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ABSTRACT

‘The use of venovenous extracorporeal membrane oxygenation is increasing worldwide. These patients often require noncardiac
surgery. In the perioperative period, preoperative assessment, patient transport, choice of anesthetic type, drug dosing, patient
monitoring, and intraoperative and postoperative management of common patient problems will be impacted. Furthermore,
common monitoring techniques will have unique limitations. Importantly, patients on venovenous extracorporeal membrane
oxygenation remain subject to hypoxemia, hypercarbia, and acidemia in the perioperative setting despite extracorporeal sup-
port. Treatments of these conditions often require both manipulation of extracorporeal membrane oxygenation settings and
physiologic interventions. Perioperative management of anticoagulation, as well as thresholds to transfuse blood products,
remain highly controversial and must take into account the specific procedure, extracorporeal membrane oxygenation circuit
function, and patient comorbidities. We will review the physiologic management of the patient requiring surgery while on

venovenous extracorporeal membrane oxygenation. (ANESTHESIOLOGY 2018; 128:181-201)

NOVENOUS (VV) extracorporeal membrane oxy-
genation (ECMO) is a system that externally oxygenates
and decarboxylates central venous blood through an artificial
membrane lung. The basic components of a VV ECMO circuit
are an inflow cannula that drains deoxygenated blood from the
patient and an outflow cannula that returns oxygenated blood
to the patient, a centrifugal pump that circulates blood to and
from the patient, and a semipermeable membrane (also referred
to as “membrane lung” or “oxygenator”), in which oxygenation
and decarboxylation occur (fig. 1). VV ECMO has no intrin-
sic curative effects; however, it facilitates low tidal volume (V.)
lung protective ventilation; reduces systemic hypercarbia and
hypoxemia, providing time to allow patients’ lungs to heal; and,
in some cases, facilitates physical therapy in patients with respi-
ratory failure (table 1).! Also referred to as “open lung” ventila-
tion, low V.. ventilation purportedly limits ventilator-induced
lung injury (VILI) through reductions in alveolar strain and
overdistention and atelectotrauma (table 1).>° Understanding
VV ECMO physiology and its potential complications helps
the anesthesiologist troubleshoot intraoperative challenges and
provides insight as to when VV ECMO should be considered
for the severely hypoxemic or hypercarbic patient.
'The rapid growth of VV ECMO utilization in adults con-
tinues,!” fueled by promising efficacy data generated in acute

respiratory distress syndrome (ARDS) and HINT influenza
patients.!"!2 A corresponding increase in the number of VV
ECMO patients presenting to the operating room is antici-
pated, given up to 48% of patients on VV or venoarterial
(VA) ECMO require noncardiac surgery, most commonly
tracheostomy, laparotomy, vascular procedures, and thora-
cotomy or video-assisted thoracic surgery.!*!* Two recent
retrospective studies demonstrated a potential survival ben-
efit when VV ECMO is utilized in polytrauma patients with
severe lung injury, which may lead to an increase in both the
frequency of ECMO utilization, as well as the number of
ECMO patients requiring noncardiac surgery.!>1¢ The data
also suggest a potential role for VV ECMO in the manage-
ment of intraoperative and postoperative severe ARDS.!”

In a series of 563 VA and VV ECMO patients, 269
required noncardiac surgery, with associated increases in
hospital length of stay, bleeding complications, wound infec-
tions, and cost of care ($487,975 wvs. $371,245); however,
there were no differences in mortality between the group
that required surgical procedures and those who did not.'

In the vast majority of VV ECMO patients, one of three
cannulation strategies is utilized: a single, dual-lumen catheter
is inserted into the right internal jugular vein; separate inflow
and outflow cannulas inserted into the femoral veins; and an

This article is featured in “This Month in Anesthesiology,” page 1A.

Submitted for publication September 30, 2016. Accepted for publication June 27, 2017. From the Department of Anesthesiology (M.A.F.,
R.R.B), Department of Surgery, Division of Cardiothoracic Surgery (M.A.D.), Department of Medicine (R.R.B.), Duke University Medical

Center, Durham, North Carolina.

Copyright © 2017, the American Society of Anesthesiologists, Inc. Wolters Kluwer Health, Inc. All Rights Reserved. Anesthesiology 2018; 128:181-201

Anesthesiology, V 128 * No 1

January 2018

¥202 UdJel €1 uo 1senb Aq ypd'#£000-0 0010810Z/6€S18€E/181/1/8Z1/4Pd-81o1E/ABO|OISBUISBUE/WOD JIBYIIBA|IS ZESE//:d)Y WO papeojumoq

Copyright © 2018, the American Society of Anesthesio@gﬂgﬁdq@yyggg%mbm%g%c. Unauthorized reproduction of this article is prohibited.



Inferior
Vena Cava
Venous Drainage
Catheter/Tubing

Centrifugal
Pump

N

-~
- = -~

(Oxygen) Exchanger

Fig. 1. Schematic flowsheet for femoral-internal jugular veno-
venous (VV) extracorporeal membrane oxygenation (ECMO).
This flowsheet represents the course of blood flow in femoral—-
internal jugular VV ECMO. The blue boxes and lines repre-
sent mixed venous blood, red represents oxygenated blood,
and purple represents admixture of oxygenated post-ECMO
blood and mixed venous blood, which first occurs in the right
atrium. Blood entering the systemic circulation from the pul-
monary circulation remains admixed in oxygen content based
on the assumption that native lung gas exchange is negligi-
ble. The addition of oxygen (or fresh gas) and heat exchange
occurs as blood traverses the membrane lung (oxygenator).
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outflow cannula inserted into the femoral vein combine with
an inflow cannula inserted into the right internal jugular vein
(figs. 2-5)."%1° The cannulation strategy is ultimately based
upon patient factors and specific circumstances leading to the
need for ECMO, as well as the practitioner’s or center’s prefer-
ence and skill sets.!? The differences in the VV ECMO cannula
configurations, when the system is functioning properly, have
minimal impact on perioperative physiology (table 2).20-25

Discussion

The perioperative management of VV  ECMO patients
requires vigilant assessment for hypoxemia and hypercarbia,
with interventions that take into account the ECMO system
performance and patient physiology, adaptation of the anes-
thetic plan and monitoring techniques to both the patient’s
underlying critical illness and drug interactions related to
mechanical support, and appreciation of situation-specific
risks and benefits to systemic anticoagulation.

Ventilator Management

Most patients on VV ECMO require sustained mechani-
cal ventilation to support blood oxygenation and to a lesser
extent decarboxylation, despite maximization of blood flow
and gas exchange, which are limited by cannula size.?*?
Membrane surface area does not clinically limit oxygenation
in properly functioning oxygenators but can be a limiting
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factor for decarboxylation when CO, production is excessive
or during laparoscopy.’® For example, a multicenter series
of 168 patients on ECMO demonstrated 82% of patients
developed plateau pressures (Ppla[) of 24cm H,O or greater
during days 1 to 3 and 13% required pressures greater than
30cm H,O, which is outside of lung-protective V.. thresh-
olds.! More recently, “ultra protective ventilation,” which
maintains V.. of less than 4ml/kg predicted body weight
and Pplat less than 25cm H,O, has been proposed to reduce
pulmonary edema, the presence of inflammatory markers,
and VILI in patients supported with ECMO (table 1).!>28
Such open lung strategies, which conceptually decrease the
cyclic opening and closure of alveoli through the application
of low V. and high positive end-expiratory pressure (PEEP),
have not yet been scientifically compared to ARDSNet lung
protective ventilation protocols. However, ECMO consen-
sus statements typically recommend utilization of 10 to
15cm H,O PEEP, whereas a retrospective analysis linked
PEEP levels greater than 12cm H,O to improved survival."”

Intraoperative ventilator management should generally
focus on maintenance of existing settings, when possible. The
acute need for ventilator changes should be an uncommon
event in the operating room and should prompt investigation
of the cause for a change in patient condition. For example,
surgical positioning or manipulation can result in changes
to V.. or P, , which are outside of the patient’s goal range
(table 1). Bleeding or evaporative fluid loss during surgery
can reduce ECMO flows, resulting in hypoxemia. Anesthe-
sia will alter a patient’s respiratory drive, whereas utilization
of paralytics may eliminate both respiratory effort and alter
compliance affecting Paco, and Pao,. When alterations in gas
exchange persist despite optimization of the ECMO settings
in the form of altering blood flow and sweep gas, the mechan-
ical ventilator parameters P, and inspired concentration of
oxygen (Fio,) should be raised by the lowest fraction possible
to achieve the desired physiologic effect discussed below.

Blood Oxygenation
While on VV ECMO, a patient’s Pao, is primarily gov-
erned by the blood flow through the ECMO circuit
relative to the patient’s cardiac output, the percentage of
recirculation in the ECMO circuit, and the degree of pul-
monary injury, transpulmonary shunting, and mechani-
cal ventilator settings (table 3).%* In addition to Pao,,
oxygen delivery (DO,) is also dependent on hemoglobin
concentration and cardiac output, with indirect contribu-
tions from mixed venous oxygen saturation (Scvo,) and
oxygen demand.

ECMO membranes are highly efficient, and when func-
) of 1.0, in the absence of fibrous mem-
branes or clots on the membrane surface, the postmembrane
Pao, will be 300 to 500 mmHg.*”** Progressive fibrin or clot
deposition within the membrane lung will decrease efficiency,
resulting in a reduced postmembrane Pao

tioning with a Fio

2, impaired decarbox-

ylation, and ultimately systemic hypoxemia or hypercarbia.?

Fierro et al.
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Table 1. Glossary of Respiratory, Gas Exchange, and ECMO Abbreviations and Terminology

ARDS

ARDSNet (ARDS
Network)

Cao,

DO,

ECMO flow

(ARDSNet) LPV

Open lung ventilation

Pao
P

2

Plat

PBW
PEEP

Postmembrane PO,

Sao,
Scvo,

Spo,

Svo,

Sweep gas flow
(ECMO)

ULPV

v
VT
VO,

VILI

E

Adult Respiratory Distress Syndrome: a syndrome of acute respiratory iliness after a trigger (such as sepsis,
pneumonia, or influenza), categorized by a Pao,:Fio, ratio of < 300 on > 5¢cm H,O PEEP combined with
bilateral radiographic chest opacities in the absence of heart failure-mediated pulmonary edema. Based on
the Berlin Criteria, ARDS can be further categorized as mild, moderate, or severe based on Pao,:Fio, ratio.*

A collaboration of researchers and institutions organized by the National Heart, Lung, and Blood Institute and
National Institutes of Health (Bethesda, Maryland) that organizes multicenter trials relating to ARDS.5

Arterial oxygen content (of blood): the volume of oxygen bound to hemoglobin plus the volume of oxygen dis-
solved in plasma expressed in ml/dl. It can be calculated by the equation: (1.34 x hemoglobin (g/dl) x Sao,)
+(0.0031 x Pao,)

Oxygen delivery: the volume of oxygen delivered systematically per minute expressed in ml/min or ml - kg=" -
min-". It can be calculated by the equation: DO, = cardiac output x [(1.34 x hemoglobin x Sao,) + (0.0031
x Pao,)].

The volume of blood that passes through the ECMO circuit per minute. This value includes “recirculated
blood,” or blood that passes through the ECMO circuit in a closed loop, without entering systemic circula-
tion.

Lung protective ventilation: a system of low tidal volume ventilation used to improve outcomes in patients
with ARDS. Parameters include: tidal volumes of 4-8 ml/kg predicted body weight, plateau pressure of
< 30cm H,0, utilization of ARDSNet table for matching PEEP to Fio, to maintain Pao, 55-80 mmHg or
Spo, 88-95%, respiratory rate of < 35, and pH goal of 7.30-7.45.¢

A low-volume, high-PEEP ventilation strategy designed to maximize alveolar recruitment. Classically, a PEEP
level based on the patient’s static pressure-volume curve is used to reduce atelectotrauma from cyclic
closure and reopening of alveoli.” ARDSNet LPV uses concepts of open lung ventilation.

The partial pressure of oxygen dissolved in arterial blood expressed in mmHg

Plateau pressure: the pressure applied to the small airways and alveoli during mechanical ventilation, meas-
ured as an end-inspiratory pause.

Predicted body weight: body weight based on height and gender used for ARDSNet ventilator protocols.®

Positive end-expiratory pressure: the alveolar pressure, above atmospheric pressure, that is present at the
end of expiration

The partial pressure of oxygen dissolved in blood immediately downstream of the membrane lung, before its
admixture with circulating blood that bypasses the ECMO circuit.

Arterial oxygen saturation: the percentage of available hemoglobin that is saturated by oxygen.

Mixed venous oxygen saturation: the percentage of available hemoglobin that is saturated by oxygen in the
superior or inferior vena cava. This value is synonymous with the pre-VV ECMO oxygen saturation.

Peripheral capillary oxygen saturation: an indirect measurement of Sao, as measured by noninvasive pulse
oximetry.

Central venous oxygen saturation: the percentage of available hemoglobin that is saturated by oxygen in
blood in the pulmonary artery. This measurement assesses an admixture of the blood that is oxygenated
by the membrane lung, as well as circulating blood that bypasses the ECMO circuit, before gas exchange
by the native lungs. Accordingly, this value cannot be used as a surrogate for cardiac output in VV ECMO
patients.

The rate at which fresh gas is added to the ECMO circuit. Increasing sweep gas flow leads to an increase in
decarboxylation analogous to an increase in minute ventilation, with minimal impact on oxygenation.

Lung rest or ultra protective lung ventilation: a ventilation strategy used in some ECMO patients that generally tar-
gets tidal volumes of < 4mi/kg PBW, peak inspiratory pressures of < 20-25¢m H,0, and PEEP of > 10cm H,0.

(Expired) minute ventilation: calculated as V, _respiratory rate

Tidal volume

Oxygen uptake: the volume of oxygen utilized by the body/min expressed in ml/min or ml - kg=' - min-".

Ventilator-induced lung injury: iatrogenic ventilator injury stemming from overdistention of alveoli (volutrauma),
high peak alveolar pressures (barotrauma), cyclic opening and closing of alveoli (atelectotrauma), or supra-
physiologic Fio, (oxygen toxicity).

ECMO = extracorporeal membrane oxygenation; FIO2 = inspired concentration of oxygen; VV = venovenous.

Assuming normal oxygenator function, systemic Pao,
is primarily dependent on the ratio of blood flow through
the ECMO circuit to overall cardiac output. Notably, when
ECMO flows are less than 60% of cardiac output, the arte-
rial oxygen saturation will be less than 90% in patients with
severely injured lungs.?%¥ The patient’s underlying pulmo-
nary disease prevents effective oxygenation by the lungs, lim-
iting the ability of increasing ventilator Fio, and PEEP to

increase Pao,.
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Assessment of Oxygen Delivery in VV ECMO

The minimum requisite Spo, or Pao, that facilitates an
adequate DO, to prevent end-organ injury in VV ECMO
patients and in hypoxemic respiratory failure in general
is highly controversial. In critically ill patients, the basis
of assessment of hemodynamic variables, serum lactate,
hematocrit, Pao,, and Scvo, is in the utilization of surro-
gate markers to determine the adequacy of DO, to organs

and tissues.’*> Combining hemodynamic monitoring,

Fierro et al.
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Fig. 2. Chest x-rays of patients with common venovenous extracorporeal membrane oxygenation cannulation strategies. Red
arrows represent return sites of oxygenated blood to the patient. Blue arrows represent drainage of venous blood from the pa-
tient. (A) Femoral-right internal jugular cannulation. (B) Dual-lumen right internal jugular cannulation with Avalon Elite cannula.
(C) Femoral-femoral cannulation with return cannula at the junction of the inferior vena cava (IVC) and right atrium and drainage
in the IVC. (D) Femoral-femoral cannulation with the return cannula in the right atrium. The drainage cannula (not pictured) is in

the femoral vein or distal IVC.

interpretation of serum markers for tissue perfusion, and
clinical evaluation of end-organ function through assess-
ments of mental status, urine output, serum creatinine,
cardiac function, and liver function are essential to deter-
mining whether adequate DO, is being achieved. Until
monitors that can directly measure oxygen delivery at the
level of tissue beds are clinically available, practitioners will
need to perform global assessments, because each indi-
vidual marker has inherent limitations. For example, lac-
tic acidosis may reflect either reduced hepatic clearance or
CO, whereas normal or elevated Scvo, neither precludes
volume responsiveness or ensures adequate DO, in all tis-
sue beds.?!3? Interpretation may be further confounded by

Anesthesiology 2018; 128:181-201

the potential presence of microcirculatory dysfunction in
critical illness, especially sepsis, where tissue-level capillary
perfusion and oxygen extraction is inadequate despite “cor-
rection” of systemic hemodynamic variables that leads to
organ dysfunction.*® Optimal therapeutic management of
decreased DO, is controversial, with variable responses elic-
ited with treatments such as fluids, blood, and vasoactive
drugs.>* Although systemic hypoxemia often occurs in VV
ECMO patients, with resulting oxygen saturations of 70 to
90% and Pao, values of 40 to 60 mmHg, some patients
will have adequate DO, at these levels.? It has been sug-
gested that maintenance of DO, at a level of twice oxygen

uptake (VOZ)’ which has been measured at 265+59ml/

Fierro et al.
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Fig. 3. lllustrated diagrams of common venovenous extracorporeal membrane oxygenation cannulation strategies correspond-
ing with the x-rays in fig. 2. Blue lines represent drainage cannulas which deliver mixed venous blood from the patient to the
membrane lung. Red lines represent return cannulas, which deliver oxygenated and decarboxylated blood from the membrane
lung to the patient. (A) Femoral-right internal jugular cannulation. (B) Dual-lumen right internal jugular cannulation with Avalon
Elite cannula. With this cannula, drainage occurs in the subclavian vein (SVC) and inferior vena cava (IVC), and blood is returned
to the right atrium (RA). (C) Femoral-femoral cannulation with return cannula at the junction of the IVC and RA and drainage in
the IVC. (D) Femoral-femoral cannulation with the return cannula in the RA. The drainage cannula (not pictured) is in the femoral
vein or distal IVC. Femoral cannulas are often inserted into the femoral vein, which drains into the common iliac vein. AA = aortic
arch; CIV = common iliac vein; EJ = external jugular vein; IJ = internal jugular vein; L = left; LA = left atrium; LV = left ventricle;
PA = pulmonary artery; PV = pulmonary vein; R = right; RA = right atrium; RV = right ventricle.

min in critically ill, mechanically ventilated patients, is a  sustain exercise with Spo, values of 46 to 61% and maintain
minimum level necessary to prevent tissue hypoxemia.?®3>
Reassuringly, in two recent extreme altitude studies, healthy  Spo, of 54%.3%%” Whether this translates to the critically ill

acclimated volunteers have demonstrated the ability to both  patient has yet to be established.

serum lactate levels between 1.8 and 2.8 mM despite a mean
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Fig. 4. Computed tomography (CT) imaging of right internal jugular cannulation with a dual lumen Avalon Elite cannula. Red ar-
rows represent return sites of oxygenated blood to the patient. Blue arrows represent drainage of venous blood from the patient
The outflow of oxygenated blood is directed across the tricuspid valve from a lumen in the right atrium. Venous drainage occurs
through multiple cannula lumens in the superior vena cava and inferior vena cava . The tip of the cannula is in the intrahepatic
IVC. A pulmonary artery catheter is also present. (Left) Sagittal chest CT view. (Right) Coronal chest CT view.

Fig. 5. Avalon Elite bi-caval dual lumen catheter. The red
arrow represents outflow of oxygenated blood across the
tricuspid valve. The blue arrows represent bicaval inflow of
mixed venous blood. Reproduced from Maquet Cardiopul-
monary GmbH, with permission.

Although mathematical equations can be used to calcu-
late theoretical DO, based on CO, hemoglobin, Pao,, and
Spo,, the influence of each of these variables on an individual
patient’s oxygen extraction is far more complex (table 1). For
example, in a prospective randomized study of 100 critically
ill patients, the use of the inotrope dobutamine increased
DO,, but did not increase in VO,, and actually increased
mortality in the treatment group.*® Similarly, the use of lib-
eral blood transfusion strategies to boost DO, in critically ill

Anesthesiology 2018; 128:181-201

(non-ECMO) patients has failed to demonstrate improved
outcomes,’”4" whereas restrictive transfusion practices have
been shown to be feasible in VV ECMO patients.*! Addi-
tional insight on the impact of Pao, on patient outcomes
may be gleaned from the ongoing Extracorporeal Membrane
Oxygenation for Severe Acute Respiratory Distress Syn-
drome (EOLIA) trial, which is randomizing patients with
severe ARDS to either VV ECMO or conventional therapy
and only allowing for crossover to ECMO in the control
group when Spo, remains less than 80% for more than 6 h.%?

Ultimately, VV ECMO promotes a substantial improve-
ment in a patient’s capacity for DO, in respiratory failure,
but assessment of a patient’s ability to utilize the O, sub-
strate is far more complex. This has led to variable practices
regarding Spo, management, where some institutions main-
tain values more than 88%, whereas others recognize Spo,
values as low as 70% as circumstantially capable of providing
adequate DO,.'$2¢

Management of Hypoxemia and Impaired Oxygen Delivery
The differential diagnosis for new or progressive hypoxemia
in the VV ECMO patient should include: reduction of flow
relative to the patients cardiac output, impaired oxygen-
ator function, worsening native lung function, or increased
recirculation.*® Assuming an ECMO Fio, of 1.0 and proper
function of the membrane oxygenator, the most reliable way
to increase Pao, in patients on VV ECMO is to increase the
blood flow through the membrane lung, by increasing pump
revolutions/min (RPM) (fig. 6, table 3). Acutely, attempts at
increasing flow may result in a relative lack of pump preload,

Fierro et al.
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Table 2.  Comparison of the Three Most Common VV ECMO Cannulation Strategies

Cannulation Strategy

Strengths

Weaknesses

Right internal jugular dual lumen cannula - Ambulation feasible

(currently only available as the Avalon - Facilitates prone positioning?°

- Flow rates limited to 4.2 and 5.3 LPM in 27
and 31F models, respectively?!

Elite from Avalon Labs, USA) - May decrease transport risks®' - Risk of cardiac (RA or RV) or hepatic injury

- Minimal recirculation unless tip migrates

during placement??

to hepatic vein or right atrium?’ - Complex placement, which requires

fluoroscopy or TEE?%-23

Femoral-jugular* (femoral cannula will - Allows for highest degree blood flow, - Inflow and outflow cannulas having oppos-

terminate in distal IVC at the level of the

nate in RA, directed at the
tricuspid valve)

especially in obese patients
diaphragm, jugular cannula will termi- - A femoral drainage cannula (tip in the IVC)
can be added to further increase flows

ing lumens; recirculation is inversely related
to the distance between the cannula tips

Femoral-femoral* (cannulas may be placed - Least complex technically - Prevents ambulation

in a single or both femoral veins, with the
tip of the drainage cannula terminating at
the distal IVC at the level of the dia-
phragm and return cannula in the RA)?*

- Limits elevation of head of bed

*The configuration in which the tip of the drainage catheter is in IVC or SVC and blood is returned to the RA (femoroatrial) results in decreased recirculation,
increased Pao,, and increased total ECMO flow compared to atrial-femoral cannulation, in which blood is drained from the RA and returned to the IVC or

SVC.%

ECMO = extracorporeal membrane oxygenation; IVC = inferior vena cava; LPM = liters per minute; RA = right atrium; RV = right ventricle; SVC = superior

vena cava; TEE = transesophageal echocardiogram; VV = venovenous.

Table 3. Management Strategies for Hypoxemia

Intervention

Increases Spo,

Increases DO, Decreases \‘/o2

Blood transfusion

Muscle relaxation, sedation, cooling, controlled ventilation
Increasing ventilator Fio,

Increasing ventilator PEEP

Increasing cardiac output

Increasing oxygen flow to membrane lung

No Yes No
Yes, indirectly Yes, indirectly Yes
Yes Yes No
Yes Yes No
No Yes No
Yes Yes No

DO, = systemic delivery of oxygen; FIO, = inspired concentration of oxygen; PEEP = Positive end-expiratory pressure; SpO, = peripheral oxygen saturation;

VO2 = metabolic uptake of oxygen.

evidenced by a partial collapse and vibration of the ECMO
inflow tubing (“chatter”), which demonstrates an upper limit
of pump blood flow. Subacutely, hemolysis and platelet dam-
age, which are caused by shear stress, increase with increasing
pump speed; therefore intensive care unit (ICU) manage-
ment of ECMO includes maintaining the lowest blood flow
required to achieve a target oxygen saturation. Conversely,
reduction in pump flow increases contact time between cir-
culating blood and the artificial surfaces within the circuit,
which can increase the risk of thrombus formation.”> Anec-
dotally, the maintenance of a minimum blood flow of 1.5 to
2.0 liters per minute (LPM; compared to typical maximum
VV ECMO flows of 4 to 6 LPM, depending on cannula
diameter) is employed regardless of saturation to offset the risk
of thrombotic complications.

Evaluation of membrane lung function is important to
the workup of hypoxemia, especially if increases in ECMO
flow fail to clinically improve oxygenation. The first step is
the visual assessment of the oxygenator through inspection
for fibrin and clot deposition using a flashlight (fig. 7). Clini-
cal impact of impaired function will typically only be rec-
ognized when postoxygenator Pao, values result in an Spo,

of less than 100% and can be offset by high ECMO blood

Anesthesiology 2018; 128:181-201 187

flows relative to cardiac output, recovering pulmonary func-
tion, or high mixed venous oxygen saturations. Alternatively,
a high pressure drop across the oxygenator, which represents
elevated resistance to blood flow across the membrane lung
due to fibrin and clot, should also prompt consideration for
oxygenator exchange. However, this represents a subacute
process, unless a large thrombus was suddenly entrained. A
gradient of 70 mmHg at 3 LPM blood flow, which can be
measured with advanced systems, has been cited as a pressure
drop threshold that should prompt oxygenator exchange.#
Ultimately, the only way to rule out oxygenator dysfunction,
which can occur despite a normal visual inspection, is to
compare a premembrane blood gas with a postmembrane
blood gas to quantitatively define the degree of oxygenation
and decarboxylation occurring.

When ECMO flow is constant, Pao, decreases as CO
increases, whereas Pao, increases after an acute decrease in
CO. A series of three patients demonstrated that esmolol
infusion can increase Pao, in VV ECMO patients with high
CO; however, this practice has the potential to ultimately
decrease DO, due to its CO reduction.® Conversely, admin-
istration of an inotrope such as dobutamine can increase
DO,, whereas Spo, may paradoxically decrease.’®

Fierro et al.
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Fig. 6. Flowsheet for the management of perioperative hypoxemia in the venovenous extracorporeal membrane oxygenation
cannulation patient. Assessment begins with the determination of the adequacy of systemic oxygen delivery. ECMO = extracor-

poreal membrane oxygenation; HCT = hematocrit; LPV =
RPM = revolutions/min.

lung protective ventilation; PEEP = positive end-expiratory pressure;

Fig. 7. Fibrin and clot deposmon within extracorporeal membrane oxygenation cannulation oxygenators A) A poorly functioning
oxygenator with a heavy burden of both thrombus (yellow arrows) and fibrin deposition (blue arrows). (B) An oxygenator with a

lesser degree of thrombus formation (yellow arrows).

Blood transfusion increases oxygen carrying capacity and
DO, without directly impacting Pao, and can be considered
when hypoxemia is present despite maximization of pump
flows (table 3). Some specific organizational and study-
based transfusion guidelines for VV ECMO patients vary
widely from the Extracorporeal Life Support Organization
(ELSO) recommendation to maintain hematocrits at 35 to
40%,% whereas two recent studies achieved success utiliz-
ing transfusion to maintain hemoglobin more than 7 mg/
dL4%47 In these studies, the authors found that the mortality
outcomes in restrictive transfusion practices were equivalent

Anesthesiology 2018; 128:181-201

to those in liberal strategies but result in less product transfu-
sion. 4147
practice, blood administration should be individualized to
the patient and considered when DO, appears clinically
inadequate. Unfortunately, the specific situations in which

liberal blood transfusion improves outcome in critically ill

Given the discrepancies in recommendations and

patients—including ECMO patients, if any—remain poorly
defined. 40

In situations in which DO, is determined to be inad-
equate and ECMO flows have been optimized, increasing
ventilator Fio, and PEEP will improve oxygenation relative
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to the extent of lung injury but should be done with consid-
eration of preventing VILI (table 3). Although uncommonly
necessary, the benefits of transient ventilator changes during
the perioperative setting will likely exceed the risks of VILI
when used to manage refractory hypoxemia or acidemia but
should be made cautiously.

Adjuncts to Oxygenation

Inhaled nitric oxide may improve Pao, in severe respiratory
failure by decreasing ventilation—perfusion mismatch; how-
ever, both a mortality benefit in patients with ARDS and
ECMO-specific literature are lacking.*® A similar improve-
ment in oxygenation can be expected with utilization of an
inhaled prostacyclin but also without supportive ECMO
or survival literature.*>° Given the high cost without clear
patient benefit, these drugs should be reserved for situa-
tions in which refractory hypoxemia is resulting in impaired
DO,. A last resort to improve persistent hypoxemia is the
addition of an additional ECMO cannula, which will sup-
port increased ECMO blood flow, allowing for additional
oxygenation.

An alternativq to increasing DO, is decreasing the patient’s
oxygen uptake (VO,), which will increase Scvo,. This can be
achieved through deep sedation, controlled mechanical ven-
tilation, hypothermia, and neuromuscular blockade.”!

Recirculation

Recirculation is a phenomenon unique to VV ECMO
patients, where blood leaving the ECMO outflow cannula
immediately returns to the ECMO circuit through the
inflow cannula, bypassing systemic circulation, generating a
closed loop that does not contribute to oxygenation, while
effectively reducing systemic ECMO blood flow. Recircula-
tion is inherent and expected, with levels of at least a few
percent of total flow with dual-lumen cannulas,?*>? rang-
ing to up to 15 to 20% of total low with two-cannula con-
figurations.>® Exacerbation of recirculation, associated with
reduced arterial oxygen saturation (Sao,), can be triggered
by increasing ECMO pump speeds or flows, decreasing CO,
position changes and migration of cannulas during transport
(identifiable by x-ray), and changes in intraabdominal pres-
sures, such as during laparoscopy.>® Increasing brightness of
the blood in the inflow cannula or a lack of difference in
blood color in the inflow and outflow cannula, increased

inflow oxygen saturations, or a decreasing Spo, after known
triggers should prompt evaluation for recirculation.

Decarboxylation

CO, clearance (decarboxylation) occurs as a result of a par-
tial pressure gradient between blood circulating through
the membrane lung and the fresh gas added to the ECMO
circuit via the membrane, referred to as “sweep gas,” which
is devoid of carbon dioxide. At clinically relevant ECMO
blood flows, the amount of decarboxylation is almost exclu-
sively dependent on sweep gas flow, with increasing flow
rates resulting in increased carbon dioxide removal.>2¢27
While on ECMO, the patient’s Paco, is also dependent on
alveolar ventilation and carbon dioxide production.

Management of Hypercarbia and Acidemia

The first response to hypercarbia or metabolic acidemia
should be an increase in the sweep gas flow to normalize
pH (table 4). Importantly, the relationship between gas
flow and carbon dioxide removal is nonlinear, with decreas-
ing incremental benefit with increasing flow rates above 2
LPM.?” Once sweep gas flow has reached a threshold of 6
to 8 LPM, decarboxylation will become limited by the sur-
face area of the membrane lung, and incremental increases
in flow may have minimal clinical significance.**” When
adequate decarboxylation cannot be achieved, membrane
dysfunction should be considered and can be confirmed by
comparing pre- and postmembrane PCO, measurements. In
uncommon situations where decarboxylation is inadequate
at a sweep gas flow of more than 10 LPM despite therapies
to reduce production, the addition of a second membrane
will increase the limits of decarboxylation by doubling the
surface area for gas exchange. Alternatively, increasing the
patient’s alveolar minute ventilation to manage hypercap-
nia may be required but should be reserved to uncommon
situations in which there is clinically significant acidemia.
It is advisable to use the slightest possible ventilator change
required to meet the clinical goal, because increasing V.. or
P, will increase the risk of VILL.

In patients with metabolic acidosis, infusion of the buf-
fer solution sodium bicarbonate can provide a temporary
improvement in pH, but its effect will be limited due to the
generation of CO, as a byproduct of metabolism, which will
pose a challenge to lung protective ventilation. Alternatively,

Table 4. Management Strategies for Hypercarbia
Increases CO, Decreases CO, Decreases
Intervention Elimination Production Paco,
Increasing fresh gas flow (sweep flow rate) Yes No Yes
Increasing ECMO blood flow No No No
Muscle relaxation, sedation, cooling, controlled ventilation No Yes Yes
Increasing alveolar ventilation (increased mechanical ventilator Yes No Yes
minute ventilation)
Increasing ventilator PEEP No No No

ECMO = extracorporeal membrane oxygenation; PEEP = positive end-expiratory pressure.
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utilization of deep sedation at general anesthetic doses, muscle
relaxants, controlled ventilation with prevention of dyssyn-
chrony, prevention of auto-PEED, aggressive treatment of fever,
and therapeutic hypothermia will decrease CO, production.

ECMO and the Anesthetic Plan
Preoperative Evaluation. Preoperative assessment of VV
ECMO patients should be focused on evaluating frequent

Venovenous ECMO in Noncardiac Surgery

The ECMO circuit should also be evaluated before
going to the operating room. A flashlight inspection of
the membrane oxygenator may demonstrate fibrin deposi-
tion or thrombus presence before the surgery and stopping
anticoagulation (fig. 7). If a significant deposition is pres-
ent and results in hypoxemia or hypercarbia, consideration
for oxygenator exchange should occur before the surgical
procedure, because withholding anticoagulation in the peri-

operative setting can precipitate increasing membrane clot
formation and decline in membrane functionality.

Unless already facing significant hemorrhagic complica-
tions, VV ECMO patients will be anticoagulated, primar-
ily via heparin infusion. Assessment of coagulation studies
will be useful in determining a patient’s risk of intraoperative
bleeding beyond the effect of administered anticoagulation.
For selected patients and procedures, it may be favorable

VV ECMO complications, such as arrhythmias, anemia,
bleeding (gastrointestinal, cannula site, and intracerebral),
pneumothorax, coagulopathies including platelet dysfunc-
tion and disseminated intravascular coagulation, and venous
thrombosis, as well as determining the type of general anes-
thetic to be used (table 5).>* ECMO blood flow and circuit
inflow pressure should be documented, given that they will
be important makers of perioperative volume status; sweep o hold systemic anticoagulation if a high risk of bleeding
exists. Additionally, red blood cells should be cross-matched
and available before procedures, in a quantity commensurate

gas flow requirement is an important indicator of the sever-
ity of hypercapnia, and the premembrane oxygen saturation

with bleeding risks.

trend can be an indicator of oxygen delivery.

Table 5. Summary of Anesthetic Implications for VV ECMO Patients Undergoing Surgery

Preoperative evaluation - Assess and document ECMO settings and blood flow
- Asses for coagulopathy, consider risks of platelet dysfunction and DIC
- Type and cross for red blood cells, consider preparation of FFP
- Assess ECMO-specific complications (arrhythmias, anemia, bleeding, pneumothorax,
thrombosis)

- Pause anticoagulation, if feasible and indicated
Transport to the OR - Utilize standard ICU monitors
- Utilize transport ventilator or portable ICU ventilator with alarms
- Include a practitioner dedicated to ECMO and capable of troubleshooting

Induction and maintenance of anesthesia - Patients may require little or no additional anesthetic depending on baseline degree of
sedation

- TIVA is preferred

- Titrate anesthetics to clinical effect/depth monitor
Monitoring - Arterial line can be at any site with VV ECMO

- Anesthetic depth monitoring is useful

- Echocardiography is a reliable measure of cardiac output; all other techniques have
limitations

- ETco, remains reliable, but value also reflects decarboxylation done by ECMO
Volume assessment and management - Negative fluid balance is general goal in VV ECMO patients

- Decreases in ECMO flows, venous pressure, and development of “chatter” can reflect
low preload

- Consider volume challenge if ECMO flows are decreasing during period of acute blood
loss (especially if associated with decreased Spo,)

RBC transfusion: indications/triggers - Blood can be used to increase DO,, regardless of hemoglobin level
- Guidelines are widely variable; transfusion to Hb > 7 g/dl acceptable in selected patients

Management of anticoagulation for ECMO - Acceptable to hold anticoagulation in perioperative period for most VV ECMO patients
(unless they have had thromboembolic events)

- Generally, aPTT goals are 40-60s and ACT goals are 180-220s in VV ECMO patients

Assessment and treatment of coagulopathy - Utilize traditional coagulation labs and or thromboelastometry to direct management of
surgical bleeding; aPTT elevations may be artificial due to critical illness

Platelet dysfunction and acquired von Willenbrand’s disease common with prolonged
ECMO durations

- Prothrombin complex concentrate may be considered for patients with bleeding and
prolonged INR or clotting time who cannot tolerate volume

- Consider cryoprecipitate for hypofibrinogenemia
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Preoperative transthoracic or transesophageal echocar-
diography or intraoperative transesophageal echocardiogra-
phy can be used to identify myocardial dysfunction, which
is common in critical illness, as well as identify ECMO-
specific complications such as cannula malposition and the
presence of thrombus.*>¢
Patient Transport. Transport of patients on VV ECMO
represents a high-risk period. ELSO recommendations
emphasize practitioner experience and the presence of a
perfusionist or capable provider dedicated to the circuit
management during transport (table 5).> Specific attention
should be made to ensure there is adequate battery supply
to powered systems, alarms are appropriate on the transport
monitor, emergency medications are available, and that the
oxygen cylinders for both the ventilator and ECMO circuit
are full’® Given the known adverse impacts of atelecta-
sis, volutrauma, and oxygen toxicity, continued use of the
patient’s ICU ventilator, maintaining baseline settings and
sustained pressure, and V.. monitoring with audible alarms
is advisable.”?%8 Although a transport ventilator is an alter-
native, they have inherent differences in performance from
ICU ventilators, will require circuit disconnection and sub-
sequent alveolar derecruitment, and introduce the possibility
for an unintentional change in ventilator settings. The use of
bag-mask ventilation during transportation provides no con-
ceivable benefit to the patient and introduces risks of alveolar
derecruitment, volutrauma, and barotrauma.

In cases of extreme patient instability, the bedside perfor-
mance of emergent surgical procedures such as laparotomy
may be required.” ECMO itself should not preclude trans-
port the operating room, because interfacility transport of
ECMO patients is increasingly frequent and has been dem-
onstrated to be safe.®*°! Transport decisions should take in
to account patient factors, as well as system issues such as
ECMO experience among hospital staff and surgical capabili-
ties within the ICU and OR suites. After transport, a routine
system check should include visual inspection for shifts in
line position or kinks in tubing, because either can cause sig-
nificant flow reductions, as well as assessment of the ECMO
console to ensure blood flow and circuit pressures are stable.
Anesthetic Choice. Total intravenous anesthesia (TTVA) is
the most practical method of anesthetizing patients requir-
ing VV ECMO for multiple reasons (table 5). Delivery of
volatile anesthetic is limited, but not impossible, due to
the characteristically low V., significant dead space, and
impaired gas exchange in patients on VV ECMO. The
ECMO system can contribute to the elimination of volatile
anesthetics; however, permeability across polymethylpentene
membrane fibers is poor.®?

TIVA allows for continuous delivery of anesthetic with-
outa contribution from severely injured lungs and eliminates
the need to transition the patient from the ICU ventilator to
the anesthesia machine, fostering consistency in the ventila-
tion strategy. A limitation to TIVA is the potential for drug
adsorption onto the ECMO circuit, specifically lipophilic
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drugs such as propofol, fentanyl, and midazolam, making
it imperative that medications are titrated to clinical effect.
Electroencephalographic monitoring, such as utilization of
bispectral index monitoring (Medtronic, USA), is a tech-
nique that will provide a quantification to depth of sedation
and confirmation of drug delivery in patients who may have
blunted hemodynamic responses to surgical stimuli.®® Such
monitoring may also help identify or quantify a preexist-
ing state of deep sedation due to variable sedation practices
among ICUs, particularly in patients receiving paralysis,
especially as drug pharmacokinetics can be significantly
altered in ECMO patients.®>¢

Selection of Monitors and Personnel. All standard American
Society of Anesthesiologist monitors should be employed in
patients on ECMO and have only minimal limitations; even
end-tidal carbon dioxide monitoring will be representative
of Paco,, albeit with a large gradient given lung pathology.
An arterial line should be considered essential to all patients
on VV ECMO for the assessment of respiratory gasses and
blood pressure monitoring and may be used for pulse—
contour analysis methods of CO measurement.®® Although
central venous pressure may be an unreliable measure of vol-
ume status in ECMO patients, central access for medication
delivery should be present given the inherent severity of ill-
ness in ECMO patients.

Cardiac output has important implications as the ratio
of ECMO blood flow to CO is a significant determinant of
blood oxygen saturation. Pulmonary artery catheters, which
utilize thermistor or thermodilution-based measurements of
CO, are potentially unreliable in patients on ECMO due
to the heat exchange occurring within the ECMO circuit.
In addition, central venous oxygen saturation measurement
will not represent VO, or provide a surrogate for adequacy
of DO, because sampling measures the oxygen saturation of
post—-ECMO blood in the pulmonary artery. Transesopha-
geal and transthoracic echocardiography are perhaps the
most reliable cardiac monitoring tools in patients on VV
ECMO, because they can quantify ventricular function,
assess volume status, identify cannula malposition, and cal-
culate CO using Doppler measurements.®’ Utilization of
intraoperative transesophageal echocardiogram should be
considered to monitor cardiac function and volume status
for procedures anticipated to result in significant hemody-
namic or volume shifts. Multiple proprietary systems that
measure CO using arterial line pulse wave analysis—based
algorithms are approved for clinical use.®® Because left heart
function, and subsequently the arterial pressure waveform,
are unaffected by VV ECMO, such CO measurements likely
remain valid; however, the use of stroke volume variation
to predict volume responsiveness has not been studied in
patients on ECMO and is unreliable when V.. is low or pul-
monary compliance is poor.”® Pulse contour analysis should
not be used in patients on VA ECMO, which generates non-
pulsatile outflow. Given that ECMO performance is highly
dependent on both preload and afterload and that significant
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volume shifts can occur rapidly during operative procedures,
a provider such as a perfusionist should be present through-
out the surgery whenever possible and can be invaluable in
recognizing and troubleshooting system complications dur-
ing the management of these complex patients.
Volume Assessment. Volume assessment, in particular
assessment of a patient’s fluid responsiveness, is a particular
challenge in patients on VV ECMO. Although VV ECMO is
volume neutral, central venous pressure measurements are an
unreliable marker of volume status in critically ill patients in
general’”? and will be further confounded by the pressures
generated by the ECMO cannulas (table 5). Accurate preload
assessments are important given positive fluid balances in
patients on VV ECMO have been associated with increased
mortality, whereas hypovolemia can reduce ECMO flows.”?
The impeller pump driving the ECMO system depends
on uninterrupted blood flow to function and will be highly
sensitive to reductions in “preload” to the pump, which
are relative to pump speed, and may occur even when left
ventricular end-diastolic volume is adequate. An early sign
in which pump preload has decreased is an increasingly
negative ECMO inflow pressure, representing a greater
force requirement to maintain stable blood flow. Vibration
or partial collapse of ECMO tubing (“chatter”) may also
occur and suggests insufficient blood flow to the pump for
sustained function at the set speed and thus should trig-
ger either volume administration or a reduction in pump
RPMs when Sao, is at an adequate level for the patient to
tolerate reduced ECMO flow. With progressive volume loss,
maximum ECMO blood flow will decrease, which results
in hypoxemia. Echocardiographic assessment of the patient
is warranted when volume status and cardiac function are
unclear. Vigilance must be maintained throughout the
operative course to closely track estimated blood loss and to
observe for reversible changes in position or surgical maneu-
vers (such as retractor placement or abdominal insufflation),
which can reduce preload to the ECMO circuit.
Management of Bleeding, Coagulopathy, and Anticoagula-
tion. The perioperative management of anticoagulation in
patients requiring VV ECMO will ultimately require bal-
ancing the risk of thrombosis against the patient and pro-
cedure-specific risk of perioperative bleeding (table 5). Risk
factors for thrombotic complications include the occurrence
of ongoing thrombotic events, especially when clot is adher-
ent to the surface of ECMO cannulas, the presence of fibrin
deposition or clot burden within the ECMO circuit or mem-
brane lung (fig. 7), coexisting patient hypercoagulable state,
and unrelated needs for anticoagulation such as a mechani-
cal heart valve. Interruption of anticoagulation can also pre-
cipitate ongoing consumptive coagulopathy through platelet
and clotting factor contact with the circuit. The benefits of
withholding systemic anticoagulation will be facilitation of
a “dry” surgical field and reduction of the risk of periop-
erative bleeding. Many centers will avoid ECMO flows less
than 2 LPM or even increase flows when anticoagulation is
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interrupted to decrease the amount of time circulating blood
dwells in the circuit, theoretically decreasing thromboem-
bolic risk.

Unlike patients on VA ECMO, who are prone to left-
sided clot formation due to stagnant blood flow in the left
ventricle, the thromboembolic risk profile in VV ECMO
is typically limited to right-sided events, with the notable
exception of patients who have atrial or ventricular septal
defects. In patients on VV ECMO, thrombus may occur
around ECMO cannulas or within the circuit or oxygen-
ators, with the most significant risks being pulmonary embo-
lism and rarely the abrupt cessation of the ECMO function
due to an obstructing thrombus in the circuit.

Considering a balance of risks and benefits, temporary
cessation of anticoagulation in the immediate periopera-
tive period is usually safe and feasible, and advisable, at least
temporarily, for procedures at high risk of bleeding com-
plications. Current guidelines suggest stopping heparin 4
to 6h before elective surgery in patients from the general
population admitted for bridging therapy.” It is, however,
reasonable to consider a similar time period for patients
undergoing nonemergent procedures which are categorized
by a high bleeding risk, especially if there are no ongoing
thrombotic complications. Reassuringly, a case report docu-
ments success of a VV ECMO patient off of anticoagulation
for a period of 20 days while being treated for hypoxemic
respiratory failure caused by alveolar hemorrhage.”

Evaluation of both the degree of anticoagulation and
coagulopathy poses a challenge in patients on ECMO
because no single lab value is without limitation in this
population. For example, activated clotting time values are
inconsistent at low levels of heparin, aPTT response to hepa-
rin is blunted when fibrinogen or factor VIII concentrations
are elevated, and hepatic dysfunction can prolong prothrom-
bin time (PT) due to reduction of factor VII despite com-
pensatory elevations in factor VIII and fibrinogen.”® Unlike
activated partial thromboplastin time (aPTT), an anti-Xa
level can be useful to quantify heparin effect independently
of both elevations in acute phase reactants such as factor VIII
or fibrinogen and factor deficiencies but remains dependent
on endogenous anti-thrombin III activity.””-%

Although platelet count can be accurately measured, this
value does not assess quality, which is significant as progres-
sive platelet dysfunction occurs with increasing time on
ECMO.?! Viscoelastic tests (thromboelastography [Haemon-
etics Corporation, USA] or rotational thromboelastometry)
have the potential to provide precise and timely identification
of coagulopathy, can identify both hypo- and hypercoagu-
lopathy, and have been correlated to predict bleeding compli-
cations in a small study of ECMO patients.®!=# Viscoelastic
tests, as well as anti-Xa levels, may have particular benefit in
in identifying coagulopathy outside of heparin effect. A
low threshold for evaluation for disseminated intravascular

coagulation, a relatively frequent phenomenon, should also
be present in patients on VV ECMO.7
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Specific thresholds to transfuse blood and blood products
are highly controversial.*®7¢82 For example, ELSO guidelines
support transfusion of fresh-frozen plasma to maintain inter-
national normalized ratio (INR) less than 1.5 to 2.0, plate-
let transfusion to maintain more than 100,000 cells/mm?,
and cryoprecipitate administration to maintain fibrinogen
more than 100 to 150 mg/dl.“® Meanwhile, in an interna-
tional survey of ECMO centers that manage both adult and
pediatric patients, transfusion thresholds in uncomplicated
ECMO patients ranged from platelet counts of 20,000 to
100,000 cells/pl, fibrinogen levels of 50 to 200 mg/dl, and
hemarocrit thresholds of 20 to 40%.!88

Aminocaproic acid has been demonstrated to signifi-
cantly reduce surgical site bleeding due to fibrinolysis in a
large series of pediatric ECMO patients®® and can be con-
sidered in adult patients, especially those with thrombo-
elastographic demonstration of fibrinolysis. Recombinant
factor VIIa has been shown to be effective in management
of intractable hemorrhage in VA and VV ECMO patients;
however, both recombinant factor VIIa and prothrombin
complex concentrates have been implicated in catastrophic
thrombotic events in the ECMO population and must be
used with caution.8¢# Desmopressin may also have a role
in the management of perioperative bleeding in ECMO
patients, because a spectrum of acquired von Willenbrand
factor deficiency is nearly ubiquitous in ECMO patients.®’
Cryoprecipitate that contains von Willenbrand factor can
also be used for this condition. In bleeding patients, a com-
bination of viscoelastic and traditional testing should be
used to guide blood product and clotting factor utilization,
while reserving prothrombin complex concentrates and
recombinant factor VIla for refractory bleeding combined
with evidence of factor bleeding. Perioperative manage-
ment of anticoagulation, like in other surgical procedures,
must take into account risk versus benefit, because litera-
ture is limited to case reports.”

Procedure-specific Challenges in VV ECMO

Abrupt changes and extremes in positioning associated with
surgical procedures may profoundly impact VV ECMO
patients. Positions that lower the head may decrease a
patient’s already-impaired lung compliance; however, reduc-
tions in alveolar ventilation can be offset by increasing sweep
gas flows. Conversely, reverse Trendelenburg positioning can
cause a reduction in preload and lead to decreased ECMO
flow.

Abdominal Surgery. Abdominal explorations and bowel
resections are among the most common surgical procedures
performed on ECMO patients, with 69 abdominal pro-
cedures performed in a series of 563 VA and VV ECMO
patients.'* Abdominal compartment syndrome, which is
associated with high mortality, may be caused by resus-
citative fluid shifts and/or pathophysiology related to the
patient’s underlying critical illness.”"*> The condition is
most common in pediatrics and neonates who are highly
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sensitive to the increased in circulating volume introduced
by the ECMO circuit.?"?? In addition to causing abdomi-
nal organ dysfunction and reducing pulmonary compliance,
ECMO flows are often reduced in abdominal compartment
syndrome due to the decrease in venous return, necessitating
decompressive laparotomy.”!

Laparoscopic surgery, which utilizes carbon dioxide to

insufflate the abdomen, causes systemic absorption of the
gas, which challenges the decarboxylation abilities of the
membrane lung, resulting in refractory respiratory acidosis
VV ECMO patients. Although laparoscopy is generally dis-
couraged, preemptively increasing sweep gas flow is advis-
able to prevent an acute decrease in pH upon insufflation
and to manage the increased dioxide load. Abdominal insuf-
flation may also reduce venous return, decrease ECMO flow,
and result in hypoxemia, requiring vigilant monitoring dur-
ing the process. Although a fluid challenge may improve
venous return, a low threshold to conversion to open proce-
dure should be held. In patients who require high degrees of
sweep or high V,or P | to manage hypercarbic respiratory
failure, safe management during laparoscopic procedures
will be challenging, if not impossible.
Thoracic Surgery. Thoracic surgery may be required for
management of conditions such as hemothorax, traumatic
lung injuries, and empyema or for the purpose of open lung
biopsy.'“*3-% In a series of 589 mixed VA and VV ECMO
patients, a total of 89 thoracic procedures were performed,
with exploratory thoracotomy, video-assisted thoracic sur-
gery (VATS), and lung biopsy being the most common
procedures.'* Reports of anticoagulant management in the
immediate perioperative period are limited to case reports,
with activated clotting time or aPTT goals being reduced in
the days after the procedure, as well as one group completely
holding anticoagulation for 6 h prior and 24 h after VATS.”*
% One case reports the transfusion needs of 39 units of red
blood cells and 25 units of platelets over a multiday period
in which refractory bleeding from vessels to muscle beds and
the chest well prompted a series of three VAT, as well as
definitive thoracotomy, in the management of hemothorax
after ECMO cannulation.”

During thoracic procedures, single-lung ventilation is
often required, and decreases in minute ventilation and Sao,
secondary to increased transpulmonary shunting can be
offset by increasing the sweep gas flow and ECMO blood
flow if hypercarbia or hypoxemia occur. Recent case reports
demonstrate the utility of VV ECMO in the management
of high-risk airway surgeries, as well as a means for gas
exchange in high-risk lung resections.”™? Although heparin
was administered during these procedures, the patient popu-
lation differs substantially, because ECMO removal at the
end of the procedure not only eliminates the need for anti-
coagulation but also allows for protamine administration.”’
Tracheostomy. Tracheostomy is likely the most common
procedure performed on VV ECMO patients. Cessation of
mechanical ventilation during the procedure will eliminate
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the patient’s ability to decarboxylate and oxygenate blood
and can be offset by increasing sweep gas flow and ECMO
blood flow before the procedure. A report of two cases of
fatal venous air embolism occurring in patients undergoing
tracheostomy managed using a dual lumen catheter suggests
that air entrainment through a thyroid vein is a potential
complication of the procedure.!%

Endoscopy. Endoscopy may be required in the evaluation
and treatment of patients with gastrointestinal bleeding,
which occurs in up to 5% of all ECMO patients, commonly
due to stress gastritis.!°11% Percutaneous endoscopic gastros-
tomy tube placement frequently accompanies tracheostomy.
A series of four patients with prolonged ECMO courses (two
VA and two VV) reports perioperative discontinuation of
heparin without complications.!* Often minimal additional
sedation is required for these procedures, with the main anes-
thetic considerations being availability of blood and acquisi-
tion of venous access for patients with ongoing hemorrhage.

Perioperative ECMO Assessment and Management of
Complications

The ability to troubleshoot common ECMO alarms and
complications or the immediate availability of a practitioner
capable of doing so is essential to safe perioperative manage-
ment of the VV ECMO patient (table 6).

Line Chatier. Line chatter, or partial collapse of the ECMO
drainage cannula, is a common occurrence in patients with
relative hypovolemia and occurs in response to an insuffi-
cient availability of blood relative to the speed of the pump
flow. The negative pressure generated by the impeller pump
causes collapse of the cava or atrium in which the drain-
age cannula is positioned, immediately preceding collapse
of the ECMO tubing. Management options will depend on
the patient’s DO,, with oxygen saturation being the most
commonly used surrogate. If oxygen saturation is adequate,
the pump RPMs can be decreased, which will lower the
impeller pump’s demand for blood and stop line chugging.
Alternatively, if DO, is inadequate, infusion of crystalloid
solution or transfusion of blood will increase ECMO pre-
load and allow the pump to function at higher RPMs and
higher blood flows. In the perioperative setting, positioning
changes can also trigger line chatter and should be reversed
when practical.

Venous Air Embolism. Although VV ECMO is essentially
a volume-neutral system, hypovolemia, resulting in increas-
ingly subatmospheric pressures in the venous cannula, will
increase the risk of air embolism during line placement.'®
Placement of lines during periods of line chatter should
especially be avoided. In an experimental system, airflow
through an open venous cannula was determined by pump
flow and cannula diameter, exceeding 0.3 LPM through a
16-gauge cannula at a pump flow of 2.25 LPM, which can
rapidly cause air-lock of the ECMO circuit.!% Gas entrain-
ment occurred in an all-or-nothing manner, meaning slight
changes could result in a massive air embolism (for example,
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if a venous catheter tip migrated closer to the ECMO can-
nula).'% Although the incidence of air embolism is unknown,
preventative techniques can and should be utilized. Tempo-
rary reduction of pump flow rates during line placement,
if tolerable, will decrease the negative pressure applied by
the venous cannula and reduce airflow if embolism were to
occur. Trendelenburg positioning will also help reduce the
risk of air embolism by increasing venous return to patients
undergoing internal jugular line placement. Even simple
measures, such as ensuring caps are present on stopcocks,
should be employed to prevent inadvertent air entrainment.
Medication Dosing in VV ECMO. VV ECMO patients will
have altered pharmacokinetics due to the combination
of critical illness, variable hepatic and renal function, and
ECMO-specific changes including increase volumes of dis-
tribution (Vd), decreased drug clearance, and drug adsorp-
tion on the circuit tubing.'”” Prolonged release of drugs
sequestered within the circuit may also occur (unpredict-
ably), causing circulation of medications even after discon-

tinuation of infusions.'%”

Unfortunately, the majority of
pharmacokinetic data is from neonates, who have different
indications for ECMO, inherently different pharmacokinet-
ics from adults, and, due to their size, will be much more
sensitive to changes in Vd from the ECMO circuit.!?-1%
Sedative and Analgesic Dosing. Significant sequestration of
drugs by the ECMO circuit (in ex vivo studies), which func-
tionally results in an increased Vd, occurs with the lipophilic
drugs such as fentanyl (where bioavailability is reduced by
65% or more) and midazolam.!'®!!! Hydrophlic drugs such
as morphine are less susceptible, with ex vivo studies demon-
strating the reduction in bioavailability ranging from negligi-
ble to 43%.!"%1"1 A recent study of adult VV ECMO patients
receiving sedation in the ICU, generally with a Richmond
Agitation and Sedation Scale goal of 0 to -1, reported that
patients required lower doses of opioids and benzodiazepines
than suggested in previous reports.** Of 365 patients, 98.6%
were managed with continuous opioids, with a mean of 4,800
ng fentanyl equivalents daily, and 64.7% received continu-
ous benzodiazepines, with a mean dose of 22 mg midazolam
equivalents daily.* The authors suggest that although changes
in pharmacokinetics are present in VV ECMO patients, pedi-
atric data do not fully extrapolate to adult patients, and clini-
cal differences in drug requirements in ECMO patients likely
also reflect differences in sedation practices.®*

Propofol, which is lipophilic, is also highly sequestered
by the ECMO circuit, leading to a reduction in drug con-
centration from expected levels, as decreased drug levels
with infusions.!””"!1? There is theoretical concern that lipe-
mia resulting from propofol infusion may impair oxygen-
ator function; however, the clinical effect of this is unclear.
One small study actually found a reduction in the need for
oxygenator exchanges in the patient cohort receiving pro-
pofol sedation, whereas an ex vivo cardiopulmonary bypass
study found no impact on membrane gas exchange during
propofol administration.! >4 /5 vitro studies demonstrated
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Table 6. Management and Troubleshooting of Hypoxemia, Hypercapnia, and ECMO Parameters

ECMO Interventions

Patient Interventions

Hypoxemia

Hypercarbia

Decreased ECMO circuit blood
flow (with signs of hypoxemia,
hypercarbia, or new clinical
instability)

ECMO tubing vibration or partial
collapse (“line chatter”)

Increasingly negative inflow
pressure

High outflow line pressure

Increased transmembrane
pressure

High pre-ECMO Spo, (not avail-
able on all consoles)

Low pre-ECMO Spo, (not avail-

Increase ECMO flow/RPMs

Increase sweep gas flow rate

Increase pump RPMs

No intervention is necessary if patient condition
is unchanged

Decrease pump RPMs

Decrease RPMs (if flows adequate for
oxygenation)

Decrease RPMs (if flows adequate for
oxygenation)

Assess for membrane clot; if severe consider
replacement before OR

If acute, membrane change may be needed
Consider a sign of possible recirculation: (1)
Compare to systemic Spo, (should be lower),
(2) assess for changes to cannula position, and
(8) surgeon evaluation if likely requires cannula
manipulation

Consider this a sign of low Scvo,

Volume challenge if flows have acutely
decreased

Increase Fio, during the perioperative period
Increase PEEP

Decrease patient demand (sedation, muscle
relaxation, cooling)

Decrease patient demand (sedation, muscle
relaxation, cooling)

Assess for changes to patient position
Volume challenge

Consider line position change during trans-
port

Volume challenge

Reverse changes to patient position

Volume challenge if progressive change from
baseline

Reverse changes to patient position

Consider using higher perioperative antico-
agulation goals and restarting heparin earlier

Can reflect improved cardiac output,
improved lung function/oxygenation, or
transfusion of blood

Increase cardiac output

able on all consoles)

Increase ECMO flows

- Transfuse blood
- Decrease patient oxygen demand

ECMO = extracorporeal membrane oxygenation; FIO, = inspired concentration of oxygen; OR = operating room; PEEP = positive end-expiratory pressure;
RPM = revolutions per minute; SCVO, = oxygen saturation of central venous blood; SpO, = peripheral capillary oxygen saturation.

this phenomenon is far more prevalent in historically used
polydimethylsiloxane than polypropylene membranes,
which are similar to polymethylpente, which is used in mod-
ern oxygenators.!!®
Antibiotic Dosing. Like sedatives, antibiotic pharmacoki-
netics are altered in ECMO patients, whereas the drugs may
become prone to sequestration. A study of meropenam dos-
ing in ECMO patients, some of whom also required contin-
uous renal replacement therapy, demonstrated an increased
Vd but decreased clearance—pharmacokinetics that offset
each other.!” Meropenam has also been noted to be seques-
tered by the ECMO circuit itself.!'? Pediatric literature has
demonstrated increased Vd and prolonged clearance times
of vancomycin and the aminoglycosides gentamycin and
tobramycin.!® An infant study of the pharmacokinetics of
cefotaxime demonstrated increased Vd with preserved drug
clearance and highly variable drug concentrations among
the patients.!!® Although a multicenter study designed to
delineate to complex pharmacokinetics of antibiotics, seda-
tives, and analgesics in adult ECMO patients is ongoing,
current best practice in the perioperative setting should
remain focused on timely dosing of surgery-specific and
ongoing antibiotics and utilization of drug levels to guide
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dosing whenever able.!711® Increased loading doses to off-
set increases in Vd should be considered, especially if the
adverse effects of the selected antibiotic are low or mini-
mally dose dependent.!?”

CPR on VV ECMO. Because VV ECMO does not provide
circulatory support, advanced cardiac life support algo-
rithms should be performed in response to cardiac arrest.
Transesophageal echocardiography has been established as a
useful tool to assist in the management of cardiac arrest in
the OR and can also assess cannula positioning as a cause
of arrest in ECMO patients.”>!!” Consideration of ECMO
system failures as the etiology of arrest should occur, because
hypercarbia and hypoxemia can rapidly result from a kink in
the ECMO circuit or acute occlusion of the membrane lung
(which would require an exchange). If system failure has
been ruled out, VV ECMO patients can be transitioned to
venovenous arterial (VVA) ECMO through the addition of
a single arterial cannula to provide complete extracorporeal
cardiopulmonary support.'?® As the potential outcomes ben-
efits of VA ECMO deployment during in-hospital cardiac
arrest are becoming increasingly apparent,'?"!?> conversion
to VVA ECMO should be considered in any VV ECMO

patient who requires advanced cardiac life support.
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Pulmonary Embolism (PE). Both VV and VA ECMO
have been successfully used to support patients presenting
with massive PE, including patients with resultant cardiac
arrest.'?® In VV ECMO patients, PE may occur through
either its typical pathophysiology, as a result of thrombus
formation on the surface of an ECMO cannula, or throm-
bus formation within the return cannula. Thrombus adher-
ent to cannula surfaces or within the right atrium, superior
vena cava, or inferior vena cava can often be detected by
Doppler sonography or echocardiography.®>124125 Depend-
ing on the type and degree of underlying lung disease neces-
sitating ECMO therapy, the potential reduction in gas
exchange caused by PE may be minimal. More concerning
is the ability of PE to cause acute right heart failure, which
can be initially treated with inotropic support and reduction
of RV afterload; however, a low threshold should be pres-
ent to transition the patient to VVA ECMO.!21?7 Surgical
thrombectomy can also be considered, because these patients
would categorically be considered unsuitable candidates for
systemic or catheter directed fibrinolytic treatments.'?*1?7 In
the general population, intraoperative PE is a rare event but
portends a mortality of up to 68%.'?® Although surgery itself
is unlikely to immediately cause PE in VV ECMO patients,
given the potential for preexisting thrombus within the right
atrium, superior vena cava, or inferior vena cava, especially
in patients who are not anticoagulated, a high suspicion
should exist for the presence of PE in the presence of acute
heart failure or refractory hypotension.

Concurrent Myocardial Dysfunction
Right-sided heart failure is frequent in VV ECMO patients
and may be attributable to the underlying etiology of respi-
ratory failure such as influenza or sepsis or secondary insults
such as stress cardiomyopathy or elevated pulmonary arterial
pressures due to hypoxemia or hypercarbia.!” VV ECMO
has even been demonstrated to reduce pressor and inotrope
requirement at 6 and 24h in patients with hemodynamic
instability (without severe ventricular dysfunction) at the
time of deployment, potentially attributable to its ability
to raise pH through decarboxylation.'® Treatment of right
heart failure on VV ECMO should focus on improving ven-
tricular contractility with inotropes, decreasing afterload
through inhaled pulmonary artery dilators such as nitric
oxide or epoprostenol and, in refractory cases, conversion
to VVA ECMO through the addition of an arterial cannula.
Left-sided heart failure management can begin with the
optimization of preload and afterload and the introduc-
tion of inotropic agents, with consideration of insertion of
an intraaortic balloon pump for more significant disease.
Refractory myocardial dysfunction should prompt consider-
ation of transition to VVA ECMO.
Circuit Failure. Circuit complications such as any mechani-
cal complication, circuit clot, or tubing rupture have been
described as occurring in up to 52% of 1,473 ECMO (78%
VV) patients reviewed in the ESLO database.!®? Acute
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reduction in pump flows can be due to rapid blood loss,
migration or kinking of ECMO lines, or changes in venous
return due to repositioning. Obstruction downstream of
the return cannula, such as by a pulmonary embolism, will
increase pump afterload and can also reduce flow. Com-
plete pump failure is typically caused by occlusion of the
membrane lung or a cannula with thrombus and can only
be managed by a circuit exchange. In experienced centers,
a circuit or oxygenator exchange can occur in minutes or
less, making recognition and timely intervention critically
important. An understanding of the degree of the patient’s
underlying respiratory compromise will also dictate the
urgency of intervention. Optimization of oxygenation
and decarboxylation utilizing both the ECMO system and
mechanical ventilator (through temporary, preemptive
increases in ECMO sweep and blood flow as well as ventila-
tor Fio,, PEED, and V) can maximize the patient’s reserve
before interruption of ECMO flows. Some practitioners
prophylactically administer anticholinergic agents, such as
atropine, before circuit changes, because bradycardia and
even cardiac arrest can be precipitated by hypercarbia or
hypoxemia may occur, but neither efficacy or specific dos-
ing ranges have been established. If administered, a dose of
0.02 mg/kg atropine, which was has been used as a pretreat-
ment to prevent arrthythmias during induction of anesthesia

131 would be reasonable.

in pediatrics,
Inadvertent decannulation or cannula migration can also
lead to partial or complete circuit decannulation as well as
massive hemorrhage. Blind manipulation of cannulas by an
inexperienced provider can lead to patient injury (especially
with dual-lumen cannulas that extend into the intrahepatic
inferior vena cava) and should be considered a last resort in
an unstable patient. In addition to requesting immediate
surgeon presence, as well as additional help, concurrently
acquiring fluoroscopy can be useful in the repositioning.
Repositioning of a dual-luman cannula requires either fluo-
roscopy or transesophageal echocardiography guidance to
propertly align outflow with the tricuspid valve and to ensure
the tip of the catheter is in the inferior vena cava as opposed
to a hepatic vein. Obtaining hemostasis and the avoidance of
air entrainment by the patient will be the first priority in the
management of a patient with a complete cannula dislodge-
ment. Blood loss within the circuit itself will also account
for about 500 ml.
Circuit Disseminated Intravascular Coagulation (DIC). A
concept of “circuit DIC” or a cascade of clot formation
within the membrane lung is important to recognize peri-
operatively, because it can result in impaired membrane
gas exchange, with progression to complete pump failure,
while also exposing the patient to a risk of systemic bleed-
ing due to fibrinolysis.!?? Elevations of D-dimer levels,
especially acutely, are used to detect the condition, but
are nonspecific; therefore, clinical suspicion is required for
accurate diagnosis. The only definitive treatment for cir-
cuit DIC is replacement of the membrane lung.!*?
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Need for Surgical Prone Positioning. Prone positioning
has been studied only on a limited basis, but a systematic
review of 49 patients, managed with a variety of cannula-
tion strategies, from 7 articles demonstrated the feasibility
of the positioning.!** Cannula site bleeding was the most
common complication, with 11 instances being reported
in 74 prone positioning maneuvers done on 12 patients in
a single study, as well as 1 other patient in the cohort.'®
Edema was reported in 12.2% of patients, 7 of 74 posi-
tioning events from one study resulted in more than 20%
reduction in systolic blood pressure, and air entrainment
and pneumothorax were both cited in a single patient each;
however, there were no reports of cannula dislodgement.!??
In a series of five VV ECMO patients with right inter-
nal jugular—femoral (or right internal jugular-bifemoral)
cannulation, who underwent 44 turns to prone position,
there was only a single reduction in ECMO flow, which
occurred in the supine position and resolved with can-
nula repositioning.!¥*!3 Although VV ECMO makes the
process of prone positioning even more complex, multiple
reports have demonstrated that it can be performed safely
in patients with femoral, internal jugular, and dual-lumen
cannulas. Although data cannot be directly extrapolated to
lateral positioning, there is no evidence to support that the
presence of ECMO should contraindicate specific surgical
positioning.

Conclusions

The perioperative management of VV ECMO patients
will likely be of increasing importance as the utilization of
ECMO increases worldwide. In addition to the inherent
critical illness of the patient, management must also focus
on effective utilization of the ECMO system in response to
perioperative fluid shifts and stressors, as well as the novel
challenges it provides related to anesthetic delivery, hemody-
namic monitoring, and hemostasis. Further studies specific
to the perioperative period could provide immensely valu-
able in defining the optimal management of these patients.
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