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1 | INTRODUCTION donor after brain-dead (DBD) management may impair
the reliability of PaO,/FiO, in reflecting the actual donor
The arterial oxygen partial pressure to inspired oxygen lung oxygenation capacity.

fraction ratio (PaO,/FiO,) is one of the primary criteria The DBD is usually characterized by a cardiocircu-
in evaluating lung donor suitability for transplantation. latory hyperdynamic state initiated by the catecholami-
However, the hemodynamic and metabolic derangements, nergic storm and sustained by exogenous vasopressor

the ventilatory and resuscitation strategies adopted during ~ administration,’ both increasing oxygen delivery. On

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any
medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
© 2022 The Authors. Artificial Organs published by International Center for Artificial Organ and Transplantation (ICAOT) and Wiley Periodicals LLC.

Artificial Organs. 2022;46:2313-2318. wileyonlinelibrary.com/journal/aor 2313


www.wileyonlinelibrary.com/journal/aor
https://orcid.org/0000-0002-8303-4796
https://orcid.org/0000-0002-9612-5187
https://orcid.org/0000-0003-0877-7626
https://orcid.org/0000-0001-8330-5077
https://orcid.org/0000-0003-2593-729X
mailto:﻿
https://orcid.org/0000-0002-2967-2527
https://orcid.org/0000-0002-1735-1400
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:alberto.zanella1@unimi.it

Artificial

PAO,/F10, PITFALLS EVALUATING DONOR LUNG FUNCTION

2314
—LWI LEY-

Organs

the contrary, oxygen consumption decreases throughout
DBD observation mainly due to loss of cerebral contribu-
tion to oxygen metabolism, hormone (thyroid hormone
and cortisol) depletion, hypothermia (loss of thermoreg-
ulatory mechanisms), and reduced oxygen extraction be-
cause of the fall in tissue metabolic rate and absence of
muscular activity.? The vascular dilatation and eventually
diabetes insipidus lead to high-volume crystalloids resus-
citation with possible subsequent further temperature
decrease and hemodilution anemia. This imbalance be-
tween oxygen delivery and consumption increases mixed
venous oxygen saturation (SvO,).> Increased SvO, might
contribute to maintain arterial oxygenation in the normal
range in spite of suboptimal lung function. During ex-
vivo lung perfusion (EVLP), the low hemoglobin concen-
tration in the perfusate determines a linearization of the
PaO,/FiO, to intrapulmonary shunt relationship: A value
of 300mm Hg PaO,/FiO, might mask an underling con-
siderable impairment of the graft gas exchange function.
In this clinical scenario, the intrapulmonary shunt may
better reflect the actual lung oxygenation function since
it takes into account the actual mixed venous and arte-
rial oxygen content. The aims of the present study are:
(1) To elucidate how the derangements of oxygen deliv-
ery and consumption occurring in the multiorgan donor
affect the PaO,/FiO, interpretation. (2) To elucidate how
different EVLP protocol-related settings affect the PaO,/
FiO, value.

pH7.40

PvO, 55 mmHg
$v0,87.5%

Total Oxygen Consumption
225 mi/min

Hb 9 g/dl

2 | METHODS

In the present report, we exploited a validated math-
ematical model to critically evaluate the contribution of
extrapulmonary determinants of gas exchange in the re-
lationship between PaO,/FiO, and intrapulmonary shunt.

2.1 | Mathematical model
The hemodynamic and metabolic parameters of the hypo-
thetical brain-dead donor were derived from the available lit-
erature®* (Figure 1) and utilized as inputs of a mathematical
model of body oxygenation (www.ecmomodel.unimi.it).” This
validated model can calculate both mixed venous and arterial
oxygen content given the values of the primary independent
determinants of patient oxygenation: cardiac output, total oxy-
gen consumption, intrapulmonary shunt fraction, the fraction
of inspired oxygen, serum hemoglobin, body temperature, ar-
terial pH, and arterial partial pressure of carbon dioxide. The
intrapulmonary shunt was considered an independent vari-
able while PaO,/FiO, was derived as a dependent variable by
modulating separately: (1) FiO,, (2) cardiac output, (3) total
oxygen consumption, and (4) hemoglobin levels within clini-
cally relevant ranges. The model explores the effect of a single
variable while keeping the others constant.

Intrapulmonary shunt is thus calculated according to
the standard formula:

Increases PaO,/FiO,
at fixed intrapulmonary shunt levels

\L VO, and/or T DO,

PaCO, 40 mmHg

P20, 398 mmHg
520, 98.9%

Cardiac Output 9 I/min
Oxygen Delivery
1197 m/min

Decreases PaO,/FiO,
at fixed intrapulmonary shunt levels

J Fio,or 4

Hb
(only at fixed SvO,)

FIGURE 1 Gasexchange model in the brain-dead donor. The image illustrates the average values of the extrapulmonary determinants

of Pa0,/FiO, used in the mathematical model to derive the venous and arterial oxygen content. The values adopted have been derived

from the available literature: Cardiac output of 3.5-4.0 Lt/min/m? with a total oxygen delivery of 450-550 ml/min/m?, and total oxygen

consumption of 115-120 ml/min/m?. In the present example, we calculated the estimated values in a 70kg subject: The cardiac output is 9 L/

min, the total oxygen consumption is 225ml/min, the hemoglobin level is 9 g/dl, the arterial pH is 7.40, arterial partial pressure of carbon

dioxide (PaCO,) is 40 mm Hg. Assuming an intrapulmonary shunt level in the middle/high range (25%) this result in a PaO,/FiO, value in

the normal range (398 mm Hg), well above the cut-off for determination of donor lung suitability for transplantation. [Color figure can be

viewed at wileyonlinelibrary.com]
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Qs _ (CcO, — Ca0,)
Qt  (CcO, - CvO,)

where Qs, shunting blood flow; Qt, total blood flow; CcO,,
pulmonary end-capillary O, content; CaO,, arterial O, con-
tent; CvO,, mixed venous O, content.

2.2 | Clinical data
IRB approval and patient-informed consent were not re-
quired due to the nature of the study reporting aggregated
retrospectively collected data from isolated organs of pre-
viously deceased patients.

To assess the effect of reduced plasma oxygen-carrying
capacity, we evaluated the gas exchange of all lung grafts
treated with EVLP at our Institution between December
1, 2017 to June 30, 2021. The EVLP was run according to a
protocol previously described® with an open atrium tech-
nique, using a Steen™ Solution-based perfusate with a he-
matocrit between 10 and 15% and a target blood flow at
40% of the predicted donor cardiac output. We correlated
the PaO,/FiO, value to the intrapulmonary shunt levels
measured hourly during EVLP. All gas exchange evalua-
tions were performed at 100% FiO,. Oxygen consumption,
obtained by ventilating with the membrane lung with
nitrogen, was kept constant (36 [33;41] mL/min) at each
time point.

3 | RESULTS

Figure 2 illustrates the relationship between intrapulmo-
nary shunt and PaO,/FiO, at three predefined levels of re-
spectively FiO, (Panel A), cardiac output (Panel B), total
oxygen consumption (Panel C), and hemoglobin (Panel
D).

1. By increasing FiO, up to 100%, venous admixture con-
tribution to gas exchange is abolished thus increasing
the PaO,/FiO, value for any intrapulmonary shunt
level. Above 30% intrapulmonary shunt the impact
of FiO, level on PaO,/FiO, is minimal.

2. Both increasing cardiac output and/or reducing oxygen
consumption moves to the right of the intrapulmonary
shunt to PaO,/FiO, relationship. This implies that for
a similar PaO,/FiO, level the patients with the higher
cardiac output and/or the lower oxygen consumption
have the worse intrapulmonary shunt.

3. In the setting of increased SvO,, reducing serum hemo-
globin level marginally affects the PaO,/FiO, for each
intrapulmonary shunt value: Both the SvO, and the
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blood oxygen-carrying capacity are reduced thus neu-

tralizing their reciprocal effect.

Twenty EVLP procedures have been included in the
study, 12 from donors after cardiocirculatory death and
8 from extended-criteria brain-dead donors. Measuring
intrapulmonary shunt during EVLP from real clinical
data, we observed a significant and linear correlation
between intrapulmonary shunt and PaO,/FiO, (p-value
<0.0001; R? 0.892; Equation: PaO,/FiO, =739—795%in-
trapulmonary shunt), Figure 3 Panel A. Due to the curve
slope, PaO,/FiO, values between 400 and 500 mm Hg cor-
respond to intrapulmonary shunt about 30 to 40%. When
simulating by mathematical modeling to run the EVLP at
lowering hemoglobin level while keeping fixed the SvO,
(Figure 3 Panel B), we observed an upright shift of the
intrapulmonary shunt to PaO,/FiO, relationship: during
acellular EVLP PaO,/FiO, of 350 corresponds to about
55% intrapulmonary shunt.

4 | DISCUSSION

The main findings of the present study are:

1. Lung oxygenation capacity both in the multiorgan
donor and during EVLP should be evaluated at high
FiO, in order to avoid the confounding effect of ve-
nous admixture.

2. The multiorgan donors are predisposed to develop a
high SvO, state due to reduced oxygen consumption
and increased oxygen delivery. A high SvO, state in-
creases the PaO,/FIO, without this corresponding to
an optimal graft oxygenation capacity.

3. During EVLP, the low oxygen consumption and hemo-
globin levels determine that high PaO,/FiO, (>300mmHg)
corresponds to high intrapulmonary shunt levels.

The PaO,/FiO, is used worldwide as the ultimate
criterion for judgment of graft suitability for trans-
plantation due to the—apparently—simplicity of its
interpretation. However, multiple reports did not find
an association between early lung allograft function
and donor oxygenation.”® In critically ill patients, in-
trapulmonary shunt represents the gold standard for
the evaluation of lung oxygenation capacity. In fact, in-
trapulmonary shunt, differently from the most widely
adopted PaO,/FiO,, reflects only the lung oxygenation
capacity without being affected by oxygen delivery
and consumption. Conversely, the main disadvantage
of measuring intrapulmonary shunt, at least in the
brain-dead donor, is the need of pulmonary artery cath-
eter placement, which is not commonly used for the
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FIGURE 2 Extrapulmonary determinants of PaO,/FiO, in the brain-dead donor. Panel A: By progressively increasing the FiO,,
and abolishing the venous admixture contribution to gas exchange, the PaO,/FiO, value is increased for any intrapulmonary shunt

level assessed. However, above a level of the intrapulmonary shunt of 30% the FiO, level minimally affects PaO,/FiO,. In the setting of

the brain-dead donor, all factors determining an increase in mixed venous oxygen saturation cause an increase in the PaO,/FiO, value

without this corresponding to a decrease in intrapulmonary shunt fraction. Panel B: Increasing oxygen delivery by rising cardiac output

at a constant total oxygen consumption rate increases the PaO,/FiO, for any value of intrapulmonary shunt. Panel C: Decreasing total

oxygen consumption at a constant oxygen delivery rate increases the PaO,/FiO, for any value of intrapulmonary shunt. Panel D: Varying

hemoglobin concentration does not affect the PaO,/FiO, value for any value of intrapulmonary shunt. The dashed line marks the values of

intrapulmonary shunt obtained at a PaO,/FiO, of 350 mm Hg, cut-off for determination of donor lung suitability for transplantation. CO,

cardiac output; FiO,, fraction of inspired oxygen; Hb, hemoglobin level; PaO,/FiO,, Arteral partial pressure of oxygen to fraction of inspired

oxygen ratio; VO,, Total oxygen consumption. [Color figure can be viewed at wileyonlinelibrary.com]

hemodynamic management of brain-injured patients.
In the present brief report, we elucidated the magnitude
of Pa0,/FiO, changes when varying the main extrapul-
monary determinants of arterial oxygenation.

The complex relationship between FiO, and PaO,/FiO,
has been widely investigated’: the oxyhemoglobin disso-
ciation curve and the presence of lung regions with low
ventilation-perfusion ratio determine a down-leftward
shift of the intrapulmonary shunt to PaO,/FiO, relation-
ship at low (<50%) FiO,. Evaluating PaO,/FiO, at a stan-
dardized FiO, in the high range (>70%) minimizes the
confounding effect of venous admixture.

Both seminal clinical paper and experimental data
showed multiorgan donors to have an increased oxygen
delivery and reduced oxygen consumption.’® Using a
physiology-based mathematical model, we demonstrated
that the elevated oxygen delivery rate and the reduced
oxygen consumption that occurs during brain dead result
in high SvO, and low artero-venous O, difference. In this
scenario, intermediate-high PaO,/FiO, levels correspond
to a significant amount of intrapulmonary shunt."!

The clinical implication of the present findings is that
whenever a high cardiac output is documented (for exam-
ple by echocardiography) a donor lung with borderline
Pa0,/FiO, (i.e. 300-350 mm Hg) should be more carefully
evaluated considering parameters other than arterial ox-
ygenation. The most recent literature validated the use
of donor respiratory system compliance instead of the
donor Pa0O,/FiO, levels for predicting graft post-operative
function.'?

The Toronto group demonstrated that PaO,/FiO,
represents only a late sign of organ dysfunction during
EVLP." This observation should be obvious if we consider
perfusate oxygen content instead of oxygen partial pres-
sure. The absence or low level of hemoglobin determines
a low perfusate oxygen-carrying capacity, while the low
oxygen consumption level determines a reduced venous to
arterial oxygen content difference. In this scenario even in
the case of a limited number of functional alveolar units,
the diffusion of a little amount of oxygen is able to pro-
duce a significant rise in perfusate PO,. In our EVLP case
series, a value of PaO,/FiO, of 350mm Hg corresponds
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Intrapulmonary shunt and PaO,/FiO, relationship during EVLP. Data from clinical EVLP show an almost linear upright

the shifted relationship between intrapulmonary shunt and PaO,/FiO, (Panel A). Each point represents one of the measurements of gas

exchange performed hourly during each EVLP procedure. The reduced a-v O, content due to the high venous oxygen saturation (>87%)

and the reduced perfusate oxygen-carrying capacity determines that PaO,/FiO, between 400 to 500 mm Hg corresponds to intrapulmonary
shunt between 30 to 40%. Panel B: Decreasing hemoglobin level while “artificially” keeping constant the SvO, unmasks the effect of the
reduced oxygen-carrying capacity: When decreasing the perfusate hemoglobin concentration the PaO,/FiO, is increased for any value

of intrapulmonary shunt. The dashed line marks the values of intrapulmonary shunt obtained at a PaO,/FiO, of 350 mm Hg, cut-off for
determination of donor lung suitability for transplantation. Hb, hemoglobin level; PaO,/FiO,, Arterial partial pressure of oxygen to fraction

of inspired oxygen ratio. [Color figure can be viewed at wileyonlinelibrary.com]

to a shunt fraction of 45%. The clinical implication of the
present observation is that contrarily to what has been re-
ported in previous studies, the PaO,/FiO, should not be
used to compare donor lung function in-vivo vs. during
EVLP and between different EVLP protocols (i.e., cellu-
lar vs acellular and/or low vs high blood flow)."> Due to
the easiness of measuring intrapulmonary shunt during
EVLP, it might provide useful information to evaluate
graft function. Unfortunately, we are currently unable to
provide a definitive intrapulmonary shunt threshold to
define lung acceptability for transplantation, this should
be the object of further investigations. The course of lung
compliance and pulmonary vascular resistance over 4 h of
EVLP might help to define lung suitability for transplan-
tation,'®!” particularly when non-ideal gas exchanges are
measured.

5 | CONCLUSIONS

Both in brain-dead donors and during EVLP, evaluating
donor lung function by means of the PaO,/FiO,, despite
being practical, might be misleading. Increased SvO, val-
ues and/or reduced oxygen-carrying capacity result in
PaO,/FiO, in the normal-high range without this corre-
sponding to a low intrapulmonary shunt level. Clinicians
should be aware of the extrapulmonary determinants of
Pa0O,/FiO, in order to personalize the oxygenation criteria
threshold for graft suitability for transplantation.
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