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Remoción	  
CO2	  

ECMO	  VV	   ECMO	  VA	  

Soportes	  posibles	  



Lo	  esencial	  

Normalidad	  
•  O2	  a	  la	  mitocondria	  
•  Ven<lación:	  CO2	  
•  Oxigenación:	  O2	  
•  Equilibrio	  entre:	  

–  DO2	  	  	  
–  VO2	  

Patología	  
•  Alteración	  DO2/VO2	  

Manipular	  
variables	  



FISIOLOGÍA	  

O2	  
VO2	  
DO2	  

CO2	  

GASTO	  CARDIACO	  



DO2	  =GC	  x	  CaO2	  x10	  	  

VO2	  =GC	  x	  (CaO2	  –CvO2)	  x	  10	  	  

600	  ml/min/m2	  
	  	  

120	  ml/min/m2	  

Demanda	  
<sular	  

Extracción	  
Oxígeno	  

Entrega	  
Oxígeno	  

ESTACION	  
DE	  CARGA	  

Contenido	  O2	  
venoso	  
(≅SvO2)	  

Gasto	  
cardia
co	  

Contenido	  O2	  
arterial	  
(≅SaO2)	  

	  
	  	  	  	  CaO2	  =	  (1,34	  x	  Hb	  x	  SaO2)	  +	  (0,0031	  x	  PaO2)	  

	  	  

	  
	  	  	  	  CvO2	  =	  (1,34	  x	  Hb	  x	  SvO2)	  +	  (0,0031	  x	  PvO2)	  

	  	  



Intercambio	  Gaseoso	  



Intercambio	  Gaseoso	  



Oxígeno	  

•  Disuelto	  y	  unido	  a	  la	  hemoglobina	  
•  Oxihemoglobina	  (%):	  saturometría	  
•  pº	  parcial	  de	  O2	  disuelto	  (mmHg):	  GSA	  
•  Contenido	  total:	  mL	  O2/mL	  sangre	  

• CaO2	  normal:	  18	  ml/dl	  (180	  ml/l)	  

a

Glóbulos	  Rojos	   Plasma	  
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DO2	  

•  Determinado	  por:	  
– Gasto	  cardiaco	  
–  Concentración	  de	  Hb	  
–  Saturación	  de	  Hb	  
– Oxígeno	  disuelto	  

	  	  	  	  	  	  
	  DO2	  =CaO2	  x	  GC	  



Ac<vidad	  
Hipertermia	  
Catecolaminas	  
Drogas	  
Hiper<roidismo	  

Reposo	  
Parálisis	  
Hipotermia	  
Hipo<roidismo	  

Au
m
en

ta
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VO2	  o	  tasa	  metabólica	  



VO2	  o	  tasa	  metabólica	  

•  Normal:	  	  
• Adulto	  120cc/min/m2	  (3-‐5cc/Kg/min)	  
• Niños	  4-‐6cc/Kg/min	  
• Recién	  nacidos	  5-‐8cc/Kg/min	  

VO2=	  GC	  x	  (CaO2	  –	  CvO2)	  x	  10	  
EJERCICIO	  EXTREMO	  X5	  	  



Consumo	   Entrega	  

DO2	  

DO2	  

DO2	  

DO2	  

VO2	  



Relación	  VO2/DO2	  



Robert H., Bartlett, MD. Physiology of Gas Exchamge during ECMO for Respiratory Failure. J Intensive Care Med. 2016 Apr 3. 

DO2=	  GC	  x	  ((Hg	  x	  1,38	  x	  SaO2)	  +	  (0,0031xPO2))	  x	  10	  	  
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CO2	  

•  Producción	  de	  CO2	  (VCO2)	  ≈	  VO2	  	  
–  Cuociente	  respiratorio	  (0,7-‐0,8)	  

•  Eliminación	  de	  CO2:	  
– No	  se	  afecta	  por	  Hb	  o	  GC	  
– MUY	  afectada	  por	  Ven<lación	  minuto	  

•  Intercambio	  mucho	  más	  eficiente	  que	  O2	  (gas	  más	  
difusible)	  



FisioPATOLOGÍA	  

•  Existe	  reserva	  funcional	  (DO2	  >	  VO2)	  
– Mínimo	  indispensable:	  x2	  	  -‐	  ideal:	  x5	  

•  Indicación	  de	  Soporte	  extracorpóreo:	  	  

Cuando	  mantener	  esta	  relación	  es	  imposible	  con	  
soporte	  habitual	  o	  cuando	  el	  tratamiento	  está	  

contribuyendo	  a	  la	  falla	  





PATOLOGÍA:	  ECMO	  



Remoción	  
CO2	  

ECMO	  VV	   ECMO	  VA	  

Soportes	  posibles	  





(MEZCLADOR)	  

AIRE	  
OXIGENADOR	  

(BOMBA)	  

SANGRE	  

MEMBRANA	  
OXÍGENO	  



Pte	  sin	  ECMO	   Pte	  en	  ECMO	  

Pulmón	   Oxigenador	  

Alvéolo	   Membrana	  

Flujo	  al	  pulmón	   Flujo	  a	  la	  Mb	  (RPM	  y	  flujo)	  

Ven<lación	  Alveolar	   Gases	  Frescos	  

GSA	  –	  Ventr	  Izq	   GSA	  –	  Ventr	  Izq	  +	  ECMO	  

GSVc	  –	  Au	  Der	   GSVc	  –	  AD	  +	  Recirc	  ECMO	  

CaO2,	  VO2,	  Hb	   CaO2,	  VO2,	  Hb	  

Equivalencias	  



Adapt:	  Extracorporeal	  Life	  Support	  for	  Adults	  –	  G:	  Schmidt,	  Springer;	  2016	  

Membrana	  ≈	  Alvéolo	  
Flujo	  Gases	  Frescos	  

(fibra	  hueca	  ≈300micras)	  

Agua	  caliente	  

Flujo	  de	  
sangre	  

Vía	  de	  difusión	  
I-‐-‐-‐-‐-‐-‐75	  micras-‐-‐-‐-‐-‐I	  

Capa	  de	  
separación	  

GR	  8	  micras	  Vía	  del	  O2	  ≅	  100	  micras	  
Poro	  <1	  micra	  



Sangre 

Gas 

Determinantes	  Difusión	  O2	  

Concentración	  
Hb	   Geometría,	  

Superficie	  y	  Material	  
Mb;	  Grosor	  capa	  de	  

sangre	  

Tiempo	  de	  
residencia	  de	  la	  

sangre	  
FiO2	  gas	  

Sat	  O2	  entrada	  
(inlet)	  



Rated	  Flow	  

Sat	  Hb	  
(%)	  

Sat	  entrada	  
(venosa)	  

Sat	  salida	  (arterial)	  

Flujo	  (Lt/min)	   Flujo	  (Lt/min)	  
Rated	  Flow:	  3	  Lt/min	  

Entrega	  
O2	  (cc/
min)	  

Entrega	  
O2	  real	  

Máx.	  entrega	  O2	  para	  
ΔA-‐V	  5vol%	  



Adapt.:	  Bartlev,	  R.	  “Physiology	  of	  Gas	  Exange	  During	  ECMO	  for	  Respiratory	  Failure”.	  J	  of	  Inten	  Care,	  2016:	  1-‐6	  

BOMBA	  

rest or during moderate exercise. This is 120 ml/min/m2

(3 ml/kg/min) or 250 to 300 ml of oxygen/min for average
adults. The membrane lung must be large enough to transfer
this amount of oxygen (all devices on the market can do
this). The oxygen supply from the membrane lung is depen-
dent on the blood flow, the hemoglobin concentration, and
the difference between the outlet minus inlet O2 content.
Because the outlet blood is typically 100% saturated and
PO2 is over 500 mm Hg, the dissolved oxygen can be as
much as 10% of the oxygen content. Membrane lung oxy-
gen supply over a range of outlet–inlet contents and flows
are shown in Figure 4.

Relation of Extracorporeal Oxygenation to Systemic
Oxygen Delivery

Assuming that there is no native lung function, the systemic
arterial content, saturation, and PO2 will result from mixing the
flow of oxygenated blood from the membrane lung with
the flow of venous blood that passes into the RV, not into the
ECMO drainage cannula (referred to as the native venous
flow). The amount of oxygen in systemic arterial blood is the
result of the mixture of these 2 flows. These relationships are
shown in Figure 5.

Calculations Related to Mixing 2 Flows

When 2 blood flows of different oxygen contents mix, the
resultant oxygen content is the average of the amount of oxy-
gen in each of the 2 flows (not the average of the PO2). The
amount of oxygen contributed by each flow is the oxygen
content (in ml/dL) in the blood times the flow rate (in dL/min).
The equation summarizing these events is in Figure 6. The
same calculation can be done using saturation rather than oxy-
gen content. This calculation is done for simplicity and is not an
exact representation of the amount of oxygen content but it is

useful at the bedside (Figure 7). Note that these are averages of
the amount of oxygen delivered by each flow, not averages of
the saturations or contents. The combinations of flow and oxy-
gen (expressed as saturation) variations are shown in Figure 8.
Of the variables in the equation, all are known except the flow
of venous blood that does not go through the extracorporeal
circuit (the native venous flow). The native venous flow can be
back calculated from the systemic arterial oxygen content. The
total venous return (cardiac output) is the sum of the native
venous and circuit flow.

Systemic Arterial PO2, Saturation, and Content
During ECMO

In the following examples, 1 variable is changed while oth-
ers are held constant to illustrate the principles. Clinically,
all these variables may change simultaneously and at dif-
ferent rates. For simplicity of the examples, we assume no

Figure 4. Oxygen supplied by the membrane lung. The points
describe the situation in stable VV physiology, example 1, point A;
increased cardiac output, example 2, point B; anemia, example 3, point
C; increased metabolism, example 4, point D.

Figure 5. VV access: mixing extracorporeal membrane oxygenation
(ECMO) flow and native venous in the right atrium.

Figure 6. Equation describing the mixing of blood flows of different
O2 content.
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RECIRCULACION	  
O2	  FLUJO	  ECMO	  +	  O2	  FLUJO	  VENOSO	  NATIVO	  =	  DO2	  

Sin	  fx	  
pulmonar	  

Contenido	  12.3	  
Sat	  88	  
pO2	  50	  

Contenido	  14	  
Sat	  100	  
pO2	  300	  

Sistémico	  

Flujo	  venoso	  na<vo	  

Entrada	  

Flujo	  ECMO	  

Contenido	  9	  
Sat	  64	  
pO2	  40	  

Retorno	  
venoso	  
total	  (GC)	  

SALIDA	  CO2	  

PULMÓN	  

Salida	  



Toma	  de	  Gases	  Venosos	  
Centrales	  

Gaffney	  AM,	  Wildshirt	  SM,	  Anniche	  GM,	  Randomski	  MW.	  Extracorporeal	  life	  support.	  BMJ.	  2010;341:982	  

ECMO	  VV 	   	  ECMO	  VA	  



Sangre 

Gas 

Determinantes	  difusión	  CO2	  

pCO2	  Sangre	  
(inlet)	  

Flujo	  sanguíneo	  

Geometría,	  
Superficie	  y	  

Material	  de	  la	  Mb	  

Flujo	  gases	  
frescos	  
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Abstract Purpose: This study
was designed to optimize the latest
generation venovenous (vv)-extra-
corporeal membrane oxygenation
(ECMO)-circuit configuration and
settings based on the evaluation of
blood oxygenation and CO2 removal
determinants in patients with severe
acute respiratory distress syndrome
(ARDS) on ultraprotective mechani-
cal ventilation. Methods: Blood
gases and hemodynamic parameters
were evaluated after changing one of
three ECMO settings, namely, circuit
blood flow, FiO2ECMO (fraction of
inspired oxygen in circuit), or sweep
gas flow ventilating the membrane,
while leaving the other two parame-
ters at their maximum setting.
Results: Ten mechanically venti-
lated ARDS patients (mean age
44 ± 16 years; 6 males; mean
hemoglobin 8.0 ± 1.8 g/dL) on
ECMO for a mean of 9.0 ± 3.8 days)
receiving femoro–jugular vv-ECMO
were evaluated. vv-ECMO blood flow
and FiO2ECMO determined arterial
oxygenation. Decreasing the ECMO
flow from its baseline maximum

value (5.8 ± 0.8 L/min) to 40 % less
(2.4 ± 0.3 L/min) significantly
decreased mean PaO2 (arterial oxy-
gen tension; 88 ± 24 to 45 ± 9 mm
Hg; p \ 0.001) and SaO2 (oxygen
saturation; 97 ± 2 to 82 ± 10 %;
p \ 0.001). When the ECMO flow/
cardiac output was[60 %, SaO2 was
always[90 %. Alternatively, the rate
of sweep gas flow through the mem-
brane lung determined blood
decarboxylation, while PaCO2 (arte-
rial carbon dioxide tension) was
unaffected when the ECMO blood
flow and FiO2ECMO were reduced to
\2.5 L/min and 40 %, respectively.
In three additional patients evaluated
before and after red blood cell trans-
fusion, O2 delivery increased after
transfusion, allowing lower ECMO
flows to reach adequate SaO2. Con-
clusions: For severe ARDS patients
receiving femoro–jugular vv-ECMO,
blood flow was the main determinant
of arterial oxygenation, while CO2

elimination depended on sweep gas
flow through the oxygenator. An
ECMO flow/cardiac output [60 %
was constantly associated with ade-
quate blood oxygenation and oxygen
transport and delivery.

Keywords Extracorporeal membrane
oxygenation ! Salvage therapy !
Shock ! Cardiogenic !
Outcome predictors !
Doppler echocardiography
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transfer through the Quadrox! oxygenator (Quadrox,
Henderson, NE) is theoretically [400 mL of O2/min,
while oxygen saturation in the ECMO drainage canula is
70 % and hemoglobin concentration is 15 g/dL [18].

However, since both drainage and return cannulae
are positioned within the venous system in vv-ECMO,
blood recirculates into the oxygenator, i.e., some of the
returned blood is once again drained into the circuit
instead of passing through the right heart, thus mark-
edly reducing O2 transfer efficiency [19]. To minimize
blood recirculation, the circuit can be configured in
several ways [16, 17]. In the bi-femoral configuration,
the drainage cannula is positioned in the inferior vena
cava and a femoral return cannula is advanced to the
right atrium. However, 50 % of the patients who
received bi-femoral vv-ECMO for A(H1N1)-induced
ARDS in the ANZICS ICUs also needed a second
(jugular) drainage cannula because of insufficient blood
drainage [13].

Alternatively, a single bicaval dual-lumen cannula
(Avalon Elite!; Avalon Laboratories, Los Angeles, CA)
can be inserted via the right jugular vein and positioned to
allow drainage from the inferior and superior vena cavae;
oxygenated blood then returns via a second lumen to the
right atrium [20]. This configuration minimizes blood
recirculation, but insertion of the jugular catheter requires
an experienced and skilled operator, as well as recourse to
fluoroscopy or trans-esophageal echocardiography guid-
ance for correct positioning. Because [50 % of our vv-
ECMO patients receive emergency ECMO support at
primary-care hospitals by our institution’s Mobile Cir-
culatory/Respiratory Assistance Unit, we chose the
femoro–jugular set-up for vv-ECMO, which is the most
simple and rapid configuration. To minimize blood
recirculation, it is important to ascertain that the tip of the
return cannula is positioned away from that of the inflow
cannula. Indeed, the mean distance between the two
cannulae was 13 cm in our patients.

We chose the femoro–jugular configuration because it
has also been shown that, compared to the jugulo–femoral
set, it provides higher maximum ECMO flow and higher
pulmonary artery mixed venous oxygen saturation and
requires comparatively less flow to maintain an equivalent
mixed venous oxygen saturation [21].

In terms of improving blood oxygen transfer in the
oxygenator and increasing oxygen transport to periphe-
ral organs, our findings demonstrate that in addition to
the ECMO cannula configuration, ECMO flow through
its circuitry is the major determinant of blood oxygena-
tion. An ECMO flow of [60 % of systemic blood
flow obtained adequate peripheral oxygenation. Thus,
depending on patient size, cardiac output, oxygen
consumption, and lung shunt, a circuit blood flow of
4–7 L/min will typically be required to achieve arterial
oxygen saturations of [88–90 %, while maintaining safe
lung ventilation. Therefore, large-sized (24–30 Fr) and
multi-holed drainage cannula should be preferred to
obtain high flows with reasonable negative pressure in
that cannula. Indeed, when small cannulae are used with
high flows, the suction created by the centrifugal pump

Fig. 3 Whisker plots illustrating the impact of ECMO sweep gas
flow reduction on arterial oxygen pressure (PaO2), arterial carbon
dioxide pressure (PaCO2), and systolic pulmonary arterial pressure
(sPAP). Decreasing the sweep gas flow through the membrane
oxygenator had no significant impact on PaO2, but was associated
with significantly increased PaCO2 (p \ 0.001) and sPAP
(p \ 0.001). Horizontal line inside the box Median, upper and
lower box limits 25–75 percentiles, respectively, T-bars (whiskers)
10–90 percentiles
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Flujo	  Gases	  Frescos	  (Lt/min)	  



CO2	  

•  Remoción	  de	  CO2	  >	  entrega	  O2	  

•  Flujo	  sanguíneo	  	  
– Normocarbia:	  	  

• 10–15	  mL/kg/min	  

– Oxigenación	  
• 500-‐1500mL/min	  
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Presiones	  vasculares	  
AD	  –	  PVC	  –	  PAP	  

•  No	  se	  modifican	  por	  tener	  un	  
ECMO	  VV/Cánula	  

•  Causa:	  
–  Compliance	  del	  circuito	  siempre	  
es	  estable	  

–  Compliance	  del	  paciente	  estable*	  
–  Flujo	  entrada	  y	  salida	  es	  idén<co	  
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outlet

m
inus

inlet
O

2
content.

B
ecause

the
outlet

blood
is

typically
100%

saturated
and

P
O

2
is

over
500

m
m

H
g,

the
dissolved

oxygen
can

be
as

m
uch

as
10%

of
the

oxygen
content.

M
em

brane
lung

oxy-
gen

supply
over

a
range

of
outlet–inlet

contents
and

flow
s

are
show

n
in

F
igure

4.

Relation
of

ExtracorporealO
xygenation

to
System

ic
O

xygen
D

elivery

A
ssum

ing
that

there
is

no
native

lung
function,

the
system

ic
arterial

content,saturation,and
P

O
2

w
ill

result
from

m
ixing

the
flo

w
o

f
o

x
y

g
en

ated
b

lo
o

d
fro

m
th

e
m

em
b

ran
e

lu
n

g
w

ith
the

flow
of

venous
blood

that
passes

into
the

R
V

,
not

into
the

E
C

M
O

d
rain

ag
e

can
n

ula
(referred

to
as

th
e

n
ative

v
eno

u
s

flow
).

T
he

am
ount

of
oxygen

in
system

ic
arterial

blood
is

the
result

of
the

m
ixture

of
these

2
flow

s.
T

hese
relationships

are
show

n
in

F
igure

5.

C
alculations

Related
to

M
ixing

2
Flow

s

W
hen

2
blood

flow
s

of
different

oxygen
contents

m
ix,

the
resultant

oxygen
content

is
the

average
of

the
am

ount
of

oxy-
gen

in
each

of
the

2
flow

s
(not

the
average

of
the

P
O

2 ).
T

he
am

ount
of

oxygen
contributed

by
each

flow
is

the
oxygen

content
(in

m
l/dL

)
in

the
blood

tim
es

the
flow

rate
(in

dL
/m

in).
T

he
equation

sum
m

arizing
these

events
is

in
F

igure
6.

T
he

sam
e

calculation
can

be
done

using
saturation

rather
than

oxy-
gen

content.T
his

calculation
is

done
for

sim
plicity

and
is

notan
exact

representation
of

the
am

ount
of

oxygen
content

but
it

is

usefulat
the

bedside
(F

igure
7).N

ote
that

these
are

averages
of

the
am

ount
of

oxygen
delivered

by
each

flow
,

not
averages

of
the

saturations
or

contents.T
he

com
binations

of
flow

and
oxy-

gen
(expressed

as
saturation)

variations
are

show
n

in
F

igure
8.

O
f

the
variables

in
the

equation,all
are

know
n

except
the

flow
of

venous
blood

that
does

not
go

through
the

extracorporeal
circuit

(the
native

venous
flow

).T
he

native
venous

flow
can

be
back

calculated
from

the
system

ic
arterial

oxygen
content.T

he
total

venous
return

(cardiac
output)

is
the

sum
of

the
native

venous
and

circuit
flow

.

System
ic

ArterialP
O

2
, Saturation,and

C
ontent

D
uring

EC
M

O

In
the

follow
ing

exam
ples,

1
variab

le
is

chang
ed

w
hile

o
th-

ers
are

held
constant

to
illustrate

the
principles.

C
linically,

all
these

variables
m

ay
change

sim
ultaneously

and
at

dif-
ferent

rates.
F

or
sim

plicity
of

the
exam

ples,
w

e
assum

e
no

F
igu

re
4
.

O
xygen

supplied
by

the
m

em
brane

lung.T
he

po
ints

describe
the

situatio
n

in
stable

V
V

physio
lo

gy,exam
ple

1,po
int

A
;

increased
cardiac

o
utput,exam

ple
2,po

intB
;anem

ia,exam
ple

3,po
int

C
;increased

m
etabo

lism
,exam

ple
4,po

int
D

.
F

igu
re

5
.

V
V

access:m
ixing

extraco
rpo

realm
em

brane
o
xygenatio

n
(EC

M
O

)
flo

w
and

native
veno

us
in

the
right

atrium
.

F
igu

re
6
.

Equatio
n

describing
the

m
ixing

o
fblo

o
d

flo
w

s
o
fdifferent

O
2

co
ntent.

Bartlett
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Variable	   Control	  

Tasa	  metabólica	   Temperatura	  del	  circ.	  

Oxigenación	  sangre	   Hb,	  Sat	  inlet,	  flujo	  bomba	  

Oxigenación	  tejido	   Hb,	  SatO2,	  flujo	  sangre	  

Ven<lación	  (CO2)	   Gases	  frescos	  

%	  sangre	  a	  oxigenar	   Gasto	  Cardiaco	  vs	  Flujo	  bomba	  

Manipule	  la	  fisiología	  



Puntos	  Clave	  

•  Repose	  el	  pulmón	  
•  Soporte,	  no	  tratamiento:	  TIEMPO	  
•  Permite	  separar	  oxigenación	  de	  ven<lación	  
•  Recuerde	  fisiología	  y	  equivalencias	  
•  Entrega	  de	  O2:	  DO2	  >	  VO2	  



Correción	  
Hipoxemia	  

Corrección	  
Hipercapnea	  

Flujo	  ECMO	   3-‐7	  l/min	   500-‐1500	  ml/min	  

Flujo	  gases	  frescos	   -‐	   +++	  

FiO2	  gases	  frescos	   ++	   -‐	  

Caracterís\cas	  membrana	   +	   +	  

Oxigenación	  pulmón	  na\vo	   +	   +	  


