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Purpose: To develop a mathematical model of oxygenation during venovenous extracorporeal membrane oxy-
genation (vv-ECMO).
Material andmethods: Total oxygen consumption, cardiac output, bloodflow, recirculation, intrapulmonary shunt, he-
moglobin, natural lung, andmembrane lung oxygen fractionswere chosen as inputs. Content, partial pressure, and he-
moglobin saturation of oxygen in arterial, venous, pulmonary, and extracorporeal blood were outputs. To assess
accuracy and predictive power of the model, we retrospectively analyzed data of 25 vv-ECMO patients. We compiled
2 software (with numerical, 2D and 3D graphical outputs) to study the impact of each variable on oxygenation.
Results: Themodel showed high accuracy and predictive power. Raising bloodflow and oxygen fraction to themem-
brane lung or reducing total oxygen consumption improves arterial and venous oxygenation, especially in severe
cases; raising oxygen fraction to the natural lung improves oxygenation only inmilder cases; raising hemoglobin al-
ways improves oxygenation, especially in the venous district; recirculation fraction severely impairs oxygenation. In
severely ill patients, increasing cardiac output worsens arterial oxygenation but enhances venous oxygenation. Ox-
ygen saturation of ECMO inlet is critical to evaluate the appropriateness of oxygen delivery.
Conclusions: The model with the software can be a useful teaching tool and a valuable decision-making aid for the
management of hypoxic patients supported by vv-ECMO.

© 2016 Elsevier Inc. All rights reserved.

1. Introduction

Venovenous extracorporeal membrane oxygenation (vv-ECMO) has
been proven clinically effective for the treatment of patientswith severe
hypoxic respiratory failure [1-3]. During vv-ECMO, blood oxygenation is
depending on the complex interaction between the function of the pa-
tient pulmonary system (natural lung [NL]) and the ECMO support
(membrane lung [ML]). Several factors affect blood oxygenation during
vv-ECMO: cardiac output (CO), NL intrapulmonary shunt (Qs), oxygen
fraction to the natural lung (FIO2NL), oxygen fraction to the membrane
lung (FIO2ML), total oxygen consumption (VO2TOT), extracorporeal
blood flow (BF), hemoglobin (Hb) concentration, membrane lung
shunt (QsML), and recirculation (R) [4-6]. Therefore, during vv-ECMO,
common clinical interventions may have unpredictable effects on
oxygenation. Moreover, assessing the adequacy of oxygen delivery in
patients supported by vv-ECMO is particularly complex because the
parameters commonly used to assess oxygenation (ie, mixed venous
or central venous oxygen saturation [7]) are highly affected by the
extracorporeal support [8].
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We present a mathematical model of blood oxygenation during vv-
ECMO, which can be used as a teaching tool and a decision-making aid
for physicians. This model is based on the principle of conservation of
mass and standard equations describing uptake and delivery of oxygen
[9-11]. By this model, given a set of the variables above, it is possible to
obtain oxygen content, PO2, and hemoglobin saturation (SO2) of the
different circulatory districts of a patient during vv-ECMO.

We assessed the accuracy and the predictive capability of themodel
with a retrospective analysis of blood gas analyses of patients treated
with vv-ECMO admitted to San Gerardo Hospital (Monza, Italy)
intensive care unit (ICU) for respiratory failure. We analyzed how
different physiologic variables independently affect oxygenation during
vv-ECMO and evaluated which individual physiologic parameter may
better describe the appropriateness of oxygen delivery.

2. Material and methods

2.1. ECMO model

Ourmodel describes a simplified circulatory system of a patient con-
nected to a vv-ECMO support (see Fig. 1). Themodel is suitable for neo-
natal, pediatric, and adult patients, provided that the circulatory system
is fully transitioned from the fetal circulation to a newborn circulation
(closure of the ductus arteriosus and venosus as well as foramen
ovale).Weused theRiley'smodel of gas exchange [9] to describe thepa-
tient pulmonary system. Thus, the Qs (L/min)—the fraction of CO (L/
min) perfusing nonventilated alveoli—is the only determinant of inade-
quate oxygenation of blood exiting theNL. The Riley'smodel is also used
to describe the function of the ML.

We choose as input of themodel the actual primary independent de-
terminants of oxygenation during vv-ECMO support:

- VO2TOT (mL/min) that is the oxygen expenditure of thewhole body;
- CO (L/min);
- extracorporeal BF (L/min);
- recirculation fraction [12] (R/BF, %; R is the blood flow recirculating
from the ECMO output into the ECMO input, L/min);

- intrapulmonary shunt fraction (Qs/CO, %);
- FIO2NL (%);
- FIO2ML (%);

- Hb concentration (g/dL);
- membrane lung shunt fraction (QsML/BF, %) [13].

From the variables above, following standard equations [14-17], our
model computes the oxygen content, PO2 and SO2 of the various circula-
tory districts of a patient supported vv-ECMO support, as well as the
oxygen loaded by the patient lung (VO2NL) and the oxygen loaded by
the membrane lung (VO2ML). We identified 7 different blood districts
(ie, arterial [Ca], venous, ECMO inlet, ECMO outlet, mixed venous,
pulmonary capillary, and ML capillary), with 7 correspondent oxygen
contents: Ca, venous, ECMO inlet, ECMO outlet, mixed venous, ideal
pulmonary capillary, and ideal ML capillary. For further details about
the mathematical model compilation, see ECMO model (Additional
Methods, Supplementary Material).

2.2. Software

We implemented themodel into 2 software, freely for academic and
research purposes at www.ecmomodel.unimi.it. In both programs, the
user enters numerical values for input variables. The “patient oxygena-
tion” program provides the PO2 and SO2 of all the patient's blood dis-
tricts. The “graph builder” plots the relationship between 2 and 3
variables in a 2D or 3D graph. For further details, see Figs. S1 and S2
and Software and Software Installation (Additional Methods, Supple-
mentary Material).

2.3. Accuracy and predictability test

To evaluate the accuracy and predictability of the model, we retro-
spectively analyzed data from selected 25 adult and 3 pediatric patients
admitted to the ICU of San GerardoHospital (Monza, Italy) after diagno-
sis of severe respiratory failure and thus connected to vv-ECMO support,
from January 2003 to January 2013 (see Table 1 for adult patients' de-
mographics and table S3 for pediatric data). Electronic chartswere scru-
tinized for the following inclusion criteria: (1) diagnosis of respiratory
failure, (2) connection to a vv-ECMO circuit, (3) availability of simulta-
neous measurement of FIO2NL, FIO2ML, BF, core temperature, CO by
thermodilution technique and the collection of arterial, mixed venous,
ECMO inlet, and ECMO outlet blood gas analyses. The institutional re-
view board approved the study. Written informed consent was waived

Fig. 1. Schematic representation of a patient connected to vv-ECMO. Panel A, All the different blood districts are depicted. Panel B, The oxygen delivery of each circulatory district is
depicted. Cvmix indicates mixed venous content of oxygen; CcNL, ideal pulmonary capillary content of oxygen; Cin, ECMO inlet content of oxygen; Cout, ECMO outlet content of oxygen;
CcML, ideal ML capillary content of oxygen.
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