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Abbreviations

ACT Activated clotting time

APTT  Activated partial thromboplastin time
CPB Cardiopulmonary bypass

ECLS  Extracorporeal life support

ECMO Extracorporeal membrane oxygenation

FEV, Forced expiratory volume in 1 second
FVC Forced vital capacity

HIT Heparin-induced thrombocytopenia
ICU Intensive care unit

INR International normalised ratio

vC Inferior vena cava

OLV One-lung ventilation

RA Right atrium

SvC Superior vena cava

SVR Systemic vascular resistance

TEE Transoesophageal echocardiography
TTE Transthoracic echocardiography
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Key Points

e Extracorporeal support is an established therapy in
perioperative care of lung transplant recipients.

e New applications of intraoperative extracorporeal
life support (ECLS) are increasingly being explored
in thoracic surgery.

e In clinical scenarios which compromise oxygen-
ation, VV-ECMO is most often used. These include
procedures for patients with airway obstruction,
require an open airway or have advanced lung
disease.

e Surgery which will compromise cardiac function or
great vessel flow is best supported by VA-
ECMO. These include procedures for life-
threatening mediastinal masses and locally
advanced malignancies requiring resection of the
atrium or great vessels.

» Unanticipated perioperative respiratory failure may
require extracorporeal support.

* Meticulous and multidisciplinary preoperative
assessment and planning are essential. The anaes-
thesiologist should understand the technical capa-
bility and limitations of the ECLS device.

e Critically ill patients may require cannulation of
vessels under local anaesthesia, which may be tech-
nically challenging and uncomfortable but best
done electively rather than emergently.

* ECLS applied to thoracic surgery is not as yet sup-
ported by strong medical evidence, but can be life-
saving in individual cases.

Introduction

Extracorporeal life support (ECLS) encompasses a spectrum
of temporary mechanical support for patients with heart or
lung dysfunction that does not respond to traditional critical
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care therapy. The term ECMO (extracorporeal membrane
oxygenation) is often used when the primary indication for
support is failure of gas exchange. The physiologic goals
vary with patient needs but may include oxygenation and
CO, removal, increased oxygen delivery via improved perfu-
sion and the provision of lung rest and cardiac unloading.
ECLS is available in an increasing number of specialised
centres and may be of short duration (hours) to facilitate a
surgical procedure or provide support for prolonged periods
(weeks to months).

The dramatic expansion of ECLS applications during the
last decade is evidenced by an ever-increasing number of
annual ECLS-related publications. It is a challenge for the
interested clinician to keep up with the latest literature on the
topic [1]. Use of ECLS for cardiac failure and cardiac proce-
dures is beyond the scope of this chapter. The highest level of
evidence for the clinical benefit of all the ECLS technologies
in both respiratory and cardiac disease are randomised
controlled trials of ECMO in acute respiratory distress syn-
drome (ARDS); all other applications are described in case
series or cohort studies [2].

This chapter endeavours to provide the anaesthesiologist
with a clear understanding of the nomenclature used to
describe ECLS, the configurations of ECLS circuits and their
physiological effects and the applications described for sup-
port of the thoracic surgical patient population both in the
critical care unit and the operating room. Most applications
in thoracic surgery require some degree of gas exchange sup-
port and therefore for the purposes of this chapter will be
referred to as ECMO.

Brief History

ECMO first became an established practice in neonates
with hyaline membrane disease and has been used in that
context since the 1970s. In adults, although it had been
occasionally reported as a rescue technique for the criti-
cally ill for decades, high mortality and significant neuro-
logical complication rate prevented its widespread use.
However, interest was renewed in the intensive care popu-
lation during the influenza outbreak of 2009 [3]. The
CESAR trial demonstrated a 6-month survival benefit with
ECMO use versus optimal conventional ventilator manage-
ment of ARDS [4]. Additionally, streamlined ECLS tech-
nology has improved the feasibility of transporting critically
ill patients from outside facilities to specialised ECLS-
capable centres. In the last decade, ECMO has become a
widely accepted supportive treatment for severe respiratory
failure in the ICU. Improved survival has also been observed
in end-stage lung disease patients supported with ECMO as
a bridge to transplant and for severe primary graft dysfunc-
tion as a bridge to recovery. The growing experience of

thoracic surgical teams in operating on patients on ECMO,
either from the ICU for diagnostic or therapeutic proce-
dures or for lung transplantation, has meant that this form
of support is increasingly for elective surgical situations
where adequate gas exchange cannot be guaranteed.
Historically, full cardiopulmonary bypass (CBP) has been
the most typical form of extracorporeal mechanical and gas
exchange support for complex thoracic surgery. Use of
CPB has the known disadvantages of the need for full hepa-
rinisation, increased transfusion requirements, pump-
related inflammatory response and the potential
recirculation of tumour cells in oncology cases.
Technological improvements offered by ECMO include the
miniaturisation of circuits requiring lower priming vol-
umes, limited air/blood contact by closed circuits without
cardiotomy suction/reservoir and improved biocompatibil-
ity of material used in circuit components [5].

Components of the ECMO Circuit

The equipment used for mechanical cardiac or respiratory
support have evolved from components of cardiopulmonary
bypass for cardiac surgery. The original ECMO circuits
used a CPB circuit stripped down to an oxygenator, pump,
heating coil and minimal volume tubing, with no reservoir.
There now exists a wide spectrum of different circuit con-
figurations and cannulation options for mechanical support,
but the basic components remain similar. It is important to
understand the different components of the circuit being
used, as they directly affect aspects of anaesthetic manage-
ment such as oxygenation, anticoagulation, monitoring,
transfusion, inotrope and volume status management (see
Fig. 27.1).

Oxygenator

The oxygenator in an ECMO circuit channels blood down
hollow fibres, with a counter current gas flow surrounding
the fibres. Gases diffuse down concentration gradients, a
similar mechanism to haemodialysis. The rate of gas
exchange along the fibres can be controlled by altering the
gas flow (sweep) and blood flow to change the partial pres-
sure difference of oxygen and carbon dioxide across the
membrane. Oxygenation is mainly a function of blood flow,
while CO, removal can be modified by regulating the sweep.
Modern membrane oxygenators are compact and have a very
low resistance to flow. They are susceptible to fibrin clots
making them first less efficient and then eventually fail; how-
ever, this usually occurs after weeks of support, and antico-
agulation is used to delay this. In addition, their delicate
structure makes them susceptible to trauma.
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Fig.27.1 Typical bedside ECLS circuit (back and front views shown).
(a) Display with revolutions per minute, pump flow and resistance dis-
play (lower line). (b) Pump control terminal. (¢) Oxygenator heater, (d)

Pump (When Applicable)

In CPB both roller pumps and centrifugal pumps are used.
However, centrifugal pumps cause less haemolysis during
long-term use, so in ECMO they are used almost exclusively.
Centrifugal pumps are composed of a disposable cone which
sits on top of a spinning magnet and rotate through magnetic
coupling. The centrifugal force generated by this rotation
causes a pressure difference across the cone which drives the
blood flow. Pump flow is determined by this pressure differ-
ence, as well as preload and afterload, in a non-linear way.
There is limited scope for the perfusionist to increase the
cardiac output by turning up the revolutions per minute, as
decoupling of the magnets can take place. Compared to CPB,
the amount of flow is much more limited by technical design
of the pump. Crucially, centrifugal pump flows are depen-
dent on both preload and afterload conditions. If preload
drops or the drainage line occludes, the centrifugal pump
generates high negative pressures, and the cone slows down
causing the flow to drop. This is seen clinically as “chug-
ging” of the drainage line requiring restoration of patient

Air and oxygen wall gas inlet, (e) Sweep gas flowmeter, (f) Centrifugal
pump, (g) Oxygenator (note oxygenated blood line marked with red
tape)

volume to maintained desired flow. If afterload suddenly
increases, the pressure difference across the pump drops and
flow slows. Retrograde flow can happen, which would exsan-
guinate the patient or aspirate air from the reinfusion cannula
site. If centrifugal pump flows drop too much, the perfusion-
ist must clamp the arterial line and come off support alto-
gether until the problem is rectified. This means that in a
haemodynamic crisis, support may be suddenly terminated
which can be difficult to manage.

Reservoir, Circuit and Connectors

A major step in the evolution of ECMO from CPB pumps
was the removal of components such as the venous reservoir,
three-way taps, stop cocks and shortening of lines. This has
the effect of reducing the priming volume required for an
ECMO circuit, minimising dilution. The use of heparin-
bonded circuit components and removal of the large reser-
voir, filled with static blood often with an air/blood interface,
means that the anticoagulation requirement is much lower
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(activated clotting times of 160-200 s compared to >400 s
for CPB [6]). Since the ECMO circuit is completely closed,
the risk of accidental air entrainment is much reduced (a
requirement for long-term use). Unlike a CPB circuit, there
are no infusion ports meaning that all drugs, blood products
and replacement volume must be delivered by direct intrave-
nous access into the patient. Shed blood must be processed in
a cell saver prior to reinfusion.

ECMO Configurations
Configurations of ECMO

Several different ECMO configurations are possible, with
varying levels of gas exchange capacity and haemodynamic
support (summarised in Table 27.1).

Veno-venous ECMO

VV-ECMO is used in refractory respiratory failure and
requires only peripherally placed venous catheters. Blood is
drained from and reinfused into central veins. In the most
common configuration with early use of VV-ECMO, deoxy-
genated blood drained via a femoral catheter was actively
pumped though the membrane oxygenator and returned via a
jugular catheter (Fig. 27.2). Oxygenated blood is reinfused
into the right atrium (RA) and ejected into the pulmonary
circulation by the patient’s own cardiac output, mixing with
the deoxygenated venous return. VV-ECMO has no direct
effect on cardiac function; however, myocardial dysfunction

associated with hypoxia and respiratory acidosis will
improve. Additionally, oxygenated blood entering the pul-
monary circulation will reduce hypoxic pulmonary vasocon-
striction, increasing the shunt fraction but decreasing right
heart afterload. It is not unusual for depressed right ventricu-
lar function to improve after institution of VV-ECMO. In
TEE assessment of the reinfusion cannula, the recommended
position of the tip is in the RA just beyond the IVC/RA junc-
tion, a safe distance away from the intra-atrial septum and
the tricuspid valve [9].

The development of bi-caval dual-lumen catheters
allowed for inflow and outflow from a single percutaneous
site, usually the right jugular vein (Fig. 27.4). Optimal can-
nula positioning is essential for good oxygenation; specifi-
cally, the infusion jet should be directed towards the tricuspid
valve. TEE assessment of position and flow is very helpful,
although fluoroscopy may also be used to guide venous cath-
eter placement. By avoiding femoral cannulation, patient
mobilisation is improved and participation in rehabilitation
is possible, which is important in patients being bridged to
transplant.

In VV-ECMO there is a functional dissociation of decar-
boxylation and oxygenation. Oxygenation varies primarily
with blood flow through the membrane oxygenator, while
CO2 removal is dependent on the gas sweep past the mem-
brane. Oxygenation also varies with the ratio of the circuit
blood flow to the patient’s cardiac output. Blood flow of 3—6
L/min is typically required to maintain acceptable oxygen-
ation in patients with severe lung injury. The higher range of
ECMO blood flow may be required to oxygenate an

Table 27.1 Extracorporeal life support configurations, indications and applications in thoracic surgery

RV and LV

Mode of ECLS Hypercapnia Hypoxia RV failure

Low-flow VV-ECMO Yes No No No

High-flow VV-ECMO Yes Yes Rarely, only if No
ASD or PFO is
present

VA-ECMO Yes Yes Yes Yes

AV-ECMO
(pumpless)

Yes No No No

PA-LA Novalung No No
(pumpless)

Adapted from Machuca et al. [7]

Yes No

failure

Applications in thoracic surgery

Bridge to LTX

Bridge to LTX

LTX intraoperative

Post-LTX — primary graft dysfunction
Airway surgery

Impossible one-lung ventilation

Lung lavage

Bridge to LTX

LTX intraoperative

Myocardial dysfunction post-LTX or HLTX
Airway surgery

Mediastinal mass

Lung resection involving the atrium or great vessels
Bridge to LTX

Airway surgery

Impossible one-lung ventilation

Bridge to LTX for PH

ASD indicates atrial septal defect, AV arteriovenous, ECLS extracorporeal life support, ECMO extracorporeal membrane oxygenation, HLTX heart-
lung transplant, LTX lung transplant, LV left ventricular, PA-LA pulmonary artery to left atrium, PFO patent foramen ovale, PH pulmonary hyper-

tension, RV right ventricle, VA veno-arterial, and VV veno-venous
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Fig. 27.2 Veno-venous (VV)-ECMO with drainage of deoxygenated
blood from the inferior vena cava (IVC) via cannulation of a femoral
vein and reinfusion of oxygenated blood into the superior vena cava
(SVCQ) via cannulation of the jugular vein. Oxygenated blood is ejected
into the pulmonary circulation by the patient’s right heart function.

unventilated surgical patient with a hyperdynamic circula-
tion. If the lungs are not severely injured and can be partially
ventilated with oxygen, oxygenation can be maintained with
lower flows. Low-flow VV-ECMO via small-sized cannula
can achieve blood flow of up to 1.0 L/min which is sufficient
for CO2 removal but provides very little oxygenation [10].

Veno-arterial ECMO

VA-ECMO is used for cardiocirculatory support with or
without respiratory failure. Blood is drained from the venous
side and reinfused arterially; for peripheral VA-ECMO in
adults, the femoral vessels are most often used for cannula-
tion (Fig. 27.3). Blood drained from the RA is pumped
through the membrane oxygenator and reinfused in the mid-
aorta. Oxygenated blood mixes with the blood ejected from
the heart with direct perfusion of the central organs.
Physiological effects include unloading of the RV; when
ECMO blood flows are high, much of the patient’s venous
return bypasses the pulmonary circulation. While organ per-
fusion pressure is improved, left ventricular afterload is
increased as blood from the ECMO circuit is reinfused at
arterial pressure. The cannula chosen should be large enough
to allow VA-ECMO blood flow up to 2 L/min higher than the
calculated cardiac output [11]. Because of the large size of

(a) Mid-oesophageal TEE view verifies the position of the outflow can-
nula in the SVC. (b) TTE subcostal view visualises the inflow cannula
within the long axis of the IVC. (Adapted with permission from Doufle
et al. [8])

the femoral arterial cannula required, distal limb perfusion
may be compromised, and a distal arterial perfusion catheter
is routinely placed. Disadvantages of VA-ECMO include the
risk of arterial cannulation: arterial injury, bleeding and
embolism, distal limb ischemia and cardiac thrombus if low
flows are maintained through the heart. TEE can be used to
assessing the drainage cannula position, ideally in the lower
part of the RA, and decompression of the right side of the
heart, as well as overall heart function.

Central cannulation directly in the left atrium and ascend-
ing aorta enables placement of larger cannula and higher
ECMO blood flows but requires an open chest and is gener-
ally reserved for operative cases that require haemodynamic
support, including lung transplantation.

Patients on VV-ECMO for respiratory failure who subse-
quently develop haemodynamic instability can be supported
by the addition of an arterial cannula for a hybrid configura-
tion called veno-veno-arterial ECMO. Both venous catheters
are used for drainage into a single ECMO circuit with reinfu-
sion via a third (usually femoral) catheter.

AV-ECMO (Pumpless)
The Novalung interventional lung assist device (Novalung
GmbH, Hechingen, Germany) is a low-resistance gas
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Fig. 27.3 Veno-arterial (VA)-ECMO with drainage of deoxygenated
blood from the IVC via cannulation of a femoral vein and reinfusion
of oxygenated blood into the ascending aorta via cannulation of a

exchanger designed for pulsatile blood flow driven by the
patient’s cardiac output. A drainage catheter is inserted into a
femoral artery and reinfusion catheter into a femoral vein.
The two are connected to the Novalung via a short, pumpless
circuit. The blood flows generated are dependent on cardiac
function and arterial blood pressure and are in the range of
1-2.5 L/min. This allows full decarboxylation, but only par-
tial oxygenation, so this modality is particularly useful for
treating hypercapnic respiratory failure [10].

Pumpless configurations have the advantage of greater
portability and low priming volumes. They are practical for
inter-hospital transport [12]. Once hypercarbia is controlled,
many patients can be extubated, be mobilised and participate
in rehabilitation [13].

PA-LA Novalung (Pumpless)

Another pumpless configuration is applicable only to
patients with pulmonary hypertension and impending right
heart failure. The Novalung is connected via a short tubing
circuit between a drainage cannula placed directly into the
main PA and reinfusion catheter inserted in the left atrium
via the right upper pulmonary vein. High right-sided pres-
sures drive the flow through the low-resistance Novalung.
This oxygenated right to left shunt has the effect of unload-
ing the RV, reduced septal shift, allowing better LV filling,

P

femoral artery. (a) Four-chamber view visualised by a TTE four-
chamber view to assess cardiac function. (Adapted with permission
from Doufle et al. [8])

coronary perfusion and leading to improved RV function.
This modality involves central cannulation via a sternot-
omy; patients who are awake but haemodynamically unsta-
ble may need femoral cannulation for peripheral VA-ECMO
to safely tolerate the induction of general anaesthesia, with
planned weaning when the right heart is decompressed.
Intraoperative TEE does not direct the cannula positioning;
however, it is vital for assessing adequate unloading of the
RV and the status of LV function. It is crucial to verify that
the LV is able to tolerate increased blood flow without fail-
ing. In the event of LV decompensation, longer-term
VA-ECMO would be required. At the end of the procedure,
the PA and LA cannulas are advanced through the skin of
the upper abdomen and the chest closed. Used as a bridge to
transplant, many patients can be extubated and subsequently
mobilised [7, 14].

Applications in Thoracic Surgery
Lung Transplantation
ECMO is being used at an increasing number of specialised

centres to bridge deteriorating patients with end-stage lung
disease to lung transplant surgery. ECMO-bridged patients
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are at an increased risk of perioperative morbidity and mor-
tality but do have an excellent 1-year survival (>90%) [2].
Given that without pre-transplant ECLS most of the ECMO-
bridged patients would have died, this is increasingly an
accepted practice. Many patients with hypercapnic respira-
tory failure can be bridged with pumpless AV-ECMO or
preferably low-flow VV-ECMO. Those with significant
hypoxia will require full-flow VV or if haemodynamically
unstable peripheral VA-ECMO. In the subgroup with severe
pulmonary hypertension, VA-ECMO or PA-LA Novalung is
used [14].

Lung transplant surgery is characterised by dynamic hae-
modynamic and respiratory compromise, the most challeng-
ing being systemic hypotension, pulmonary hypertension
and hypoxemia (see Chap. 47). ECMO is supplanting CBP
as the favoured form of ECLS to stabilise patients. Typically,
when ECMO is initiated intraoperatively, a VA-ECMO con-
figuration via central cannulation sites is used. In a recent
case-control cohort study of patients where cardiopulmonary
support was used intraoperatively, those managed with
ECMO had better early outcomes including duration of
mechanical ventilation, ICU and hospital length of stay than
patient who went on CBP. Blood product usage was signifi-
cantly less in the ECMO patients [15].

VV-ECMO is the most common mode for preoperative
bridging. When these patients undergo their transplant, some
patients can be adequately supported with continued VV
support. Many though require higher flows or increased hae-
modynamic support, often with a hybrid configuration.
Patients who arrive in the operating room with a jugular
dual-lumen catheter and with the addition of a central aortic
catheter can receive veno-venous-arterial support with drain-
age via the bi-caval lumen and reinfusion of oxygenated
blood into both the atrial lumen and into the aorta. Alternately,
the VV-ECMO can be maintained unchanged via the jugular
catheter, and additional central IVC and aortic cannulas can
be placed as separate circuit for simultaneous VA-ECMO
(personal communication Dr. Marcelo Cypel). The
VV-ECMO is maintained during the surgery to avoid any
thrombotic problem in the circuit and thus can be resumed
postoperatively after weaning VA-ECMO if necessary.

Upon completion of the transplant, ECMO will be weaned
for assessment of graft function. While desirable to decan-
nulate the patient, the function of the allograft dictates the
withdrawal of support. Some patients are decannulated of all
extracorporeal support, patients with hypoxemia may be
converted to VV, and those with pulmonary hypertension or
severe myocardial dysfunction need continued VA-ECMO,
requiring a later return to the operating room for decannula-
tion. Any form of postoperative ECMO has the disadvantage
of increased bleeding risk from continued anticoagulation
after major surgery. Lung transplant recipients requiring
ECMO for PGD have decreased survival as compared to

those without PGD, but similar outcomes to patients with
PGD managed without ECMO. Bridge to recovery support
with VA-ECMO has a much higher 30-day mortality than
VV-ECMO [2].

Airway Surgery

ECMO may be used to support patients with critical airway
obstruction. Lesions above the larynx may be managed with
awake fibre-optic intubation or tracheostomy under local
anaesthesia. When severe obstruction is encountered below
the larynx, while intubating the vocal cords may not be dif-
ficult, ventilation may be impossible. While some lesions
may be managed by rigid bronchoscopy and debridement
with intermittent ventilation (see Chaps. 11 and 13), exten-
sive tracheal obstruction, need for prolonged debridement
and significant bleeding into the airway present formidable
problems. Historically, full CPB support was instituted via
femoral venous and arterial catheters placed under local
anaesthesia [16]. More recently, VV-ECMO support has
been reported for endotracheal tumour resection [17, 18],
dislodged stents [17, 19], foreign body removal [20], control
of haemoptysis [21], debridement of papillomatosis [22] and
relief of external compression [17, 23, 24] in adults. A vari-
ety of cannulation strategies have been reported: femoral and
jugular single-lumen catheters [17, 20, 22] and bi-caval dual-
lumen catheter in the right jugular vein [18, 24] have been
described. Death as a result of post-resection haemoptysis
has been reported likely exacerbated by anticoagulation for
ECMO [17]. Relief of airway obstruction in small children
has been performed with both VV- and VA-ECMO [25].

ECMO management has been reported after resuscitation
from cardiopulmonary arrest due to airway obstruction; both
VA [19] and V'V [18] have been used. While VV support was
successful in a hypoxic patient where haemodynamic stabil-
ity had been restored, if there is postarrest myocardial dys-
function, VA-ECMO is a better choice. Both reports describe
ECMO support during restoration of airway patency, conver-
sion to conventional mechanical ventilation and a short
period of observation for neurological sequelae, followed by
successful extubation.

An additional challenge presented by tracheal resection
and reconstruction is continued oxygenation and ventilation
during the period with an open airway. Distal airway man-
agement often involves cross-field ventilation with an endo-
tracheal tube or jet ventilation with a tracheal catheter, both
of which may obstruct the surgical field (see Chap. 13).
Complex reconstruction may be facilitated with ECMO sup-
port, as can open airway procedures in patients with limited
respiratory reserve [26, 27]. Advanced tumours requiring
extensive en bloc resection have been managed with
VA-ECMO due to the need for vigorous retraction of the
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heart and great vessels. Both central and peripheral cannula-
tion has been described [26]. VV-ECMO support is more
often reported and is suitable for tracheal and carinal resec-
tion including carinal pneumonectomy [28-30]. An unusual
case of repair of a complex tracheoesophageal fistula was
reported using pumpless AV-ECMO, with a low-resistance
circuit placed between femoral arterial and venous catheters
for CO, removal. Apnoeic oxygenation was provided via a
small endotracheal tube at the carina, allowing 12 h of sur-
gery under without ventilation of the lungs [31]. Tracheal
resection has also been described with AV-ECMO [32].
When VV-ECMO provides insufficient oxygenation during
tracheal surgery, supplemental catheter oxygen insufflation
had also been used [29].

Impossible One-Lung Ventilation

Patients under consideration for thoracic surgery may have
limited pulmonary reserve, making oxygenation with one-
lung ventilation impossible. Successful prior management of
lung cancer may result in patients who have undergone pneu-
monectomy presenting with contralateral disease. Post-
pneumonectomy patients have undergone contralateral
wedge resection and segmentectomy for second malignan-
cies [30, 33], VATS bullectomy [34] and esophagectomy
[35] with VV-ECMO support. A low-flow VV-ECMO was
noted to suffice in a subgroup of 3 of these patients undergo-
ing segmentectomy. A dual-lumen catheter inserted in a fem-
oral artery and an average of 1.6 L/min blood flow and sweep
gas flow of 5 L/min through the oxygenator maintained sta-
ble blood gases for over 45 min. Pumpless AV-ECMO has
also been used to facilitate wedge resection and decortication
in post-pneumonectomy patients [32].

Patients who have advanced pulmonary parenchymal
lung disease may present for vital thoracic surgery proce-
dures; however, may not tolerate OLV. There are no guide-
lines to determine which patients will need extracorporeal
support and who will tolerate the procedure without. Arterial
P,O, on two-lung ventilation, FEV,/FVC ratio and side of
operation are usually good predictors of hypoxia on OLV
[36]; however, this information may be limited on critically
ill patients and may not reflect new pulmonary co-morbidities
such as empyema or an air leak. Patients for empyema sur-
gery frequently have necrotising pneumonia or bronchiecta-
sis, and VV-ECMO has been instituted intraoperatively to
allow aggressive decortication of empyema [37]. The bilat-
eral decortication of critically ill, VV-ECMO-dependent
patients was proposed to be a crucial step in their weaning
from ECMO, followed by successful extubation [38].

Patients with emphysema are prone to ruptured bullae and
prolonged air leaks, and VATS resection of bullae has been

with both VV-ECMO support [30] and AV-ECMO [32]. In
the late 1990s, elective intraoperative initiation of ECMO
was used to support three COPD patients with severe hyper-
capnia undergoing LVRS, who therefore did not meet stan-
dard selection criteria for this procedure [39]. VA-ECMO
was chosen due to the anticipated haemodynamic instability
often seen with positive pressure of patients with pulmonary
hyperinflation. This must be described as a controversial
treatment plan as severe hypercapnia is a risk factor for peri-
operative mortality. This practice has not been reported by
other groups. VV-ECMO has been used to facilitate LVRS/
major bullectomy to liberate COPD patients from mechani-
cal ventilation [40, 41].

Additionally, VV-ECMO has been used to enable patients
with significant loss of lung parenchyma to tolerate resec-
tions: metastasectomy after prior extensive lung resection
[30], bullectomy [42] and resection of aspergilloma [43]
after scarring from tuberculosis have been reported.

Finally, patients with alveolar proteinosis with progres-
sive hypoxia require whole lung lavage of both lungs with
large volumes of saline to remove lipoprotein deposits.
Classically, this has been done sequentially via a double-
lumen tube, but severely affected patients may not tolerate
this, and there are many case reports describing VV-ECMO
support to enable lavage in this patient group [44-55].

Mediastinal Masses

Large masses occupying the anterior mediastinum have the
potential to cause compression of great vessels and right
atrium, causing reduction in preload and cardiac output. In
the awake patient, the negative pressure generated by inspi-
ration reduces this effect so that compression is minimal
until surgical disease is advanced. However, this is abolished
by muscle relaxants, and positive pressure ventilation can
precipitate collapse of cardiac output and arrest. This is a
particular risk for children with large anterior lymphomas.
Historically, this has been treated with CPB support [56-59].
More recently, preinduction femoral VA-ECMO while main-
taining spontaneous ventilation has been described in chil-
dren [60] and adults [61]. The VA configuration is warranted
by the potential for cardiovascular collapse. This is a well-
known problem in thoracic anaesthesia, and the risk assess-
ment for extracorporeal support is described in more detail in
Chap. 14.

Advanced Surgical Resections

Late presentation of intrathoracic cancer with local invasion
historically was deemed unresectable. However, tertiary
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referral centres are increasingly undertaking resection of
advanced lung and oesophageal malignancies as part of mul-
timodal therapy and reporting reasonable survival [62-72].
The most common extrapleural site of invasion for lung can-
cer is the left atrium. Resection requires clamping the
affected area of the atrial wall, which causes haemodynamic
instability which can be prolonged as a patch repair or pri-
mary closure of the atrium is required before the clamp can
be released. This can be achieved in some cases without
extracorporeal support [63, 73]. Resection of lung malignan-
cies with reconstruction of the superior or inferior vena cava,
left atrium, distal aorta and carina has been described with
VA-ECMO support [71] as have oesophageal malignancies
invading carina [5]. Cannulation sites are chosen according
to the planned resection and may be central or peripheral
[71]. Resection of complex thoracic malignancies with
extension into the pulmonary trunk, the aortic arch or the
heart requiring opening a cardiac chamber is only amenable
to traditional CPB [71, 74-76].

Thoracic Emergencies

ECMO has been described as a life-saving emergency
treatment of massive haemoptysis [21, 77, 78].
Intraoperative iatrogenic large vessel injury with massive
bleeding is most often managed with CPB, which provides
the advantages of rapid infusion, autotransfusion and
delivery of cardioplegia for cardiac arrest or deep hypo-
thermic circulatory arrest if needed [5]. In the event of pul-
monary artery injury, the reduction of blood flow through
the pulmonary trunk enables surgical repair [5, 79],
whereas ECMO has been shown to be of benefit in a wide
variety of tracheal injuries to facilitate tracheal repair and
healing. These include iatrogenic injury, postoperative fis-
tulae and trauma [27, 80].

ECMO for primary graft dysfunction is frequently
required after lung transplantation, to support the lungs,
while reperfusion injury abates but has also been instituted
emergently for other perioperative aetiologies of lung fail-
ure. These include haemodynamic stabilisation in patients
with acute severe pulmonary embolism [81] to allow pulmo-
nary embolectomy [82, 83], reperfusion injury after pulmo-
nary thromboendarterectomy [84-86] for chronic
thromboembolic pulmonary hypertension and the indica-
tions and methodology of which have recently been reviewed
[7]. Support for postoperative transfusion-associated lung
injury (TRALI) is also well-described [87, 88]. The impor-
tance of advanced planning for emergencies and effective
multidisciplinary team-working has recently been empha-
sised in maintaining good patient outcomes [5]. In addition,
ECMO has been used outside the thoracic operating rooms

as part of resuscitation and surgical repair for thoracic trauma
[37, 89-92].

The choice of VV- versus VA-ECMO in emergency cir-
cumstances is dependent on the need for primarily
oxygenation versus the need for concomitant haemodynamic
support. When urgent ECMO is instituted intraoperatively,
available venous and arterial cannulation sites may be dic-
tated by patient position and available vessels [5].

Preoperative Planning of ECMO

For any patient who requires extracorporeal support, the sur-
gical checklist should include the planned ECMO configura-
tion, cannulation sites, timing of cannulation (before or after
induction of general anaesthesia) and anticipated timing of
weaning and decannulation. Patient position and planned
incision will influence cannulation sites [5]. If patients are
transferred to the operating room already on ECMO, any
required modification of support or additional cannulation
should be discussed. This allows the anaesthesiologist to
optimise intravenous and arterial access for monitoring and
volume infusion.

Are the Proposed Vessels Big Enough?

The sizes of the cannulas currently available for ECMO are
summarised in Table 27.2.

The size of the cannula required will depend on the
patient’s body surface area (aiming for 2.5 L/min/m?), the
achievable flow rate through the cannula without excessively
high pressures (a technical property of the cannula available
from the manufacturer). A large adult will need femoral ves-
sels in the range of 8—10 mm in diameter, without atheroscle-
rosis, stricture or tortuosity to be successful. This can be
checked preoperatively with ultrasound or ultimately with
angiography. Central cannulation typically allows placement
of larger cannulas and consequently higher flows than
peripheral ECMO.

Table 27.2 Sizes of currently available ECMO cannulas

Manufacturer Central ECMO Peripheral ECMO
Arterial Venous Arterial Venous
Fr (mm) Fr (mm) Fr (mm)  Fr (mm)
Terumo 10-26 28-36 (9.3-12) 20-24 19-29
(3.3-8.7) (6.7-8) (6.3-9.7)
Medtronic 15-24 (5-8) 28-36 (9.3-12) None None
Magquet 20-24 32-36 15-29 19-29
(6.7-8) (10.7-12) (5-9.7) (6.3-9.7)
Edwards None None 1624 18-28
(5.3-8) (6-9.3)

Note: dual-lumen cannulas are larger at 23—32 Fr (7.7-10.7 mm) [93]
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Will the Patient Tolerate the Procedure?

An intrathoracic mass large enough to cause obstruction on
induction may also cause positional symptoms, and such
patients can often not lie flat for any length of time. Airway
tumours also often cause positional dyspnoea. It is very dif-
ficult for the surgeon to insert these large cannulas into the
groin with the patient in a semi-sitting position, and this must
be done carefully to avoid iatrogenic vessel injury. In addi-
tion, even with meticulous local anaesthetic, the procedure
can be painful for the patient as the cannulas are introduced
and as the innervation of the vessels is visceral rather than
somatic. Judicious sedation and analgesia may be helpful
while maintaining respiratory drive and muscle strength. In
the authors’ experience, a vasovagal response to awake
femoral cannulation can provoke cardiopulmonary arrest, so
cannulation should only be done in a fully monitored setting
with resuscitative drugs and equipment immediately
available.

Are the Cannulas Correctly Positioned?

Malpositioned cannulas have the potential to become
obstructed or create recirculation (see “Troubleshooting
ECMO”), causing the patient to become hypoxic. The posi-
tion can be checked with TEE or fluoroscopically. The cho-
sen imaging modality should be in place prior to
induction.

What Are the Risks of Anticoagulation,
and How Should It Be Managed?

Once the cannulas are in place, the patient must be suffi-
ciently anticoagulated to prevent thrombosis, either at the
tips of the cannulas or in the circuit. This potentially has
implications for neuraxial analgesia and surgical blood loss,
which can be significant and rapid, so appropriate intrave-
nous access should be gained prior to insertion.

Historically, the predominant causes of adverse outcome
from ECMO on ICU patients with respiratory failure have
been major bleeding requiring surgical intervention, and
intracerebral haemorrhage, particularly in neonates. ICU
patients on long-term ECMO have low platelet function and
numbers, fibrinogen deficiency, loss of vitamin K-dependent
clotting factors and acquired Von Willebrand’s disease result-
ing in complex coagulopathy, which has been recently
reviewed [94]. International guidelines from the
Extracorporeal Life Support Organization (ELSO) [95] are
summarised in Table 27.3. For CPB, anticoagulation prac-
tices are well-established [96], and a typical institutional
protocol is given in Table 27.3 for comparison.

Table 27.3 Anticoagulation for ECMO and CPB

ECMO (as per
ELSO [95]) CPB
Unfractionated heparin 50-100 300

bolus (units/kg)

Maintenance heparin 7.5-20 units/  5000-10,000 unit

kg/hr boluses guided by ACT
ACT target (seconds) 180-220 480
Anti-Xa target (units/ml) 0.3-0.7 -
APTT range 1.5 x baseline —
Fibrinogen target (mg/dl) >150 >200
INR <L.5 <1.5
Platelet target (1000 >100 >75
cells/mm?)
Haematocrit (%) 3540 24-28

It should be emphasised that the risk/benefit gained from
anticoagulation in the intraoperative setting is potentially
different, and these guidelines were not designed for short-
term operative use. For example, the use of a heparin-bonded
circuit can reduce the heparin requirement substantially for
the first 6 h of its use [95]. This doesn’t reduce the heparin
requirement in the long term, but could substantially reduce
the thrombosis risk in the intraoperative situation. Similarly,
patients undergoing procedures with major blood loss will
also be deficient in platelets, fibrinogen and other clotting
factors, which will potentially prolong coagulation in the
absence of heparin. There are multiple reports of surgical
interventions with high bleeding risk using ECMO without
heparin [21, 32, 33, 37, 38]. In our institution, we routinely
target an ACT of 160-180 s for these reasons, checking at
least every 30 min and giving small boluses of heparin as
needed rather than running an infusion. We also routinely
use ROTEM™ and platelet function assay, as an adjunct to
ACT, to detect other potential causes of bleeding such as fac-
tor deficiency, platelet dysfunction or fibrinolysis.

Vascular Access

Two-cannula peripheral ECMO may use femoral vessels
(often on both sides) or jugular and femoral vessels. A single-
stage VV-ECMO cannula is usually placed in the right inter-
nal jugular, but axillary [97, 98] and supraclavicular
cannulation sites have also been described [99, 100].
Placement of central lines should be planned in discussion
with the surgeon, leaving the sites with the highest calibre
for ECMO cannulas. If ECMO is already in place and central
venous line placement is required, the potential for air
entrainment is increased by the negative pressure generated
by the drainage cannula. In VA-ECMO there is a risk of para-
doxical arterial air embolism from venous bubbles, via the
arterial return cannula (the ECMO circuit contains no bubble
traps or filters).
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Ventilation Strategies for ECMO

All configurations of ECMO are extremely efficient at clear-
ing carbon dioxide, which means that in the ECMO patient
the main determinant of p,CO2 is sweep gas flow and carbon
dioxide tension, not the patient’s minute volume. Alveolar
pO, is still important to preserve when possible, as it contrib-
utes to oxygenating the remaining pulmonary blood flow.
Tidal volumes and respiratory rate can be reduced far beyond
what is normally possible. Given the established link between
mechanical ventilation and lung injury, particularly in tho-
racic surgery and one-lung ventilation [101, 102], it would
seem prudent to adopt a lung-protective ventilation strategy
even in patients without prior injury, with tidal volumes
6-8 ml/kg (ideal body weight) preventing volutrauma.
Prevention of atelectasis with 5-10 mmHg of PEEP will
reduce atelectotrauma. Reducing the ventilator rate to 6-10
breaths a minute will allow for reduction in ventilator mean
pressures, and longer rise times, with consequent reduction
in strain forces which may be associated with acute lung
injury. High alveolar oxygen tensions can exacerbate periop-
erative lung injury, so titrating FiO2 as low as saturations
allow is advisable [103].

The efficacy of ECMO means that the patient can receive
little to no ventilation and remain stable — so “ultraprotec-
tive” lung ventilation has been advocated for the ARDS
patient group [104]. This comprises tidal volumes of less
than 4 ml/kg, with PEEP >10 mmHg and a respiratory rate of
6 breaths/minute. The degree of protection is not mandatory
for the perioperative patient, but is easy to achieve with
ECMO support.

Monitoring Patients on ECMO

Monitoring considerations for patients on ECMO in the ICU
has recently been authoritatively reviewed, with particular
emphasis on the importance of TEE for cannula positioning
[9]. Arterial lines are best placed in the right arm to measure
pressure and P,0, downstream from the brachiocephalic
artery, which correlates most closely with conditions in the
right carotid artery and coronary arteries. Central venous line
location most likely will be dictated by the surgical incision,
but care should be taken not to advance the tip of the catheter
too far into the central circulation, so that it is not aspirated
into the lumen of the ECMO cannula. Once the ECMO is
started, central venous pressure monitoring may not be reli-
able. Pulmonary artery (PA) catheters may be very difficult
to insert if upper body ECMO cannulas are already in place,
both in terms of passing the catheter through the occupied
SVC and in floating into the right heart with ongoing drain-
age into the ECMO circuit. It is possible for the PA catheter
balloon to be aspirated into a drainage cannula and occlude it

completely. Seeing a pulsatile PA tracing is a reassuring sign
that volume replacement is adequate.

Peripheral saturation probes should be placed on the right
hand, to guard against diffusion hypoxia. Consideration
should be given to cerebral saturation monitoring with near-
infrared spectroscopy, as an indicator of cerebral hypoxia. In
a short retrospective case series using this monitor, Wong
et al. found a 100% rate of cerebral desaturation on initiation
of ECMO, 80% of which were reversible with changes in
haemodynamic management [105].

Troubleshooting ECMO
Hypoxia

Flows Are Insufficient

VV-ECMO is dependent on sufficient venous blood flow
through the oxygenator before returning it to the right atrium.
If flow through the oxygenator is much less than the total
cardiac output, the difference will pass through the unventi-
lated pulmonary circulation, and the arterial saturation will
be reduced by this mixing. In severe respiratory failure,
VV-ECMO flows of 60% of cardiac output are required to
maintain an SpO, over 90% [106]. The solution is to oxygen-
ate via the lungs if possible, optimise venous drainage,
increase the ECMO flows if possible, increase the sweep gas
to ensure full oxygenation of the return blood and if neces-
sary reduce the cardiac output. When this problem occurs on
the ICU, beta-blockers are occasionally used, but their use
should only be considered carefully in the unstable patient in
the operating room.

Recirculation

In VV-ECMO, recirculation of blood between the reinfusion
and drainage catheters can occur. The intent is for the oxy-
genated return blood to pass through the tricuspid valve;
therefore, the reinfusion ports should be in the right atrium.
Oxygenated reinfused blood may flow into a single-lumen
drainage catheter if the catheters are too close together.
Recirculation can also occur with bi-caval dual-lumen cath-
eters particularly if malpositioned and when higher flow
rates are used but is less common than with two cannula con-
figurations [107]. Echocardiography using colour Doppler
can be useful for assessing ECMO cannula positions and
direction of flows. The IVC cannula should be below the
hepatic vein, SVC cannula should be at the SVC-RA border,
and double-lumen cannulas should have the return port
pointed at the tricuspid valve.

Differential Hypoxia/Watershed Phenomenon
In peripheral VA-ECMO, oxygenated arterial flow is retro-
grade from the femoral arterial reinfusion catheter back to
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Fig. 27.4 Veno-venous (VV)-ECMO via a bi-caval dual-lumen cathe-
ter inserted via the jugular vein. Deoxygenated blood is aspirated via
holes located in the drainage lumen of the catheter: proximally in the
SVC and distally in the IVC. Oxygenated blood is reinfused via the
atrial lumen with infusion port oriented towards the tricuspid valve

the aortic arch. Reinfused blood competes with anterograde
(deoxygenated) cardiac output ejected from the left ventri-
cle. This means that while the lower body is perfused with
highly oxygenated blood, there may be ongoing upper body
hypoxia (see Fig. 27.4). Importantly, this may result in deox-
ygenated blood flow to the brain and coronary arteries [11].
This is a particular risk in the patient with poor lung function
in the presence of preserved myocardial function. The solu-
tion is to increase ECMO blood flow: the effect of this is
twofold, and it will reduce pulmonary blood flow while
increasing the ECMO flow itself. The replacement of inotro-
pes by purely vasopressor medications may also be helpful
(Fig. 27.5).

Hypotension

VA-ECMO Flows Are Insufficient

Check the drainage cannula: if it is chugging, flow may be
obstructed (ask surgeon to check), the line may be kinked
(perfusionist can check), the patient’s great veins are com-
pressed (e.g. by extrinsic pressure or retraction), or the
patient may be hypovolemic. Intravascular volume status is
the responsibility of the anaesthesiologist, and volume must

(inset). (a) TEE mid-oesophageal bi-caval view of the cannula within
the right atrium. (b) TTE subcostal view of the injection port facing the
tricuspid valve and the tip of the cannula within the IVC. (Adapted with
permission from Doufle et al. [8])

be delivered intravenously as the perfusionist has no
reservoir. Check the reinfusion cannula; low flows can occur
if the line is kinked or cannula is misplaced.

The Patient’s Afterload Is Too Low

Support of the patient’s SVR on ECMO is the responsibility
of the anaesthesiologist, requiring infusion of vasopressors
via a central venous line separate from the ECLS device. In
addition, the ECMO flows vary with the level of support
required and surgical manipulation. Inotropy is frequently
required.

Weaning ECMO
VA-ECMO

At the end of the surgical procedure, if ECMO support is not
planned into the postoperative period, VA-ECMO can be
weaned by sequentially dropping the flows on the pump
over a period of 10-20 min, with the lungs well recruited,
suctioned and ventilated at protective tidal volumes. In
preparation for this, the anaesthesiologist must ensure ade-
quate filling, afterload and inotropy and be prepared to react
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Fig. 27.5 Differential hypoxia or the watershed phenomenon. In
peripheral VA-ECMO, oxygenated blood reinfused into the descending
aorta mixes with blood ejected from the left ventricle. The mixing point
(or watershed) is typically located at the base of the aortic root but will
vary depending on the ECMO flows and the patient’s cardiac output. In
situations of severe lung injury with preserved myocardial function,
deoxygenated blood ejected from the heart can force the watershed dis-
tally, resulting in hypoxemia of the heart and brain. The SaO2 in the
right arm will be lower than the other limbs. This phenomenon is alter-
nately called the “harlequin syndrome”

quickly to deterioration. The right heart in particular is at
risk of failure, as no cardioprotection is used during ECMO,
and coronary perfusion may be threatened by the watershed
phenomenon as described above. Pulmonary vascular resis-
tance may be altered by the surgical procedure, and clots
can form in the relatively empty heart on ECMO. A thor-
ough TEE evaluation prior to and during weaning ECMO,
monitoring right ventricular size and function in real time as
flows are reduced, should be considered. Once flows are
down to around 1 L/min, the ECMO pump is stopped alto-
gether and the arterial line clamped. This process often
reveals hypovolemia, which the anaesthesiologist should be
prepared to treat. If the patient remains stable and the arte-
rial blood gas is adequate after 5 min, the patient can be
decannulated.

VV-ECMO

Weaning VV-ECMO takes place with full flows running and
the sweep gas speed and FiO, slowly being reduced. This
gradually reduces the diffusion gradient of oxygen and car-
bon dioxide across the oxygenator membrane to zero, allow-
ing the lungs to take over the process of gas exchange. Since
flows are maintained, this process can be done slowly if nec-
essary, with time for serial arterial blood gases, suctioning,
bronchoscopy, recruitment manoeuvres and trials of high
PEEP to optimise gas exchange. If blood gases remain good
on low sweep flows, the pump can be stopped, and decan-
nulation can take place.

Complications of ECLS

Most of the studies describing ECMO complications (see
Table 27.4) have been in ICU populations, where ECMO use
lasts for weeks rather than hours. The extent to which these
risks can be extrapolated to short-term intraoperative use is
unknown. Acute kidney injury, haemolysis and HIT are all

Table 27.4 Complications of long-term ECMO in adult ICU patients
[98, 108-115]

Complication Incidence Notes
Acute kidney 70-85% Very high rate due to
injury pre-existing critical illness
Arrhythmia 15%
Haemorrhage Overall: 10-30%
GIL:4-6%
Cannulation site:
15-20%
Surgical site:
14-20%
Intracerebral:
2-4%
Pulmonary: 3-7%
Seizure 1-2%
Cerebral infarct 2-4%
Systemic 8% Rate of cannula-tip
embolism thrombosis is as high as
85% but occurs after weeks
of treatment
Haemolysis 6—7%
Heparin-induced  1-5% Occurs 5-14 days post
thrombocytopenia exposure to unfractioned
(HIT) heparin
Circuit clotting 2-19% Varies according to
component; may be less
with heparin-bonded
circuits
Air embolism 2%
Oxygenator failure 16% Usually chronic due to
subclinical thrombosis
Vascular <5% For example, distal
complications ischemia, dissection,

pseudoaneurysm
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complications of long-term ECMO use and are unlikely rel-
evant intraoperative considerations. Incidence of infection is
also correlated to the duration of ECMO [116]. In intraop-
erative ECMO, cannulation and surgical site haemorrhage,
thrombotic events and vascular complications are probably
the most relevant issues.

Neurological complications in ECMO are insidious and
therefore potentially more common than Table 27.4 would
suggest. For example, in a retrospective case series of adults
who received ECMO for an average of 91 h, 50% suffered a
variety of complications including subarachnoid haemor-
rhage, watershed ischemia and hypoxic-ischemic
encephalopathy [117]. Overt stroke was rarely clinically
diagnosed, in keeping with a rate of 2—4% as above, but nine
out of ten patients who died had cerebral infarcts on autopsy.
Similarly, in an autopsy study of patients who received emer-
gency ECMO post cardiotomy, Rastan et al. [118] found an
unrecognised cerebral infarct rate of 9%, unrecognised
venous thromboembolism in 32% and unrecognised sys-
temic embolism in 31%. In total 69-75% of long-term
ECMO recipients were having subclinical thrombosis on
autopsy [118, 119]. In addition, the rate of gaseous microem-
bolism during ECMO support rivals that of CPB, with intra-
venous injections being the most common culprit, with
potential for postoperative neurological morbidity [120]. For
the perioperative context, simple maintenance of peripheral
saturation and blood pressure are not necessarily sufficient to
ensure adequate oxygen delivery to the brain — some form of
active cerebral monitoring, such as near-infrared spectros-
copy, should be considered [9, 105].

Fatal air embolism has been reported associated with
performance of tracheostomy while on high-flow
VV-ECMO with drainage via a bi-caval dual-lumen jugular
catheter [121]. Inadvertent breach of the neck veins enabled
the negative pressure in the SVC to aspirate air into the
ECMO circuit. Suggested measures for avoiding this com-
plication include temporary reduction of ECMO flows, per-
formance of tracheotomy with the patient in a head down
position and coverage of the puncture sites with wet com-
presses. The risk of air embolism by a similar mechanism
could occur during placement of upper body central venous
lines.

Clinical Case Discussion

A 54-year-old man with relapsing polychondritis presented
for elective rigid bronchoscopy and tracheal stent reposition-
ing. His original silicone stent was placed 3 years ago for
tracheomalacia. He had stridor on forceful inhalation from
suspected granulation tissue distal to the stent, but no stridor
at rest. He is able to lie supine with no dyspnoea. He had a
history of well-controlled hypertension and stable ankylos-

ing spondylitis treated with prednisone and adalimumab. He
had normal cardiac function and no valvular lesions. His air-
way examination revealed Mallampati I view with unre-
stricted cervical spine motion. He underwent a titrated
intravenous induction and was maintained on a propofol and
remifentanil infusion with muscle relaxation and intermittent
jet ventilation. Rigid bronchoscopy and debridement of
granulation tissue were performed. The stent was unable to
be removed after multiple attempts and was ultimately
pushed further distally over the area of granulation. At the
end of the case, a mucosal tear of the posterior mid-trachea
was noted.

On emergence, the patient had acute stridor and hypox-
emia, requiring urgent reinduction and positive pressure ven-
tilation. Repeat rigid bronchoscopy was performed and a
Y-stent was inserted at the carina. The patient developed sub-
cutaneous emphysema of the upper chest and neck. There
was suspected perforation of one arm of the Y-stent through
the trachea into the mediastinum. The stent was removed,
and a tear could be seen from the mid-trachea extending into
the left mainstem bronchus just distal to the carina.

The thoracic surgeons proposed to repair the tracheal tear
via right thoracotomy.

What is your anesthetic plan for converting to
thoracotomy?

During positioning and exposure of the left thorax, the
goals are to provide gas exchange while avoiding high air-
way pressures and expansion of the mediastinal emphysema.
Our patient was intubated orotracheally with an endobron-
chial tube with a narrow cuff placed just below the vocal
cords and above the area of airway disruption to avoid pres-
sure on the area. We maintained the patient asleep on total
intravenous anaesthesia as volatile agents could not be reli-
ably delivered during the complex lung isolation. A radial
arterial line and right internal jugular central venous catheter
were placed.

What are the options for oxygenating and ventilating this
patient during repair of the trachea and left mainstem
bronchus?

Due to the location of the tear, oxygenation via a right- or
left-sided double-lumen tube or endobronchial tube would
be impossible. Likewise, cross-field ventilation from an
endobronchial tube placed directly into the right mainstem
bronchus would be interrupted almost continuously to allow
for repair of the tear. Therefore, veno-arterial extracorporeal
membrane oxygenation (ECMO) was initiated via femoral
cannulation to provide continuous gas exchange, allowing
the surgeons full access to open and repair the trachea and
bronchus. After cannulation and heparinisation, the patient’s
oxygenation improved on flows of 2—4 L/min. He was placed
in the left lateral decubitus position, the right chest was
opened and the trachea, and bronchi were repaired with both
lungs collapsed. A Y-stent is inserted at the carina. The lungs
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were re-expanded with positive pressure through the endo-
tracheal tube and new stent, and water sealing test with
Valsalva did not reveal any leaks. Chest tubes were placed in
the right hemithorax and the chest was closed.

How will you wean ECMO support, and what are the
postoperative considerations?

The ECMO flows were weaned to 1.5 L/min and the
patient was decannulated after good oxygenation and blood
chemistry were confirmed. The patient was transferred to the
ICU intubated. He was neurologically intact, but failed extu-
bation twice due to hospital-acquired pneumonia and diffi-
culty clearing secretions. He eventually required
tracheostomy. He left the ICU on postoperative day 18 and
was discharged home on day 45 with a speaking
tracheostomy.

Summary

As the technical frontiers of thoracic procedures are pushed
ever forwards by our surgical colleagues, demand for intra-
operative ECLS may be predicted to increase. It is unlikely
that preinduction provision of mechanical support will ever
become routine, and any procedure major enough to require
it should not be taken lightly; however, with the help of the
principles outlined in this chapter, they can at least feel
within our envelope of comfort and experience.
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