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climbing and 0.5 liter per minute while the sub-
ject was sleeping. Supplemental oxygen was infre-
quently used while the subjects were resting at 
Camp 3 and Camp 4 (7950 m). At Camp 3, arte-
rial samples were obtained after the subjects had 
been breathing ambient air for at least 4 hours. 
At the Balcony, samples were obtained after the 
subjects had been breathing ambient air for 20 
minutes in order to achieve an adequate washout 
of supplemental oxygen.

Analysis of Blood Samples
Arterial blood samples were analyzed with the 
use of the RapidLab 348 (Siemens Medical Solu-
tions Diagnostics) blood gas analyzer, which does 
not contain a co-oximeter. The PaO2, the PaCO2, 
and the pH were measured. Values for the bicar-
bonate concentration, blood base excess, and oxy-
gen saturation (SaO2) were calculated with the 
use of formulas currently approved by the Clini-
cal Laboratory Standards Institute10 (Table 1). The 
blood lactate concentration was measured with a 
separate device (Lactate Scout, EKF Diagnostic). 
Barometric pressure was measured at the site of 
analysis with the use of the same model of barom-
eter as that used at the sampling site.

The blood gas analyzer was altered from its 
original specification so that it would function at 
high altitude. The analyzer’s internal barometer 
was bypassed with a fixed resistor so that the 
analyzer always read as if the barometric pressure 
was a constant 450 mm Hg (60.0 kPa), regard-
less of altitude. This modification was necessary 
in order to circumvent an inbuilt mechanism that 
prevented the analysis of samples at a baromet-
ric pressure lower than 400 mm Hg (53.3 kPa). 
To replicate the barometric-pressure correction 
that the machine would normally apply in its un-
modified form, true gas partial-pressure values 
were obtained by inserting the machine-derived 
values into Equation 1, shown in Table 1. This 
calculation is identical to that performed inter-
nally by the arterial blood gas analyzer during 
normal function at lower altitudes.

The subjects’ temperatures at the time of sam-
pling were assumed to be the same as the tem-
perature of the blood gas analyzer — namely, 
37.0°C (98.6°F). The analyzer was validated in a 
hypobaric chamber at the equivalent of 4000 m 
(13,123 ft) and then revalidated in the field, at 
5300 m and 6400 m, the altitudes at which mea-
surements of arterial blood gas were performed 

Figure 1. Barometric Pressure (PB) and Partial Pressure of Inspired Oxygen 
(PIO2) in Blood Samples Obtained from Subjects Breathing Ambient Air  
at Various Altitudes between London and the Summit of Mount Everest.

In Panel A, the measurements at the summit are reported from West et al.7 
The other measurements were performed by the investigators.
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metric device (HemoCue Whole Blood Hemoglo-
bin System, HemoCue). Venous samples were 
obtained at the same time as arterial samples in 
London, at the Everest base camp, and at Camp 2. 
For the hemoglobin concentration at Camp 3 and 
the Balcony, we used the mean of the hemoglo-
bin values obtained at the Everest base camp  
9 days before and 8 days after the arterial sample 
at the Balcony was obtained (Fig. 1); these values 
were used in the calculation of CaO2, bicarbonate 
concentration, and blood base excess.

The partial pressure of alveolar oxygen (PAO2) 
at the time of sampling was estimated by apply-
ing the alveolar gas equation to the calculated 
PIO2 (Equations 5 and 6 in Table 1). The resting 
respiratory exchange ratios necessary for these 
calculations were obtained for three of the sub-
jects at the South Col of Everest on the day be-
fore summiting, with the use of breath-by-
breath analysis equipment (MetaMax 3B, Cortex 
Biophysik).

R esult s

Collection of Samples
The climbers reached the summit of Mount Ever-
est on the morning of May 23, 2007, after having 
spent 60 days at an elevation higher than 2500 m 
(8202 ft). The location, altitude, barometric pres-
sure, and PIO2 for each sampling site are shown 
in Figure 1. All femoral arterial blood samples 
were obtained without complications on the first 
attempt. Ten samples were obtained in London, 
nine at the Everest base camp, nine at Camp 2, 
six at Camp 3, and four at 8400 m. The reasons 
for not obtaining samples were as follows: at the 
Everest base camp, one subject was unwell; at 
Camp 2, one subject was unwell; at Camp 3, four 
subjects were not present when the Sherpa was 
available to transport the sample; and at the Bal-
cony, two subjects did not reach this altitude, and 
four subjects were not present when the Sherpa 
was available to transport the sample. One sam-
ple at Camp 2 repeatedly clotted in the arterial 
blood gas machine, so no data are available for 
that sample. In all cases, the interval between sam-
pling and analysis was less than 2 hours.

Arterial Blood Gases
Measured PaO2 and hemoglobin values, along 
with calculated SaO2 and CaO2 values, are shown 
in Figure 2. The CaO2 value at sea level was main-
tained up to an altitude of 7100 m and fell below 
baseline only at 8400 m; at this altitude, the mean 
CaO2 for the four subjects was calculated to be 
145.8 ml per liter. Mean PaCO2 values fell with 
increasing altitude, from 36.6 mm Hg (4.88 kPa) 
at sea level to 20.4 mm Hg (2.72 kPa) at 5300 m, 
18.2 mm Hg (2.43 kPa) at 6400 m, and 16.7 mm Hg 
(2.23 kPa) at 7100 m; corresponding pH values 
were 7.40, 7.46, 7.51, and 7.53.

The results of the arterial blood gas analysis 
and the hemoglobin and lactate concentrations in 
four subjects at 8400 m are shown in Table 2. The 
mean PaO2 and PaCO2 values were 24.6 mm Hg 
(3.28 kPa) and 13.3 mm Hg (1.77 kPa), respec-
tively. The mean PIO2 value at 8400 m was calcu-
lated to be 47.0 mm Hg (6.27 kPa) at the time of 
arterial sampling. Calculated values for PAO2, 
resting respiratory exchange ratios, and the alveo-
lar–arterial oxygen difference in four subjects at 
8400 m are shown in Table 2. The mean PAO2 and 
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Figure 2. Changes in the Arterial Mean Partial Pressure of Oxygen, Oxygen 
Saturation, Hemoglobin Concentration, and Oxygen Content in Climbers  
on Mount Everest.

I bars denote standard deviations.
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Background
The level of environmental hypobaric hypoxia that affects climbers at the summit 
of Mount Everest (8848 m [29,029 ft]) is close to the limit of tolerance by humans. 
We performed direct field measurements of arterial blood gases in climbers breath-
ing ambient air on Mount Everest.

Methods
We obtained samples of arterial blood from 10 climbers during their ascent to and 
descent from the summit of Mount Everest. The partial pressures of arterial oxygen 
(PaO2) and carbon dioxide (PaCO2), pH, and hemoglobin and lactate concentrations 
were measured. The arterial oxygen saturation (SaO2), bicarbonate concentration, 
base excess, and alveolar–arterial oxygen difference were calculated.

Results
PaO2 fell with increasing altitude, whereas SaO2 was relatively stable. The hemoglobin 
concentration increased such that the oxygen content of arterial blood was main-
tained at or above sea-level values until the climbers reached an elevation of 7100 m 
(23,294 ft). In four samples taken at 8400 m (27,559 ft) — at which altitude the 
barometric pressure was 272 mm Hg (36.3 kPa) — the mean PaO2 in subjects breath-
ing ambient air was 24.6 mm Hg (3.28 kPa), with a range of 19.1 to 29.5 mm Hg 
(2.55 to 3.93 kPa). The mean PaCO2 was 13.3 mm Hg (1.77 kPa), with a range of 
10.3 to 15.7 mm Hg (1.37 to 2.09 kPa). At 8400 m, the mean arterial oxygen content 
was 26% lower than it was at 7100 m (145.8 ml per liter as compared with 197.1 ml 
per liter). The mean calculated alveolar–arterial oxygen difference was 5.4 mm Hg 
(0.72 kPa).

Conclusions
The elevated alveolar–arterial oxygen difference that is seen in subjects who are in 
conditions of extreme hypoxia may represent a degree of subclinical high-altitude 
pulmonary edema or a functional limitation in pulmonary diffusion.
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We found that neuropsychological function can be assessed
over the telephone in a multicenter trial. This has the potential
to be an important development for future critical care trials,
because neuropsychological impairment is increasingly recog-
nized as a common, long-lasting, and potentially modifiable
outcome. However, our experience highlights potential limita-
tions of measuring neuropsychological function in multicenter
trials.

First, attrition was significant. Attrition is a recognized barrier
to conducting long-term outcomes studies in critical care trials
(24, 25, 57–59), caused in part by the mortality experienced by
critically ill patients. After accounting for mortal losses, the
requirement that subjects be enrolled in EA-PAC, and the de-
lay in study initiation, only 406 of the 1,001 subjects randomized
in FACTT were alive and eligible for ACOS.

However, because 12% of eligible survivors declined and
36% were unable to be contacted to obtain consent for ACOS
after discharge, the opportunity to increase subject participation
in future studies exists. Potential solutions to increase consent
rate in future studies include enrolling subjects prospectively
and prioritizing in-person consent before discharge, and using
multiple strategies and repeated attempts to contact potential
subjects (60, 61). Furthermore, because 12% of subjects who
consented to long-term neuropsychological assessment subse-
quently declined and 25% were lost to follow-up, the opportu-
nity to improve retention also exists. Although it is unclear why
subjects declined to be tested, potential explanations include
that subjects were asked to complete multiple follow-up inter-
views as part of EA-PAC and ACOS and neuropsychological
assessments were lengthy. Finally, subjects completed cognitive

TABLE 2. ASSOCIATIONS WITH LONG-TERM COGNITIVE IMPAIRMENT IN SURVIVORS OF ALI

Long-Term Cognitive Impairment

Not Impaired
(n ¼ 34)

Impaired
(n ¼ 41) P Value

Unadjusted Odds
Ratio (95% CI)

Adjusted Odds Ratio
(95% CI)*

Candidate risk factors
Duration of mechanical ventilation 8 (4–11) 6 (4–9) 0.43
Conservative fluid-management strategy, % 32 66 0.004 4.03 (1.53–10.59) 3.35 (1.16–9.70)–5.46 (1.92–15.53)
Hypotension (hemodynamic data on-study)†

Systolic blood pressure (mm Hg) 108 (102–113) 104 (96–112) 0.32
Cardiac index (L/min/m2)‡ 4.5 (3.8–5.3) 4.5 (3.7–5) 0.49
Shock, %† 32 29 0.77
Vasopressor use 26 24 0.84

Hypoxemia (respiratory variables on-study)
PaO2

86 (70–98) 71 (67–80) 0.02 1.56 (1.09–2.24)x 1.51 (1.01–2.26)–1.68 (1.14–2.49)x

PaO2
:FIO2

152 (132–192) 157 (133–190) 0.63
Oxygenation index 7.38 (4.55–10.42) 7.67 (5.97–10.02) 0.57
Oxygen saturation (%) 95.1 (93.3–96.8) 94.2 (92.6–95.8) 0.10

Pulmonary artery catheter, % 53 61 0.48
Primary lung injury, % 0.10
Pneumonia 24 46
Sepsis 29 20
Aspiration 9 17
Trauma 12 10
Multiple transfusions 6 2
Other 21 5

Severity of illness
APACHE III 87 (60–106) 72 (60–94) 0.42
ICU length of stay 11 (8–18) 10 (7–16) 0.65

Potential covariates
Age, yr 50 (43–58) 51 (45–60) 0.51
Male sex, % 32 51 0.10
Race or ethnic group, % 0.53
White 91 90
Black 6 10
Hispanic 3 0

Level of education, yr 13 (12–16) 12 (12–15) 0.36
Coexisting conditions, %
Heavy alcohol use 3 13 0.21
Cerebrovascular disease 0 2 1.00

Psychiatric impairment, 1 yr, % 59 80 0.04
Hospital length of stay before enrollment, d 2 (1–3) 3 (1–4) 0.22
Time from discharge to testing, mo 12 (11–13) 12 (11–13) 0.51

Definition of abbreviations: ALI ¼ acute lung injury; APACHE III ¼ Acute Physiologic and Chronic Health Evaluation III scores; CI ¼ confidence interval; CVP ¼ central
venous pressure; FACTT ¼ Fluid and Catheter Treatment Trial; ICU ¼ intensive care unit.
Cognitive impairment at the subject level was defined as impairment in memory, verbal fluency, or executive function in the 75 subjects who completed tests in each

of these domains at the 12-month follow-up. Values expressed as a frequency (percent) or median (interquartile range).
On-study variables were summarized at the subject level as means to account for influential observations. With the exception of systolic blood pressure, in which the

worst values over the preceding 24 hours were recorded to derive the cardiovascular component of the Brussels organ failure score, values were measured and recorded
daily (measure closest to 8:00 A.M.) during the study.
* Potential covariates were included in the multivariable logistic regression models one covariate at a time. The adjusted odds ratios presented represent the range of

odds ratios observed in multivariable logistic regression models. For additional details, see Table E6.
y Shock defined as mean arterial pressure less than 60 or vasoactive agent use (assignment to FACTT protocol cells 1 or 2) at any time during FACTT (4).
zCardiac index was measured in 39 survivors (20 in the liberal-strategy group and 19 in the conservative-strategy group).
x For each 10-unit decrease in PaO2

, odds ratio for the development of cognitive impairment increased by 1.56.

Mikkelsen, Christie, Lanken, et al.: ARDS Cognitive Outcomes Study 1311
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Hypoxemia	and	Survival

• SaO2;	PaO2;	P/F	ratios	are	not	good	outcome	predictors	in	ARDS

• Animal	data	is	not	conclusive

• There	are	no	studies	showing	that	permissive	hypoxemia	(PaO2	7-9	
kPa)	is	the	best	strategy

• There	is	no	conclusive	evidence	that	normoxemia is	bad

• There	is	scarce	evidence	that	hyperoxemia is	bad

• There	is	abundant	evidence	that	the	ventilator	should	do	as	less	as	
possible



Hypoxemia	and	the	brain

Hypoxemia	is	reasonable	well	tolerated	in	the	normal	
brain
• The	brain	needs	time	to	adapt

• Animal	data	shows	conflicting	results

Hypoxemia	is	not	well	tolerated	in	the	injured	brain
• Clinical	and	animal	data

Hypoxemia	is	possibly	not	well	tolerated	by	the	brain	in	
ARDS	survivors
• Some	clinical	data



ELSO	guidelines

SaO2	>	80%
SvO2	>	70%
Ht >	40%



Determinants	of	
Oxygenation	in	vv-ECMO



interplay between blood oxygenation and its delivery
parameters. A clearer description of the interplay between

determinants may allow improved oxygenation of patients

undergoing VV-ECMO.
The purpose of this paper is to obtain a numerical model

to analyze, in a detailed way, the interplay between blood

oxygenation and its delivery parameters.

2 Determinants of oxygenation during VV-ECMO

We use the following relationship between arterial oxygen

saturation (SaO2) and its determinants [13] (for its
derivation, see electronic supplementary material):

SaO2 ! ð1# RÞ PF
CO

! "
SmO2 þ 1# ð1# RÞ PF

CO

! "
SvO

2

þ 0:01 & PmO2

ð1Þ

where PF represents pump flow (L/min), R the recircula-

tion fraction, SmO2 the post-oxygenator saturation (%), CO
the cardiac output (L/min), SvO2 the saturation of mixed

venous blood (%) and PmO2 the oxygen partial pressure of

the oxygenator outgoing blood (mmHg). The term
0.01&PmO2 is an estimate of the increase of SaO2 due to

dissolved oxygen. 0.01&PmO2 is in %. For example, if

PmO2 is 500 mmHg, then increased of SaO2 due to the
dissolved O2 = 0.01 9 PmO2 = 0.01 9 500 = 5 %.

This equation was established from physiology of

transport and delivery of O2 to tissues and two

assumptions: the cardiac output is maintained (patients
with isolated severe acute respiratory failure) and the

contribution of the patient’s lungs (residual lung function)

in the oxygenation is minor (severe acute failure and pro-
tective mechanical ventilation). This relationship is inde-

pendent of cannulation and circuit configuration (Fig. 1).

Under VV-ECMO it is necessary to take into account
the recirculation R, the fraction of oxygenated blood that

exits the infusion port and is immediately drained back into

the drainage port instead of being delivered to the patient’s
circulation (Fig. 1). If R is the recirculation fraction, the

real flow of oxygenated blood, is effective flow (EF):

EF ¼ 1# Rð Þ PF ð2Þ

where R represents the recirculation fraction and EF the

effective flow (L/min).

By replacing (1-R) PF by EF, Eq. 1 can be written
more simply and with greater clarity:

SaO2 !
EF

CO

! "
SmO2 þ 1# EF

CO

! "
SvO

2
þ 0:01 & PmO2

ð3Þ

If the dissolved oxygen is ignored, we can combine

according to the method of Takala [12] Eq. 3 and the Fick
equation:

SvO2 ! SaO2 #
10 & VO2

ð1:34 & Hb & COÞ ð4Þ

where SvO2 represents the saturation of mixed venous blood

(%), SaO2 the arterial oxygen saturation (%), CO the cardiac

Fig. 1 VV-ECMO
configuration PdO2 partial
pressure of O2 in the drainage
cannula, SdO2 O2 saturation in
the drainage cannula, PF pump
flow, PmO2 partial pressure of
O2 in the blood exiting the
oxygenator (membrane), SmO2

O2 saturation in the blood
exiting the oxygenator
(membrane), ScvO2 central
venous O2 saturation (&SvO2

O2 saturation in mixed venous
blood), CO cardiac output, SGF
sweep gas flow, FmO2

fractional inspired O2 sweep
gas, PaO2 partial pressure of O2

in the radial artery, SaO2 O2

saturation in the radial artery,
PPAO2 partial pressure of O2 in
the pulmonary artery, SPAO2 O2

saturation in the pulmonary
artery
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Determinants	SaO2

• SvO2

Ø 𝑆𝑣𝑂2 ≈ 	𝑆𝑎𝑂2	 − 10 +,-
(/,∗12)

• SmO2	à Saturation	of	blood	post	membrane/oxy
• Pump	Flow	(PF)
• Recirculation	Rate	(R)
• Effective	pump	flow	(EF)	à

Ø 𝐸𝐹 = 1 − 𝑅 𝑃𝐹
• Cardiac	output	Patient
• Shunt	fraction	Right	Atrium	à

Ø 𝑆ℎ𝑢𝑛𝑡𝑟𝑎 =
>?
/,



Determinants	SaO2

• SatO2	(Atrial	Oxygen	Saturation)

Ø 𝑆𝑎𝑡𝑂2	 = @A,-	B	>?	C	 @D,-	B	 /,	–	>?
/,

• Residual	lung	function
• Natural	(Anatomic	shunt)
• SaO2

Ø 𝑆𝑎𝑂2 = @FG,-	×IJKC@F,-LMJNOPQ×ILMJNOPQ
/,

− 𝐴𝑛𝑎𝑡𝑆ℎ𝑢𝑛𝑡

• Oxygen	extraction	rate
• SvO2	

Ø 𝑆𝑎𝑡𝑂2	 = @A,-	B	>?	C	 @D,-	B	 /,	–	>?
/,



where SpaO2 is the O2 saturation in a pulmonary artery
(%), EF = (1 - R) PF; EF is the effective flow rate (L/
min), PF is the pump flow (L/min), R is the recirculation
rate (%), SmO2 is the O2 saturation of the blood leaving
the oxygenator (mm Hg), CO is the cardiac output (L/
min), SvO2 is the O2 saturation of mixed venous blood
(%), and DSaO2 (&10-2 PmO2; PmO2 is the partial O2

pressure of the blood leaving the oxygenator, mm Hg) is
the increase in SaO2 due to dissolved O2 (%). Figure 1
shows the VV-ECMO configuration.

SvO2 measurement

SvO2 is the percentage of haemoglobin saturated with O2 in
mixed venous blood. Mixed venous blood is the mixture of
blood from all regions of the body in the right cavities,
before being oxygenated in the lung capillaries. SvO2 can be
obtained by taking a blood sample via a pulmonary artery
catheter [19]. Under ECMO, the mixed venous blood is the
last point in the circulation before oxygenation. Some of the
mixed venous blood is withdrawn through the drainage

cannula and passes through the oxygenator. The mixed
venous blood that is not drained by the circuit flows through
the pulmonary arteries without being oxygenated. Conse-
quently, it is impossible to measure SvO2 under VV-ECMO
by sampling blood from the pulmonary artery, because the
O2 content of the blood entering the pulmonary circulation is
a mixture of the deoxygenated venous return and the oxy-
genated blood from the circuit.

In all the calculations we replaced SvO2 with ScvO2

(superior vena cava O2 saturation) which has a similar
value to SvO2, by sampling blood from a major vein that
was not affected by the recirculation or by the blood
resulting from the ECMO circuit. Central venous blood
samples for gas analysis were obtained through a central
venous catheter positioned in the distal portion of the
superior vena cava [15, 19].

Recirculation calculation

For determination of R, we applied a simple formula,
using the evaluation of blood O2 saturation obtained from

Fig. 1 VV-ECMO configuration: PdO2 partial pressure of O2 in the
drainage cannula, SdO2 O2 saturation in the drainage cannula, PF
pump flow, PmO2 partial pressure of O2 in the blood exiting the
oxygenator (membrane), SmO2 O2 saturation in the blood exiting
the oxygenator (membrane), ScvO2 central venous O2 saturation,

CO cardiac output, SGF sweep gas flow, FmO2 fractional inspired
O2 sweep gas, PaO2 partial pressure of O2 in the radial artery, SaO2
O2 saturation in the radial artery, PpaO2 partial pressure of O2 in
the pulmonary artery, SpaO2 O2 saturation in the pulmonary artery
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Determinants	of	SaO2	à SvO2

𝑆𝑣𝑂2 ≈ 	𝑆𝑎𝑂2	 − 10
𝑉𝑂2

(𝐶𝑂 ∗ 𝐻𝑏)









Determinants	of	SaO2	à SmO2

SmO2	=	Oxygenation	after	Membrane
Ø Normally:

Ø SmO2	100%

Ø SaO2	>	20	kPa

Ø Abnormally:
Ø Bad	quality	Oxygenator

Ø Moist	/	condensation

Ø Gas	tubing	not	connected

Ø Blood	cloths



Determinants	of	SaO2

• Pump	Flow	(PF)
• Recirculation	Rate	(R)
• Effective	pump	flow	(EF)	à

Ø 𝐸𝐹 = 1 − 𝑅 𝑃𝐹
• Cardiac	output	Patient
• Shunt	fraction	Right	Atrium	à

Ø 𝑆ℎ𝑢𝑛𝑡𝑟𝑎 =
>?
/,

where SpaO2 is the O2 saturation in a pulmonary artery
(%), EF = (1 - R) PF; EF is the effective flow rate (L/
min), PF is the pump flow (L/min), R is the recirculation
rate (%), SmO2 is the O2 saturation of the blood leaving
the oxygenator (mm Hg), CO is the cardiac output (L/
min), SvO2 is the O2 saturation of mixed venous blood
(%), and DSaO2 (&10-2 PmO2; PmO2 is the partial O2

pressure of the blood leaving the oxygenator, mm Hg) is
the increase in SaO2 due to dissolved O2 (%). Figure 1
shows the VV-ECMO configuration.

SvO2 measurement

SvO2 is the percentage of haemoglobin saturated with O2 in
mixed venous blood. Mixed venous blood is the mixture of
blood from all regions of the body in the right cavities,
before being oxygenated in the lung capillaries. SvO2 can be
obtained by taking a blood sample via a pulmonary artery
catheter [19]. Under ECMO, the mixed venous blood is the
last point in the circulation before oxygenation. Some of the
mixed venous blood is withdrawn through the drainage

cannula and passes through the oxygenator. The mixed
venous blood that is not drained by the circuit flows through
the pulmonary arteries without being oxygenated. Conse-
quently, it is impossible to measure SvO2 under VV-ECMO
by sampling blood from the pulmonary artery, because the
O2 content of the blood entering the pulmonary circulation is
a mixture of the deoxygenated venous return and the oxy-
genated blood from the circuit.

In all the calculations we replaced SvO2 with ScvO2

(superior vena cava O2 saturation) which has a similar
value to SvO2, by sampling blood from a major vein that
was not affected by the recirculation or by the blood
resulting from the ECMO circuit. Central venous blood
samples for gas analysis were obtained through a central
venous catheter positioned in the distal portion of the
superior vena cava [15, 19].

Recirculation calculation

For determination of R, we applied a simple formula,
using the evaluation of blood O2 saturation obtained from

Fig. 1 VV-ECMO configuration: PdO2 partial pressure of O2 in the
drainage cannula, SdO2 O2 saturation in the drainage cannula, PF
pump flow, PmO2 partial pressure of O2 in the blood exiting the
oxygenator (membrane), SmO2 O2 saturation in the blood exiting
the oxygenator (membrane), ScvO2 central venous O2 saturation,

CO cardiac output, SGF sweep gas flow, FmO2 fractional inspired
O2 sweep gas, PaO2 partial pressure of O2 in the radial artery, SaO2
O2 saturation in the radial artery, PpaO2 partial pressure of O2 in
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output (L/min), Hb the hemoglobin concentration (g/dL),
1.34 the theoretical oxygen-carrying capacity of hemoglobin

and VO2 the body oxygen consumption (mL/min).
Thus Eq. 3 becomes:

SaO2 ! SmO2 þ
10 # VO2

ð1:34 # Hb # COÞ 1& CO

EF

! "
: ð5Þ

Firstly, from above equations we can deduce the main

determinants of oxygenation during VV-ECMO, viz.:

EF: function of PF and R

Ratio EF/CO: function of EF and CO
SvO2: function of hemoglobin concentration, metabolic

demand and CO.

SmO2 and PmO2: function of oxygenator.

Secondly, using the above equations we analyze the

interplay between SaO2 and its relevant parameters

focusing on: increase of R (Eqs. 2 and 5, Fig. 2), increase
of ratio EF/CO (Eqs. 3 and 4, Fig. 3), increase of CO

(Eq. 5, Fig. 4), decrease of SvO2 or increase of VO2

(Eqs. 4 and 5, Fig. 5). A decrease of SmO2 and PmO2

corresponded to oxygenator failure, which was not con-

sidered in this analysis. The numerical simulations were

performed using XLSTAT.

3 Interplay between blood oxygenation and its
delivery parameters

3.1 Effect of recirculation

Intensivists often attempt to increase ECMO performance

by increasing PF, however this may be ineffective. The

parameter which matters for ECMO efficiency is EF con-

nected to PF via the relation EF = (1-R) PF, R being the

recirculation fraction (Eq. 2). R is the fraction of oxy-
genated blood that exits the infusion port and is immedi-

ately drained back into the drainage port instead of being

delivered to the patient’s circulation. In the absence of
recirculation, PF needs only to be equal to CO to achieve

complete oxygenation. R increases with PF [13] and is a

known limiting factor in VV-ECMO [14, 15]. Even with a

Fig. 2 Effect of increasing R on EF and SaO2 The curve shows the
variation of EF and SaO2 with respect to PF, k = 0.0833 (to produce
recirculation), CO = 5 L/min and VO2 = 200 mL/min. SaO2

increases and decreases together with EF. After reaching their
maximum values (SaO2 = 90 %, EF = 3 L/min), they decrease due
to recirculation ([50 %). Optimal pump flow with this configuration
is 6 L/min

Fig. 3 Effect of increasing the EF/CO ratio on SaO2 and SvO2 SaO2

and SvO2 increase with EF/CO. If SmO2 = 100 % (oxygenator
perfectly functional), CO = 5 L/min, VO2 = 200 mL/min, and
PmO2 100 to 500 mmHg. If R negligible it is necessary to have PF
greater than 0.70 9 CO to reach SaO2 greater than 90 %

Fig. 4 Effect of increasing CO on SaO2 at two levels of VO2 If
VO2 = 200 mL/min SaO2 decreases from 94 to 84 % when CO
increases from 5 to 8 L/min. If VO2 = 300 mL/min, SaO2 decreases
from 91 to 77 %. The curves are plotted for Hb = 12 g/dL and
EF = 4 L/min
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Flow	&	Cardiac	output
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PmO2 100 to 500 mmHg. If R negligible it is necessary to have PF
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VV-ECMO:	HR	en	sat



VV-ECMO	enhances	your	SatO2	!!!

SaO2	≈	SatO2	– Anatomic	Shunt	+	Residual	lung	function	



Determinants	of	SaO2

• Residual	lung	function
• Natural	(Anatomic	shunt)
• SaO2

Ø 𝑆𝑎𝑂2 = @FG,-	×IJKC@F,-LMJNOPQ×ILMJNOPQ
/,

− 𝐴𝑛𝑎𝑡𝑆ℎ𝑢𝑛𝑡



Residual	function	of	the	lungs

SaO2	≈	SatO2	– Anatomic	Shunt	+	Residual	lung	function	
Residual	function	influences	SaO2	in	two	ways:

1. More	residual	function	
Ømore	gas	exchange	

ØContributes	to	SaO2

2. Lowers	hypoxic	vasoconstriction
ØEnlarges	shunt	fraction	à SaO2⬇

ØPulmonary	vascular	resistance	⬇à CO⬆⬌
Very	Complex	relationship



SaO2 depends (indirectly) on SvO2



Oxygen	consumption

output (L/min), Hb the hemoglobin concentration (g/dL),
1.34 the theoretical oxygen-carrying capacity of hemoglobin

and VO2 the body oxygen consumption (mL/min).
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EF

! "
: ð5Þ
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EF: function of PF and R
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demand and CO.
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corresponded to oxygenator failure, which was not con-

sidered in this analysis. The numerical simulations were

performed using XLSTAT.
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parameter which matters for ECMO efficiency is EF con-

nected to PF via the relation EF = (1-R) PF, R being the

recirculation fraction (Eq. 2). R is the fraction of oxy-
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known limiting factor in VV-ECMO [14, 15]. Even with a
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variation of EF and SaO2 with respect to PF, k = 0.0833 (to produce
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increases and decreases together with EF. After reaching their
maximum values (SaO2 = 90 %, EF = 3 L/min), they decrease due
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and SvO2 increase with EF/CO. If SmO2 = 100 % (oxygenator
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PmO2 100 to 500 mmHg. If R negligible it is necessary to have PF
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Metabolic	rate

theoretically adequate PF, the oxygenation may be insuf-
ficient because of the recirculation, consequently compro-

mising the efficiency of the system. R is a dynamic event

that is influenced by several factors. Recirculation reduces
EF. It is not sufficient to increase PF in order to obtain an

equivalent increase of EF. The fraction of recirculation

depends on PF in a linear fashion. The relation is
R = k 9 PF and thus EF = PF-k 9 PF2 [13], with k as

the coefficient of recirculation, representing the

ECMO/patient system. The recirculation flow increases
with the square of PF and may limit quickly EF. If the

coefficient of recirculation is low, EF increases propor-

tionally with PF. If the coefficient of recirculation is high,
beyond by a certain value of PF (i.e., optimal PF), EF no

longer increases as PF increases [16]. If by increasing PF,

SaO2 improves, it means that EF increases and R is
acceptable (left part of Fig. 2). If by increasing PF, SaO2

decrease, it means that R increases and impairs EF (right

part of Fig. 2).

3.2 PF to reach SaO2 ‡ 90 %

The effect of EF and CO variations is given by the Fig. 3. It

shows that SaO2 and CO vary inversely when EF and VO2

are constant. The important parameter here is the ratio
between EF/CO. SaO2 evolution is then analyzed accord-

ing to the variations of the EF/CO ratio, which runs from 0

to 1: EF = 0 corresponds to a pump arrest and EF cannot
take a value greater than CO. Equation 3 indicates that

SaO2 is an increasing function of the EF/CO ratio (Fig. 3).

If SmO2 = 100 %, SvO2 = 65 %, and PmO2 = 100 to

500 mmHg, Eq. 3 may be written as: 90 % = (EF/

CO)100 ? (1-EF/CO)65 ? 0.01PmO2. Therefore, to
reach SaO2 greater than 90 %, if R negligible it is neces-

sary to have PF greater than 60–70 % CO. The maximum

blood flow supported by current devices (pump and oxy-
genator) is 7–8 L/min [17, 18]. Therefore, if the patient’s

cardiac output is high (e.g., young patient, obese patient,

hyper-adrenergic state) it may be impossible to obtain a
sufficient PF ([70 % CO) for an adequate oxygenation.

3.3 Effect of increase in CO

The interactions between venous admixture, arterial oxy-
genation, and mixed venous oxygenation in the clinical

setting are already well known. The possible beneficial

effect of reducing CO on intrapulmonary shunt and overall
arterial oxygen saturation has been previously reported in

acute hypoxemic states [19]. However, in presence of a

high intrapulmonary shunt, the increase in CO increases
mixed oxygen saturation and improves SaO2 [12, 20]. The

numerical model shows that the interaction between CO

and arterial oxygenation is different under VV-ECMO. The
effect of CO increase during VV-ECMO is complex. It

improves oxygenation by reducing recirculation but then

reduces it when the ratio EF/CO is lowered. Essentially, the
study of simultaneous variations shows that EF/CO is

predominant: if PF is held constant, for the same metabolic

level, increased CO induces a decrease of SaO2 (Fig. 4).
Patients with severe pneumonia often present a hyper-dy-

namic circulation with a high CO. Moreover, CO has the

largest variability. This effect is taken into account in
patients under VV-ECMO because there are many situa-

tions where CO increases inadequately (i.e., does not cor-

respond to an increase in oxygen demand) [21].

3.4 Effect of SvO2 and VO2

Under VV-ECMO and according to Eq. 3, SaO2 is influ-

enced by the relative contribution of two components [13]:

the oxygenated blood SmO2 9 (EF/CO) and the blood
which did not pass through the oxygenator

SvO2 9 (1-EF/CO). If CO and EF values do not vary,

SaO2 will decrease as SvO2 is decreased. According to the
Fick equation, the reduction in mixed venous blood oxygen

content (decrease of SvO2) secondary to oxygen transport

decrease (decrease of [Hb] or CO) or to oxygen con-
sumption (VO2) increase, leads to a decrease of SaO2 by

contamination of the arterialized blood. Thus, indepen-

dently of ECMO, SvO2 decrease leads to a SaO2 reduction
and hypoxemia induced by contamination. ECMO is a

dynamic system which reacts only in term of PF during the

adjustments of load conditions. During an increase of
oxygen demand (fever, sepsis, CO increase, etc.), O2

Fig. 5 Effect of increase of VO2 on SvO2 and SaO2 When VO2

increases from 200 mL/min to 400 mL/min, SvO2 decreases from
68.9 to 37.8 % and SaO2 decreases from 93.8 to 87.6 %. The curves
are plotted for Hb = 12 g/dL, CO = 5 L/min, and EF = 4 L/min
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output (L/min), Hb the hemoglobin concentration (g/dL),
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! "
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demand and CO.

SmO2 and PmO2: function of oxygenator.
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sidered in this analysis. The numerical simulations were

performed using XLSTAT.
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genated blood that exits the infusion port and is immedi-

ately drained back into the drainage port instead of being

delivered to the patient’s circulation. In the absence of
recirculation, PF needs only to be equal to CO to achieve

complete oxygenation. R increases with PF [13] and is a

known limiting factor in VV-ECMO [14, 15]. Even with a

Fig. 2 Effect of increasing R on EF and SaO2 The curve shows the
variation of EF and SaO2 with respect to PF, k = 0.0833 (to produce
recirculation), CO = 5 L/min and VO2 = 200 mL/min. SaO2

increases and decreases together with EF. After reaching their
maximum values (SaO2 = 90 %, EF = 3 L/min), they decrease due
to recirculation ([50 %). Optimal pump flow with this configuration
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Fig. 3 Effect of increasing the EF/CO ratio on SaO2 and SvO2 SaO2

and SvO2 increase with EF/CO. If SmO2 = 100 % (oxygenator
perfectly functional), CO = 5 L/min, VO2 = 200 mL/min, and
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Hypoxemia
interventions



Check	the	system	!!!

Oxygen	delivery	(tubing,	connections)
Oxygenator

• Condensation	à Sigh	manoeuvre

• Blood	cloths		à Replacement	

• Capacity	Oxygenator	is	to	low	
ØTwo	parallel	oxygenators

ØOther	ECMO	configurations



More	Pump	Flow	à Reduce	the	atrial	shunt

EF/CO	ratio	of	0.6	should	be	enough	for	adequate	SatO2
More	Pump	Flow	àMore	blood	through	system	&	Less	shunt

Be	ware	of	recirculation
Aim	for	more	effective	flow

More	pump	flow	à
Inlet	flow	more	negative
Exit	flow	more	positive



Reduce	recirculation	à aim	for	effective	flow

Reduce	the	pump	flow
Replace	cannula's



Decrease	the	cardiac	output	à Reduce	the	atrial	shunt

Sedate	the	patient
Reduce	inotropics
Use	𝛽-blockade	

Negative	fluid	balance



Decrease	oxygen	consumption/	metabolic	rate
VO2

Sedation
Cool	de	patient	(no	hyperthermia)

Neuromuscular	blockade



Reduce	intrapulmonary	shunt

Only	useful	when	there	is	some	residual	capacity
Prone	position

Careful	with	recruitment	manoeuvres		



Improve	DO2

Improve	Oxygenation	(see	above)
Transfusion

Aim	for	Hb 6.0	mmol/l





If	nothing	helps

Permissive	Hypoxemia	temporarily

Call	the	magnificent	GEC


