100

𝑥̇3 =
𝑤𝐻 [(1 − 𝑓𝑜 (𝑢3)) ( 𝑓𝑑 (𝑥1) − 𝑥3)]

100
− 𝑓𝑚 (𝑥3)𝑉3𝐶

(3)

where 𝑉𝐿 is lung volume, 𝐻 is the (dimensionless) maximum sol-
ubility of oxygen in the animal’s blood [24], and 𝐶 is the animal’s
maximum aerobic oxygen consumption rate per unit volume of the
two vasculature tissues (i.e., the consumption rate corresponding
to normoxia).

Each term in the above state-space model represents a volumet-
ric rate of oxygen transport, consumption, or accumulation, in liters
per second. The left hand sides of the state equations represent
rates of change of the total amount of oxygen stored in each com-
partment. The terms on the right hand sides of the state equations
that are pre-multiplied by either 𝑢1 (𝑡) or 𝑤(𝑡) represent oxygen
transport rates due to either breathing or blood flow, respectively.
Multiplying cardiac output, 𝑤(𝑡), by 𝑓𝑜 (𝑢3 (𝑡)) or 1 − 𝑓𝑜 (𝑢3 (𝑡))
furnishes the volumetric flowrate of blood through either the lower
or upper body vasculature compartment, respectively. Finally, the
expression 𝐶𝑖 = 𝑓𝑚 (𝑥𝑖)𝑉𝑖𝐶 represents the rate of oxygen con-
sumption in compartment 𝑖 due to aerobic metabolism, taking into
account the curtailment of aerobic metabolism under severe hy-
poxia.

3 Animal Experiment
The authors have conducted 13 animal experiments to date on

the “third lung" concept, all of them on adult Yorkshire swine.
This paper uses the results from animal experiment #8 to param-
eterize the above model. An adult Yorkshire swine was intubated
and placed on a mechanical ventilator. The animal’s fraction of
inspired oxygen was reduced in order to induce hypoxia. Minute
ventilation remained relatively steady throughout the experiment,
as shown in Fig. 2. Hypoxia was induced through a significant
reduction in FiO2, followed by an increase in FiO2 at the end
of the experiment to allow the animal to recover, as shown in
Fig. 3. High IAPs were induced using the peritoneal perfusion of
an oxygenated mix of cis- and trans-perfluorodecalin. While it is
reasonable to expect the perfusion of this oxygen carrier to result
in some oxygen transport into the animal’s bloodstream, the IAP
reached during this perfusion episode is potentially high enough to
cause occlusion of venous return from the animal’s lower body, as
shown in Fig. 4. Cardiac output experiences a fairly small (nega-
tive) change during this experiment, as shown in Fig. 5. Together,
these experimental conditions resulted in a rapid decline in pulse
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Fig. 2 Minute ventilation during animal experiment
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Fig. 3 Inspired oxygen fraction during animal experiment

oximetry, followed by rapid recovery, rapid decline, and final re-
covery, as shown in Fig. 6. This paper is, in a sense, a dynamic
model-based exploration of the possibility that the intermediate re-
covery and drop in pulse oximetry may potentially be attributable
to the corresponding high values of IAP.

4 Model Parameterization
The above experimental dataset was used for estimating the pa-

rameters of the proposed dynamic model. Thirteen model parame-
ters were optimized, as listed in Table 1. In this table, 𝑉𝑏 = 𝑉2+𝑉3
is the animal’s total blood volume, and 𝑉𝑟𝑎𝑡𝑖𝑜 = 𝑉2/𝑉𝑏 is the frac-
tion of this total volume occupying the lower body vasculature. We
estimated the bounds on 𝑉𝑟𝑎𝑡𝑖𝑜 based on the values reported in the
literature for blood flowrates in the superior versus inferior vena
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Fig. 4 IAP during animal experiment
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Fig. 5 Cardiac output during animal experiment
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Fig. 6 Pulse oximetry during animal experiment

cava, assuming these flowrates to be proportional to the volumes
of the corresponding vasculature compartments [25,26]. Optimiza-
tion encompassed both constant model parameters and the initial
conditions for the three state variables, with the initial conditions
for 𝑥2 and 𝑥3 assumed to be equal. Optimization was performed
using the Matlab implementation of the particle swarm evolution-
ary optimizer. The optimization objective was a linearly weighted
summation of two Pareto objectives:

𝐽 = 𝑤𝑝𝐽
2
𝑟𝑒𝑔 + (1 − 𝑤𝑝)𝐽2

𝑓 𝑖𝑡
(4)

where 𝐽𝑓 𝑖𝑡 is the root mean square error for the prediction of
pulse oximetry over the duration of the fitting experiment, and
𝐽𝑟𝑒𝑔 is a regularization penalty function. The intent of this penalty
function is to avoid potential practical model identifiability issues
and simultaneously to ensure the physiological plausibility of the
model parameter estimates. Specifically, for each parameter, 𝜃𝑖 ,
where 𝑖 = 1, ..., 13, Table 1 provides a reasonable nominal value
plus a lower bound and an upper bound. Given an estimate of
each parameter, 𝜃𝑖 , one can compute the following regularization
penalty:

𝐽𝑖 =

[︄
𝜃𝑖 − 𝜃𝑖,𝑛𝑜𝑚

𝜃𝑖,𝑢𝑏 − 𝜃𝑖,𝑙𝑏

]︄2

(5)

The overall regularization penalty is then given by:

𝐽𝑟𝑒𝑔 =

13∑︂
𝑖=1

𝐽𝑖 +
[︃
0.009 − 𝜃2𝜃6

0.002

]︃2
(6)

where the final term in the above equation penalizes the deviation
of 𝜃2𝜃6 = 𝑉𝑏𝐶, from a target value of the total normoxic oxygen

Table 1 Parameter estimation settings/results

No. Coeff. Unit Optimal Nominal Min Max Ref.
1 𝑉𝐿 𝐿𝑖𝑡𝑒𝑟 2.72 2.28 1 5 [27]
2 𝑉𝑏 𝐿𝑖𝑡𝑒𝑟 3.49 3.42 1 8 [28]
3 𝑉𝑟𝑎𝑡𝑖𝑜 − 0.7 0.5 0.3 0.7 [25]
4 𝑟𝑚 − 4.42 4 1.5 6 -
5 𝑟∗ − 7.0 2.3 2 7 -

6 𝐶

𝐿 𝑂2
𝑠

𝐿 𝑏𝑙𝑜𝑜𝑑
31e-4 15e-4 5e-4 4e-3 [29]

7 𝑝𝑜 𝑚𝑚𝐻𝑔 35.98 29 15 45 [23]
8 𝑟 − 2.51 2.3 1.5 3.5 [23]
9 𝑝𝑚 % 5.0 40 5 60 [13]
10 𝑝∗ 𝑚𝑚𝐻𝑔 47.79 30 10 80 𝑢3
11 𝑥1,𝑖𝑛𝑖𝑡 𝑚𝑚𝐻𝑔 100.06 120 60 200 [30]
12 𝑥2,3,𝑖𝑛𝑖𝑡 % 74.09 90 40 95 [31]
13 𝐻 − 0.19 0.2 0.15 0.35 [24]

consumption rate of the animal, in liters of oxygen per second. This
target value, equal to 540mL of oxygen per minute, was estimated
based on an average measured minute ventilation rate of 11 liters
per minute plus an average measured difference of 5% between
inspired and end-tidal oxygen.
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Fig. 7 Pareto analysis plot

The solution of the above problem depends on the weight, 𝑤𝑝 .
Fig. 7 summarizes 16 different potential solutions for different val-
ues of this weight.The three subfigures (from top to bottom) show
the root mean square error for percentage pulse oximetry predic-
tion, the values of the regularization cost, and the number of active
constraints for each of these trials. It is difficult to compute the
number of active constraints exactly when using an evolutionary
optimization algorithm, such as particle swarm optimization. With
this in mind, any bound on a parameter 𝜃𝑖 is deemed approxi-
mately active in Fig. 7 if the normalized value of the parameter,
(𝜃𝑖 − 𝜃𝑖,𝑙𝑏)/(𝜃𝑖,𝑢𝑏 − 𝜃𝑖,𝑙𝑏), falls outside the range [0.05, 0.95].
The plot suggests that a value 𝑤𝑝 = 0.93 of the weight on the
regularization penalty achieves a very reasonable root mean square
prediction error, with only a small number of approximately active
constraints. Noting that 𝐽𝑟𝑒𝑔 and 𝐽𝑓 𝑖𝑡 are not scaled relative to
each other, the value of this regularization weight does not nec-
essarily imply that 93% of the total emphasis in optimization is
placed on regularization, but is rather at least partially a reflection
of the relative magnitudes of the competing optimization objec-
tives. Table 1 lists the optimal parameter values corresponding to
this regularization weight. A small number of parameters hit the
bound: 𝑉𝑟𝑎𝑡𝑖𝑜, 𝑟∗, and 𝑝𝑚. However, given that all the parameter
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Fig. 8 Comparison between modeled (ŷ (t)) and measured
(y (t)) pulse oximetry

bounds were defined based on the data available in the literature,
their values were still acceptable.

Fig. 8 compares the measured pulse oximetry from the animal
experiment to the predictions of the proposed model. The model
fits the experimental data reasonably well, with the important note
that relaxing the regularization penalty has the potential to fur-
nish even better fitting results at the expense of greater departures
from the assumed nominal parameter values. Fig. 9 explains these
results by showing the predicted fraction of total cardiac output
to the lower body vasculature. The proposed model hypothesizes
that this fraction diminishes significantly as IAP increases. Finally,
Fig. 10 plots the resulting oxygen saturation levels in the two vas-
culature compartments versus time. When IVC occlusion occurs,
oxygen saturation in the lower body vasculature diminishes consid-
erably. This, in turn, causes the lower body vasculature’s aerobic
metabolism to diminish. The upper body vasculature, in contrast,
receives a larger proportion of total cardiac output, resulting in a
significant improvement in the corresponding oxygen saturation.
Interpreting both of these saturation values as representing venous
return, the oxygen saturation in the upper body vasculature is rea-
sonable. The end result is an improvement in the animal’s pulse
oximetry, driven by the fact that the animal’s lungs see venous
return predominantly from the upper body.

Despite the promising results, the model presented in this paper
has a few limitations, which must be investigated in future work.
First, we assumed that upper body and lower body vasculatures are
balanced (i.e., larger compartment carries larger cardiac output).
This is an intuitively appealing assumption, but it was not strictly
validated. Second, we assumed that the vasculature volumes are
constant. This allowed us to derive a simple model with a reason-
able goodness of fit to the data. But, it may not be strictly valid
considering the venous compliance. The ultimate validity of these
assumptions must be investigated in future work. Third, the model
results related to shunting of cardiac output was not directly cor-
roborated with appropriate sensor measurements. In fact, a subset
of the sensors stopped providing meaningful measurements under
very high IAPs, making it very difficult to obtain direct evidence
for the model results. Future work must experimentally examine
the extent to which the model results are realistic.

5 Summary and Conclusion
The main conclusion of this paper is that it is possible to fit

a physiologically plausible model to animal pulse oximetry data
for a combined hypoxia/perfusion experiment with reasonable ac-
curacy. The model is grounded in the hypothesis that elevating
IAP to a sufficient degree can potentially occlude venous return
through IVC. This increases the fraction of total cardiac output
seen by the upper body vasculature, thereby improving overall ani-
mal pulse oximetry. It is very important to note that this is only one
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Fig. 9 Lower body fraction of cardiac output
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Fig. 10 Predicted oxygen saturations in the vasculature

potential explanatory mechanism for the observed improvement in
pulse oximetry in this work’s animal experiment. The intent of this
work is neither to completely prove nor disprove this mechanism,
and it is important to recognize that other mechanisms are likely
to be at play, including diffusion-based gas transport. However,
it is also interesting to note the degree to which a simple multi-
compartment model constructed around this mechanism is able to
fit the observed improvements in animal pulse oximetry.
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