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ABSTRACT

Objective: The use of mechanical circulatory support (MCS) in lung transplanta-
tion has been steadily increasing over the prior decade, with evolving strategies
for incorporating support in the preoperative, intraoperative, and postoperative
settings. There is significant practice variability in the use of these techniques, how-
ever, and relatively limited data to help establish institutional protocols. The objec-
tive of the AATS Clinical Practice Standards Committee (CPSC) expert panel was to
review the existing literature and establish recommendations about the use of MCS
before, during, and after lung transplantation.

Methods: The AATS CPSC assembled an expert panel of 16 lung transplantation phy-
sicians who developed a consensus document of recommendations. The panel was
broken into subgroups focused on preoperative, intraoperative, and postoperative
support, and each subgroup performed a focused literature review. These subgroups
formulated recommendation statements for each subtopic, which were evaluated by
the entire group. The statements were then developed via discussion among the panel
and refined until consensus was achieved on each statement.

Results: The expert panel achieved consensus on 36 recommendations for how and
when to use MCS in lung transplantation. These recommendations included the use of
veno-venous extracorporeal membrane oxygenation (ECMO) as a bridging strategy in
the preoperative setting, a preference for central veno-arterial ECMO over traditional
cardiopulmonary bypass during the transplantation procedure, and the benefit of sup-
porting selected patients with MCS postoperatively.

Conclusions: Achieving optimal results in lung transplantation requires the use of a
wide range of strategies. MCS provides an important mechanism for helping these
critically ill patients through the peritransplantation period. Despite the complex na-
ture of the decision making process in the treatment of these patients, the expert
panel was able to achieve consensus on 36 recommendations. These recommenda-
tions should provide guidance for professionals involved in the care of end-stage
lung disease patients considered for transplantation. (J Thorac Cardiovasc Surg
2023;165:301-26)
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CARDIOPULMONARY BYPASS

Mechanical circulatory support plays an
important role in supporting lung
transplantation.

CENTRAL MESSAGE

Mechanical circulatory support is
an important component of
support for lung transplantation
candidates and recipients in the
preoperative, intraoperative, and
postoperative settings.

PERSPECTIVE

Mechanical circulatory support has had an ex-
panding role in lung transplantation and is now
involved in preoperative stabilization, facilitation
of the operation, and postoperative support. An
expert panel identified recommendations for
the use of mechanical circulatory support in
these various settings.
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Abbreviations and Acronyms

AATS = American Association for Thoracic
Surgery

ARDS = acute respiratory distress syndrome

BTR = bridge to recovery

COR = class of recommendation

COVID-19 = Coronavirus disease 2019

CPB = cardiopulmonary bypass

CPSC = Clinical Practice Standards
Committee

ECCO2R = extracorporeal CO, removal

ECMO = extracorporeal membrane
oxygenation

LOE = level of evidence

MCS = mechanical circulatory support

PGD = primary graft dysfunction

TEE = transesophageal echocardiography

UNOS = United Network of Organ Sharing

VA = venoarterial

VAV = venovenous and venoarterial

\'AY = venovenous

To view the AATS Annual Meeting Webcast, see the
URL next to the webcast thumbnail.
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Lung transplantation remains the sole therapeutic option for
end-stage lung disease resulting from many etiologies.
Despite the complexity of the care required for these pa-
tients, the prevalence of lung transplantation has continued
to increase over the past several decades, with more than
4500 transplants recorded in the registry of the International
Society for Heart and Lung Transplantation in 2016." With
continued efforts to refine operative technique, patient
selection, and optimization of postoperative care, both
short-term and long-term survival for lung transplantation
has been gradually improving.”

Mechanical circulatory support (MCS) has been an
important component of lung transplantation since the
initial successful cases used cardiopulmonary bypass
(CPB) as part of the operation.” The intraoperative use
of MCS remains an important tool to facilitate a successful
operation, but over time, the use of veno-venous (VV) or
veno-arterial (VA) extracorporeal membrane oxygenation
(ECMO) instead of full CPB has been gaining in
popularity.

In addition to its use in the operating room, MCS has an
increasing role in the preoperative and postoperative man-
agement of end-stage lung patients. Hill first reported the
use of ECMO as a treatment for cardiopulmonary failure
in 1972." Outcomes in the adult population were generally
dismal, and a randomized prospective trial in 1979 demon-
strated no survival benefit of ECMO for patients with
acute respiratory failure.” For the next 2 decades, use of
ECMO in the adult population was sporadic and limited
to a few centers; however, significant improvements in
ECMO-associated technologies (specifically membrane
oxygenators and centrifugal pumps), as well as a better
understanding of ECMO physiology, have led to a recent
resurgence in the use of this technology. This has
manifested in the lung transplantation community in 2
important ways—bridging acutely ill patients to transplan-
tation with the use of MCS and providing continued sup-
port for patients immediately postoperatively to facilitate
recovery of the transplanted lung. Despite the numerous
publications about the effectiveness of MCS in these set-
tings, there are no universally accepted indications for
this practice.

The objective of this expert consensus document from
the AATS Clinical Practice Standards Committee is to sys-
tematically review the available literature on the use of
MCS and to determine recommended use criteria for
MCS in the peritransplantation period. We present 36 rec-
ommendations, broken into preoperative (Table 1), intrao-
perative (Table 2), and postoperative (Table 3) time
periods, with the associated evidence to support those rec-
ommendations. Because of a lack of robust data, many of
these recommendations are consensus opinions. The class
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of recommendation (COR) and the level of evidence
(LOE) on which the recommendation is based are reported
according to the terminology adopted by the American
College of Cardiology and American Heart Association®
(Figure 1).

METHODS
The AATS Clinical Practice Standards Committee

and Assembly of Expert Group

The Clinical Practice Standards Committee (CPSC) co-chairs and
members of the committee were appointed by the AATS. The CPSC com-
mittee selected the topic of utilization of MCS in lung transplantation re-
cipients. The co-chairs of the CPSC then assembled a writing group of
published experts on lung transplantation, especially with the use of
MCS, as well as individuals with experience in clinical practice guideline
development, evidence-based medicine, research, systematic review
preparation, or quality improvement. The writing group members were
approved by the AATS. All members completed a conflict of interest
disclosure (Appendix | and 2).

Formulation of Clinical Topics and Working Groups

After selecting the writing group, the co-chairs generated an a priori
organizational structure and list of topics for the consensus statement to
discuss. These topics were reviewed in a group session and revised to a final
group of topics. The writing group was then split into smaller working
groups covering each topic, based on areas of published expertise and in-
dividual interest.

Development of an Expert Consensus Document

The working groups performed a systematic review of the literature spe-
cific to their topic and shared their references with the group for consider-
ation. They then generated recommendation statements about their specific
topics, justified with appropriate references when available, and presented
them to the group for evaluation using a modified Delphi method. The
expert consensus panel was asked to evaluate each recommendation on a
S-point Likert scale (graded as 1 = strongly disagree; 2 = disagree;
3 = neither agree nor disagree; 4 = agree; 5 = strongly agree). A predeter-
mined response rate of 80% was required for the vote to be considered
complete. A predefined threshold of a minimum of 75% agreement
(“agree” or “strongly agree”) was required for consensus statements to
be accepted.” If the 75% threshold was not achieved, the statement was
revised after discussion with the writing group and resubmitted for voting.
This cycle was repeated until there was consensus on all recommendation
statements.

SECTION 1A: PREOPERATIVE PULMONARY
FAILURE

Although early referral and timely transplantation repre-
sent the ideal approach to lung transplantation, a patient’s
disease progression often requires bridging strategies with
extracorporeal pulmonary support systems. These support
strategies include extracorporeal membrane oxygenation
and CO, removal technologies to supplement or entirely
replace the pulmonary function of a candidate awaiting
transplantation. The principal goals of these strategies are
to restore acceptable oxygenation and ventilation,
avoid end-organ injury, and maintain or improve functional
capacity and physical conditioning.

1. VV-ECMO is the preferred initial option for
bridging strategies in patients with isolated hypoxia
and/or hypercapnia in the absence of hemodynamic
instability or right ventricular dysfunction (COR: 2a,
LOE: C-LD [level C, limited data]).

In patients with isolated pulmonary failure, outcomes with
VV-ECMO are superior to those of VA-ECMO support as an
initial modality.®*"'" Although new-onset or progressive he-
modynamic instability or right ventricular dysfunction can
develop from worsening pulmonary vascular resistance,
the need for conversion from VV-ECMO to VA-ECMO sup-
port remains low. In cases where hemodynamic support is
needed, considerations for choice of conversion to a right
ventricular assist device with an in-line oxygenator or full
VA-ECMO support should include urgency of conversion,
relative risk of pulmonary hemorrhage, expected timing of
transplantation, and any anatomic limitations.

2. In patients supported with VV-ECMO as a bridge
to lung transplantation, periodic evaluation of right
ventricular function (by clinical assessment or
otherwise) should be performed to evaluate the need
for alternative support strategies (COR: 1, LOE:
C-EO [level C, expert opinion]).

Late recognition of right ventricular dysfunction can be
associated with significant morbidity and mortality in pa-
tients supported with VV-ECMO as a bridge to transplanta-
tion, and as such, periodic monitoring of the right ventricle
should be performed. This monitoring may include assess-
ment for hemodynamic compromise, intermittent echocar-
diography, and/or evaluation of right-sided hemodynamics
via a pulmonary artery catheter. The mere presence of right
ventricular dysfunction does not dictate the immediate need
for alternative support strategies, but it should be considered
an important part of the overall clinical picture of any given
transplantation candidate.

3. While providing extracorporeal pulmonary
support as a bridge to lung transplantation,
ambulation and rehabilitation should be aggressively
pursued to improve bridge success rate and post-
transplantation outcomes (COR: 1, LOE: C-LD).

It is widely accepted that there is significant clinical
benefit of aggressive ambulation and rehabilitation in criti-
cally ill patients. Similarly, aggressive physical therapy,
including ambulation, in patients bridged to lung transplan-
tation with ECMO is associated with improved rates of suc-
cessful transplantation and post-transplantation survival and
recovery.'””'” It is important, however, to stress the need for
a multidisciplinary group to be present and assist with
ambulation, which can be time- and resource-intensive. Pro-
active efforts to avoid unnecessary complications, such as
cannula migration or dislodgement, system power failure,
and oxygen source depletion, are also critical
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TABLE 1. Preoperative MCS for lung transplantation

Recommendations for preoperative MCS for lung transplantation

COR

LOE

1. Veno-venous ECMO is the preferred initial option for bridging
strategies in patients with isolated hypoxia and/or hypercapnia in the

absence of hemodynamic instability or right ventricular dysfunction.

1la

C-LD

2. In patients supported with veno-venous ECMO as a bridge to lung
transplantation, periodic evaluation of right ventricular function (by
clinical assessment or otherwise) should be performed to evaluate the

need for alternative support strategies.

3. While undergoing extracorporeal pulmonary support as a bridge to
lung transplantation, ambulation and rehabilitation should be
aggressively pursued to improve bridge success rates and post-

transplantation outcomes.

—

C-LD

4. Femoral venous cannulation should not be considered a
contraindication to ambulation and rehabilitation in patients supported

with veno-venous ECMO as a bridge to lung transplantation.

Ila

5. While extracorporeal circulatory support is the preferred strategy for
bridging to transplantation to promote physical therapy, bridging with
mechanical ventilation alone can be used in highly selected cases

where deconditioning can be avoided.

C-LD

6. In select circumstances when hypercapneic respiratory failure is the
predominant issue, extracorporeal CO, removal can be an effective

bridging strategy.

7. VA-ECLS as bridge to lung transplantation is a valuable option in
selected patients with end-stage pulmonary hypertension evolving
with right ventricular failure, despite the risk of impaired short-term

outcomes.

B-NR

8. Both femoral and subclavian arterial cannulation could be
considered (based on lung oxygenation and cardiac output) for VA-

ECMO bridging for lung transplantation.

B-NR

9. In patients with combined circulatory and respiratory failure, the use
of VAV-ECMO, as opposed to VA-ECMO only, is a valuable option
to prevent differential upper body hypoxia in patients with peripheral

femoral artery cannulation.

C-EO

10. Selected patients with COVID-19-related ARDS supported with
ECMO can be considered for transplantation in the absence of any

signs of lung recovery.

C-EO

11. Patients considered for transplantation for COVID-19 ARDS
should meet other standard criteria for listing and demonstrate the

potential for post-transplantation rehabilitation.

C-EO

12. Patients with pulmonary artery hypertension should be considered
for bridging with mechanical support when clinical signs of right heart
failure are evident, such as need for inotropes, poor mixed venous

saturation, and early signs of kidney and liver dysfunction

C-EO

ctomies and

13. In exceptional circumstances, bilateral p
central ECMO initiation can be considered in selected patients with

uncontrolled pulmonary sepsis as a bridge to transplantation.

IIb

C-EO

304

considerations. Having a thoughtful and comprehensive
guideline in place prior to initial attempts at ambulation
may be helpful in patients supported with ECMO. """

4. Femoral venous cannulation should not be
considered a contraindication to ambulation and
rehabilitation in patients supported with veno-venous
ECMO as a bridge to lung transplantation (COR: 2a,
LOE: C-LD).

Traditional dogma has dictated the need to convert
femoral venous, 2-site cannulation to upper-body, single-
site cannulation before attempting ambulation and rehabil-
itation of patients supported with VV-ECMO. With careful
planning and execution, however, full ambulation even with
a femoral venous cannula site has proven safe and effec-
tive.'®'" This strategy could preclude the need for unneces-
sary procedures and potential complications associated with
converting support strategies solely for the indication of
ambulation and rehabilitation.

5. Although extracorporeal circulatory support is the
preferred strategy for bridging to transplantation to
promote physical therapy, bridging with mechanical
ventilation alone can be used in highly selected cases
when deconditioning can be avoided (COR: 1, LOE:
C-LD).

Historical efforts to bridge patients in respiratory failure to
lung transplantation with mechanical ventilation have been
associated with poor bridge success rates and post-
transplantation outcomes.' > For this reason, extracorporeal
support in these patients has become the preferred bridging
strategy. In highly selected patients, however, bridging with
mechanical ventilation alone can be successful and should
not be viewed as a contraindication to proceeding with trans-
plantation. An important caveat is that this should only be
performed in patients in whom deconditioning can be
avoided. Examples include isolated hypercapnia in a young
cystic fibrosis patient still able to ambulate on the ventilator
and a patient with acute decompensation with normal muscle
mass and functional status just prior to mechanical ventilation
with an expected short wait time to transplantation.

6. In selected circumstances where hypercapnic
respiratory failure is the predominant issue,
extracorporeal CO2 removal (ECCO2R) can be an
effective bridging strategy (COR: 2a, LOE: C-LD).
Although ECMO has gained progressive adoption and
success as a bridging strategy for patients with hypoxia

MCS, Mechanical circulatory support; COR, class of recommendation; LOE, level of
evidence; ECMO, extracorporeal membrane oxygenation; C-LD, level C, limited
data; C-EO, level C, expert opinion; VA, veno-arterial; VAV, venovenous and venoar-
terial; ECLS, extracorporeal life support; B-NR, level B, nonrandomized; COVID-19,
Coronavirus disease 19; ARDS, acute respiratory distress syndrome.
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and/or hypercapnia to lung transplantation, an ECCO2R de-
vice may be appropriate and effective in highly selected
cases of isolated hypercapnia.”' The theoretical advantage
over ECMO in this selected population are the need for
only a single-site, relatively small-bore upper body access.
Because of its lower flow rate, oxygenation support is quite
limited with this modality and relatively ineffective.
Continuous evaluation of progressive hypoxia should be
evaluated to guide the need for and time to apply alternative
bridging strategies are required (ie, ECMO). Also, although
an ECCO2R strategy theoretically may be beneficial, no
data currently support its use as effective or superior to
full extracorporeal pulmonary support options as a bridge
to lung transplantation.

SECTION 1B: PREOPERATIVE
CARDIOPULMONARY SUPPORT FOR THE LUNG
TRANSPLANTATION CANDIDATE

Although VV-ECMO is the first choice for support of
end-stage, isolated respiratory failure in candidates being
bridged to lung transplantation, end-stage lung failure
caused by increased pulmonary vascular resistance may
be better treated by volume-unloading the right ventricle
and preserving arterial oxygenation and flow. This is best
achieved by VA-ECMO treatment. Because of the need to
cannulate peripheral arteries to gain access for sufficient
flow, VA-ECMO has a higher complication rate than VV-
ECMO. A good protocol and a dedicated team are necessary
to obtain good results.

7. Veno-arterial ECMO as bridge to lung
transplantation is a valuable option in selected
patients with end-stage pulmonary hypertension
evolving with right ventricular failure, despite the
risk of impaired short-term outcomes (COR: 1, LOE:
B-NR [level B, nonrandomized]).

VA-ECMO support is ideally suited for those with hemo-
dynamic deterioration in the context of RV failure due to
increasing pulmonary vascular resistance.”'*'*?*?* In
addition, for combined ventilatory failure and right
ventricular failure, support with VA-ECMO is advised.”*°
The decision to initiate VA-ECMO support is complex and
multifactorial and includes consideration of the underlying
disease and the expected time on the waitlist.”**’

8. Both femoral and subclavian arterial cannulation
could be considered (based on lung oxygenation and
cardiac output) for VA-ECMO bridging for lung
transplantation (COR: 1, LOE: B-NR).

In the treatment modality of VA-ECMO, various cannu-
lation and perfusion approaches are available.””**’ The
best evidence for successful support exists for peripheral
VA-ECMO placed in a femoral vein and artery.®'"'#2*%
The great advantage of this approach is that it can be

TABLE 2. Intraoperative MCS for lung transplantation

Recommendations for intraoperative MCS for lung COR | LOE

transplantation

14. Lung transplantation for patients with a preexisting moderate/high | I B-NR
secondary pulmonary hypertension should be performed routinely

while on mechanical support.

15. Planned mechanical support can be used for controlled reperfusion | ITa C-LD

of the lung allograft, a factor that might reduce the risk for PGD.

16. Frequent nonemergent use of MCS promotes standardization of 1 C-EO
technique.
17. Intraoperative mechanical support is associated with acceptable Ila C-LD

intraoperative risk and should be used as indicated.

18. The need for MCS does not exclude sternal-sparing approaches. 1 C-OE

19. Routine use of intraoperative VA-ECMO does not increase the JIE] C-LD
likelihood of temporary chest closure or unplanned reexploration for

bleeding.

20. The preferred intraoperative support system for lung 1 B-NR

transplantation is VA-ECMO.

21. Central cannulation is preferred over peripheral cannulation. JIE] C-LD

22. Low or no heparin regimens are suggested for patients with JIE] C-EO

significant adhesions and impaired coagulation status.

23. For patients bridged to lung transplant with VV-ECMO, JIE] C-EO

intraoperative switch to VA-ECMO is preferred.

24. Use of CPB is recommended for lung transplantation combined 1 B-NR

with intracardiac repair.

MCS, Mechanical circulatory support; COR, class of recommendation; LOE, level of
evidence; B-NR, level B, nonrandomized; PGD, primary graft dysfunction; C-LD,
level C, limited data; C-EO, level C, expert opinion; VA, veno-arterial; ECMO, extra-
corporeal membrane oxygenation; CPB, cardiopulmonary bypass.

performed at the bedside, promptly and safely by either
an open or percutaneous technique.”’ Drawbacks include
the risk of malperfusion of the leg at the cannulated side
and the more limited possibilities of mobilizing the patient.
Furthermore, there must be a sustained left ventricular
output to prevent stasis and thrombosis in the left cardiac
chambers.”" The risk of limb ischemia is not negligible,
reportedly ranging from 9% to 33%. Preventive measures,
such as the use of a distal perfusion cannula or an end-to-
side vascular graft, are advised.*?

Some programs use subclavian artery cannulation either
by direct cannulation or via a graft, although this technique
does not prevent vascular complications.”>** There are
limited data to recommend femoral access over subclavian
access or vice versa. The use of subclavian cannulation has
the potential benefit of preventing differential upper body
hypoxemia because the oxygenated blood is infused into
the ascending aorta. For refractory hypoxemia, or in pa-
tients with small peripheral vessels, central cannulation
via a thoracotomy or mini-sternotomy is possible, although
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TABLE 3. Postoperative MCS for lung transplantation

for ative MCS for lung transplantation | COR | LOE

25. When intraoperative ECMO indication is PGD, ECMO should be | I B-NR

maintained post-transplantation until lung function recovers.

26. If required, ECMO can be maintained post-transplantation 1 B-NR

regardless of cannulation approach (central or peripheral).

27. Prophylactic post-transplantation ECMO maintenance may be 1 B-NR
indicated in pulmonary hypertension patients to reduce the arte of

PGD and improve postoperative early outcomes.

28. Bridged patients should not automatically be maintained on Ila C-EO

ECMO after lung transplantation.

29. There are clear situations with right ventricular dysfunction (eg, 1 C-EO
high pulmonary artery pressures) when patients should not be weaned

off ECMO at the end of the transplantation procedure.

30. Early weaning from ECMO after transplantation may avoid 1 C-LD

complications (bleeding, infection, and vascular complications).

31. Mechanical support with ECMO is recommended immediately 1 B-NR
after lung transplantation in patients with severe cardiopulmonary
instability; peripheral cannulation is preferred over central

cannulation.

32. Early institution of ECMO is rec ded in lung tr 1 ion | I B-NR

recipients with clinical signs of severe PGD with worsening trend in
the first hours after lung transplantation to allow allograft recovery

while protecting from ventilator-induced injury.

33. In patients with post-transplantation PGD resulting in primarily 1Ib C-LD
respiratory failure (hypoxemia/hypercarbia) with otherwise stable
hemodynamics and cardiac function, extracorporeal support with VV-
ECMO is recommended over VA-ECMO because fewer procedure-
related complications (hemorrhagic, vascular, neurologic) can be

expected.

34. Although overall mortality is higher in recipients with severe PGD | IIb C-LD
requiring ECMO support compared to those without, the impact on

long-term pulmonary function in survivors remains unclear.

35. In patients on mechanical support for severe post-lung B-NR
transplantation PGD with no functional improvement within the first 2
weeks, continued ECMO as a bridge to retransplantation is not

recommended because of the low likelihood of a successful outcome

after early retransplantation. A decision to list for urgent

retransplantation can be made only after multidisciplinary consensus.

36. Trans-esophageal echocardiography is recommended in all JIE] C-LD
recipients with severe post-transplant PGD to exclude other causes of

pulmonary graft edema and/or hypoxia, such as left ventricular

dysfunction, the presence of intracardiac shunts, or anastomotic

pulmonary vein stenosis or thrombosis.

M(CS, Mechanical circulatory support; COR, class of recommendation; LOE, level of
evidence; ECMO, extracorporeal membrane oxygenation; B-NR, level B, non-
randomized; C-LD, level C, limited data; C-EO, level C, expert opinion; PGD, pri-
mary graft dysfunction; VV, veno-venous; VA, veno-arterial; ECMO, extracorporeal
membrane oxygenation; CPB, cardiopulmonary bypass.

this may increase the complexity of the subsequent
transplantation.”’

9. In patients with combined circulatory and
respiratory failure, the use of venovenous and
venoarterial (VAV)-ECMO, as opposed to VA-ECMO
only, is a valuable option to prevent differential
upper-body hypoxia in patients with peripheral
femoral artery cannulation (COR: 2a, LOE: C-EO).

Understanding the pathophysiology of true cardiopul-
monary failure in patients with end-stage lung disease is
crucial to matching a patient’s physiologic needs with
the appropriate MCS mode.””*° The cannulation site
also affects the expected effects of each support mode.
VA-ECMO with peripheral cannulation of the femoral ar-
tery generates a retrograde flow of oxygenated blood in the
descending aorta. In the context of end-stage lung disease,
there often is right ventricular failure with partially pre-
served LV forward flow of deoxygenated blood, which in-
creases the risk of differential upper body hypoxemia with
deleterious myocardial and cerebral ischemia.”’ In these
patients, pulse oximetry should be performed on the right
hand, and arterial blood gases should be drawn from the
right radial artery. The simplest way to overcome this phe-
nomenon is by adding a cannula to the internal jugular
vein and Y-connecting it to the outflow side of the circuit
to escalate the support to VAV-ECMO. The use of a
partially occluding clamp and a second flow probe are use-
ful in preventing excessive flow to the less-resistant
venous side. Adjustment of venous versus arterial flow
should be based on arterial blood gases along with surro-
gates of right ventricular function, such as transthoracic
and transesophageal echocardiography, additional end-
organ dysfunction (kidney, liver, gut), central venous pres-
sure, and central venous oxygenation.

SECTION 1C: SPECIAL CIRCUMSTANCES FOR
PREOPERATIVE BRIDGING WITH MCS

Although the use of MCS is worth considering for all
patients approaching lung transplantation, some special
use circumstances merit additional consideration. This
section addresses 3 of these circumstances: patients with
Coronavirus disease 2019 (COVID-19), patients with se-
vere pulmonary hypertension, and patients with uncon-
trolled pulmonary sepsis.

10. Selected patients with COVID-19-related acute
respiratory distress syndrome (ARDS) supported
with ECMO can be considered for transplantation in
the absence of any signs of lung recovery (COR: 2a,
LOE: C-EO).

ARDS is a common terminal pathway of lung injury in
response to a variety of etiologies, including COVID-19.
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CLASS (STRENGTH) OF RECOMMENDATION

CLASS | (STRONG)

Suggested phrases for writing recommendations:
H |s recommended

B |s indicated/useful/effective/beneficial

B Should be performed/administered/other

B Comparative-Effectiveness Phrasest:

O Treatment/strategy A is recommended/indicated in
preference to treatment B

O Treatment A should be chosen over treatment B

Benefit >>> Risk

CLASS IIb (WEAK)

Suggested phrases for writing recommendations:
B May/might be reasonable
B May/might be considered

Benefit > Risk

B Usefulness/effectiveness is unknown/unclear/
uncertain or not well established

CLASS llI: No Benefit (MODERATE)
(Generally, LOE A or B use only)

Benefit = Risk

Suggested phrases for writing recommendations:
M |s not recommended

B |s not indicated/useful/effective/beneficial

m Should not be performed/administered/other

CLASS llI: Harm (STRONG) Risk > Benefit

Suggested phrases for writing recommendations:
B Potentially harmful

B Causes harm
B Associated with excess morbidity/mortality
B Should not be performed/administered/other

LEVEL (QUALITY) OF EVIDENCE$

LEVEL A

B High-quality evidencet from more than 1 RCT
B Meta-analyses of high-quality RCTs

B One or more RCTs corroborated by high-quality
registry studies

LEVEL B-R (Randomized)

B Moderate-quality evidencef from 1 or more RCTs
B Meta-analyses of moderate-quality RCTs

LEVEL B-NR (Nonrandomized)

B Moderate-quality evidencef from 1 or more
well-designed, well-executed nonrandomized studies,
observational studies, or registry studies

B Meta-analyses of such studies

LEVEL C-LD (Limited Data)

B Randomized or nonrandomized observational or
registry studies with limitations of design or execution

B Meta-analyses of such studies
B Physiological or mechanistic studies in human subjects

LEVEL C-EO (Expert Opinion)

Consensus of expert opinion based on clinical
experience

COR and LOE are determined independently (any COR may be
paired with any LOE).

A recommendation with LOE C does not imply that the recommendation
is weak. Many important clinical questions addressed in guidelines

do not lend themselves to clinical trials. Although RCTs are unavailable,
there may be a very clear clinical consensus that a particular test

or therapy is useful or effective.

* The outcome or result of the intervention should be specified
(an improved clinical outcome or increased diagnostic accuracy or
incremental prognostic informations).

1 For comparative-effectiveness recommendations (COR | and lla;
LOE A and B only), studies that support the use of comparator verbs
should involve direct comparisons of the treatments or strategies
being evaluated.

T The method of assessing quality is evolving, including the application
of standardized, widely used, and preferably validated evidence
grading tools; and for systematic reviews, the incorporation of an
Evidence Review Committee.

COR indicates Class of Recommendation; EO, expert opinion; LD,
limited data; LOE, Level of Evidence; NR, nonrandomized; R,
randomized; and RCT, randomized controlled trial.

FIGURE 1. Updated American College of Cardiology/American Heart Association table of class of recommendation (COR) and level of evidence (LOE).
(Reprinted with permission.®)
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Although early deaths in patients with severe COVID-19
ARDS are related to infectious complications, those who
survive the initial phase can develop fibroproliferation re-
sulting in the inability to wean off mechanical life support.
Unfortunately, no medical or pharmacologic therapies tar-
geting fibroproliferation have been effective to date. Never-
theless, with mechanical ventilation and extracorporeal
support, many patients with COVID-19 ARDS can develop
sufficient lung recovery. Anecdotes of patients developing
spontaneous recovery after a very prolonged duration of
ECMO support also exist. The probability of weaning off
ECMO, however, is significantly reduced with the duration
of support, which correlates with an increased probability of
death. In a consensus of multiple centers across 4 countries
as well as in editorialized reports, it has been proposed that
evaluation for lung transplantation can be considered after 4
to 6 weeks of initiation of ECMO because the probability of
death is greatly increased at this time.”*™*’

How to accurately identify patients who would not
recover spontaneously and benefit from lung transplanta-
tion remains unclear. For COVID-19-associated ARDS,
the following indicators may be helpful in the medical deci-
sion making surrounding consideration for lung transplan-
tation: (1) development of extensive pulmonary sequelae,
(2) presence of lung necrosis with cavitation associated
with sepsis, (3) presence of significant pulmonary hyperten-
sion, and (4) evidence of diffuse pulmonary fibrosis. Trans-
plantation should be deferred in patients who show signs of
lung recovery, as suggested by improvements in lung
compliance, chest radiography, and gas exchange. Recent
single-center as well as national registry US data and Euro-
pean multicenter study indicate that lung transplantation
can achieve good outcomes, despite a complex medical
course, in carefully selected patients suffering from
COVID-19 ARDS who remain unable to wean from
extended extracorporeal or mechanical ventilator
support, 04445

Although there have been several case reports demon-
strating the feasibility of lung transplantation for patients
with COVID-19 ARDS, 2 recent studies have reported
longer- term outcomes in single-center and national co-
horts.*>* In the first, 102 consecutive patients, 30 with
COVID-19 ARDS and 72 with non—-COVID-19 lung dis-
eases, who underwent lung transplantation at a single center
between January 21, 2020, and September 30, 2021, were
reported. The median lung allocation scores for the 2 groups
were 85.8 and 46.7, respectively. The surgical procedure
was more complex in the COVID-19 ARDS group, as evi-
denced by increased operative time, allograft ischemic
time, use of ECMO, and blood transfusions. In addition,
the COVID-19 ARDS patients experienced greater primary
graft dysfunction (PGD) and increased use of hospital

resources, such as length of stay. Nevertheless, these pa-
tients with COVID-19 ARDS demonstrated much more
rapid improvement in performance status following trans-
plantation. With a median post-lung transplantation
follow-up of 351 days, survival was 100% (30 of 30) in
the lung transplantation recipients with COVID-19
ARDS, compared to 83.3% in the non—-COVID-19 lung
transplantation recipients.*’

In a concurrent analysis of the US Scientific Registry of
Transplant Recipients database of 118 COVID-19 ARDS
patients who underwent lung transplantation, similar to
the single-center report, a high percentage (81.4%) were
supported on ECMO before transplantation. Despite the
critical state of these patients prior to transplantation, mor-
tality was only 1.7% at 30 days and 3.4% at 90 days."*

11. Patients considered for lung transplantation for
COVID-19 ARDS should meet other standard
criteria for listing and demonstrate the potential for
post-transplantation rehabilitation (COR: 1, LOE:
C-EO).

Given the heterogeneity of COVID-19 patients, it is
important to select them carefully. This is particularly impor-
tant in those with COVID-19 ARDS. Bridging patients on
extracorporeal support while they are awake has become
an increasingly used practice in lung transplantation. Many
centers consider it a prerequisite for transplantation, because
patients who are bridged awake have significantly better out-
comes than patients who are bridged sedated, and because it
allows first-person consent and assessment for the potential
for post-transplantation rehabilitation.

Ideally, COVID-19 ARDS transplantation candidates
should be in stable condition with single system organ fail-
ure. Temporary kidney failure in a patient with a previous
normal kidney function generally should not be considered
a contraindication for lung transplantation; therefore, pa-
tients who require kidney replacement therapy during their
wait time should not be immediately delisted until it is
determined that the kidney injury is irrecoverable. In
contrast to renal dysfunction, cholestatic liver dysfunction
due to secondary sclerosing cholangitis is a dreadful
complication in patients requiring prolonged MCS for
ARDS and should be considered a relative contraindication
for lung transplantation.*®"’

Diffuse bleeding during MCS or septic shock are other
contraindications. Whereas the COVID-19 ARDS patients
who are considered for transplantation are young and their
likelihood of an undetected malignancy or a significant car-
diovascular comorbidity is low, older patients should be
scrutinized for possible indolent coronary disease or malig-
nancy. Finally, psychosocial history and level of financial
support should be evaluated in all prospective candidates.
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12. Patients with pulmonary hypertension should be
considered for bridging with mechanical support
when clinical signs of right heart failure are evident,
such as a need for inotropes, poor mixed venous
saturation, and early signs of kidney and liver
dysfunction (COR: 1, LOE: C-LD).

Patients listed for lung transplantation with pulmonary
hypertension developing severe right-sided heart failure
require comprehensive care, including treatment of factors
causing or contributing to heart failure, fluid management,
and strategies to improve cardiac function. Such patients
should be treated at expert centers that are capable of
providing all treatment options, including MCS and lung
transplantation. MCS should be initiated when the clinical
course suggests that significant right heart failure is present
and associated with imminent secondary organ dysfunction
despite optimized medical therapy.**

The most common MCS approach for patients with pul-
monary hypertension is VA-ECMO. VA-ECMO placed un-
der local anesthesia via the femoral vessels is well tolerated
and safe. This is often the initial approach for most patients.
However, femoral-femoral VA-ECMO prevents mobiliza-
tion and is associated with a risk of ischemic limb compli-
cations if support is required for several weeks. Therefore,
many centers prefer the use of central VA-ECMO via can-
nulation of the axillary artery, innominate artery, or
ascending aorta.’””" Some recent studies on the use of cen-
tral VA ECMO via a mini-anterior right thoracotomy on the
third intercostal space have reported promising results in
terms of durability and patient mobilization.*’

An alternative approach for patients with pulmonary
artery hypertension includes the use of a pulmonary
artery—left atrium pumpless interventional lung assist de-
vice (Novalung; Xenios). In this mode, the device is placed
in parallel with pulmonary circulation. Because of its very
low resistance, the device provides an excellent way to
decompress the right ventricle. In a previous report, more
than 80% of patients were successfully bridged with this
approach.”® More recently, right atrium/right ventricle—
to—pulmonary artery dual-lumen ECMO cannulas have
been used in this population.”’ As with right ventricular
assist devices, however, increasing forward flow in lungs
with very high vascular resistance is often not successful,
and thus this approach should be reserved for patients
with less severe secondary pulmonary hypertension such
as in interstitial pulmonary fibrosis.

For patients with right ventricular failure and unfavorable
anatomy or complicated arterial access, the combination of
VV-ECMO with a single dual-lumen cannula and a balloon
atrial septostomy may offer a reasonable alternative. Even
though some success was obtained with atrial septostomy
alone to bridge patients with pulmonary artery hypertension

and right ventricular failure, the mortality associated with
the procedure can be as high as 16%.7" In these cases,
the main cause of death was refractory hypoxemia. With
this recently proposed mode of support, the rationale is to
provide an oxygenated right-to-left shunt through the artifi-
cially created septostomy, unloading the right heart without
causing excessive hypoxemia.”* The limited experience
with this method along with the potential premature closure
of the septostomy represent barriers for widespread accep-
tance of this mechanical support mode as a bridge to lung
transplantation.

13. In exceptional circumstances, bilateral
pneumonectomies and central ECMO initiation can
be considered in patients with uncontrolled
pulmonary sepsis as a bridge to lung transplantation
(COR: 2b, LOE: C-EO).

Patients bridged with ECMO may develop significant
pulmonary sepsis, leading to secondary organ dysfunction.
Especially in patients with cystic fibrosis and bronchiectasis
on mechanical ventilation, secretions tend to accumulate
with multiresistant microorganisms and uncontrolled sepsis
develop despite broad antibiotic coverage. In 2016, Cypel
and colleagues™ performed bilateral pneumonectomies
(to remove the source of sepsis) in conjunction with central
VA-ECMO and PA-LA Novalung (biventricular support). A
successful bilateral lung transplantation was performed
6 days later. Barac and colleagues™ repeated this approach
albeit with a slight modification (ie, substitution of a shunt
between the left pulmonary artery and left pulmonary vein
for a pulmonary artery catheter). Again, a successful double
lung transplantation was performed 6 days after the pneu-
monectomies. Given the limited experience with this
approach to date, it should be considered only in excep-
tional situations and in centers with extensive experience
in mechanical support and lung transplantation.

SECTION 2A: SHOULD ROUTINE LUNG
TRANSPLANTATION BE PERFORMED WITH OR
WITHOUT MECHANICAL SUPPORT?

Historically, the first reported double lung transplanta-
tions were performed with mechanical support. These en
bloc transplantations with a tracheal anastomosis required
CPB. With the development of bilateral sequential tech-
niques of lung transplantation and the change from sternot-
omy to anterolateral thoracotomies/clamshell incisions, it
became possible to perform lung transplantation without
mechanical support.

The use of mechanical support devices provides several
advantages in routine lung transplantation. First, it provides
hemodynamic stability, especially when the surgical access
to the hilar structures is difficult. It facilitates lung
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protective ventilation strategies with low inspired oxygen
fraction and low driving pressures. It also facilitates pro-
longed controlled reperfusion of the newly implanted graft
and minimizes right heart strain while the pulmonary artery
is clamped. These advantages are somewhat diminished by
certain risks, including a higher rate of intraoperative blood
transfusion and activation of proinflammatory cytokines,
which result in higher rates of PGD and of nonpulmonary
complications (eg, kidney failure). There is evidence that
most of these disadvantages are restricted to the use of
CPB and are uncommonly seen with ECMO,W’(’l
although PGD rates are still higher in patients who
undergo transplantation with ECMO compared with
patients who did not require any MCS.%*

There currently are 2 categories of intraoperative MCS
use:

1. Selective MCS. MCS is used only in selected, high-risk
patients. Selective MCS use can be planned (decision
before the start of operation, start of CPB/ECMO after
chest opening) or unplanned (when either anatomic or
physiologic parameters dictate).

2. Routine MCS. MCS is wused in
transplantation.

every lung

Several retrospective single-center studies have identi-
fied donor- and recipient-associated factors that are more
likely to require MCS. These include a diagnosis of idio-
pathic pulmonary arterial hypertension, moderate/severe
secondary pulmonary hypertension with or without right
ventricular dysfunction present at the time of transplanta-
tion, interstitial lung disease with a retracted chest cavity,
planned concomitant cardiac procedures, and lobar trans-
plantation. Intraoperative factors include an inability to
tolerate single-lung ventilation, inability to tolerate clamp-
ing of the pulmonary artery, and hemodynamic instability
during hilar dissection.

14. Lung transplantation for patients with preexisting
moderate to high secondary pulmonary hypertension
should be performed routinely on mechanical
support (COR: 1, LOE: B-NR).

Most patients with end-stage lung disease develop sec-
ondary pulmonary hypertension.”’ Several studies have
demonstrated that increased pulmonary artery pressure re-
quires intraoperative MCS. Ius and colleagues® found
significantly higher pulmonary artery pressures in patients
who required intraoperative ECMO support compared
with those who did not. Similar results were published by
the Pittsburgh group.®” Some authors have proposed a sys-
tolic pulmonary artery pressure cutoff of 50 mm Hg as indi-
cating a high likelihood that a patient will not tolerate
pulmonary artery clamping and will require MCS.°

15. Planned mechanical support can be used for
controlled reperfusion of the lung allograft, a factor
that might reduce the risk for PGD (COR: 2a, LOE:
C-LD).

Evidence suggests that elevated early reperfusion pres-
sures contribute to worse graft outcomes.®” Reperfusion
should be performed at low pressure because the graft
should be exposed slowly to normal perfusion pressures.’®
Preclinical studies have shown that the duration of
controlled reperfusion may be important: 5 minutes is insuf-
ficient,®” and 30 minutes is superior to 15 minutes or 5 mi-
nutes.’” Importantly, when performing a sequential bilateral
lung transplantation without MCS, the first implanted graft
is exposed to the full cardiac output (twice the usual blood
flow), a situation that can augment ischemia-related damage
and lead to the clinical picture of “first lung syndrome.””’
MCS (VA-ECMO, CPB) facilitates controlled reperfusion
over a prolonged period, during which reperfusion pressure
can be readily manipulated by increasing or decreasing
blood flow through the device. The positive effect of
controlled reperfusion on primary graft function achieved
through a routine VA-ECMO strategy has been highlighted
recently’”’*; however, a prospective trial with an intention-
to-treat breakdown is needed to provide a final answer to
this question.

16. Frequent nonemergent use of MCS promotes
standardization of technique (COR: 1, LOE: C-EQO).

Minor and major cannulation-related complications
are reported in up to 32% of patients receiving VA-
ECMO, with a lower complication rate in central VA-
ECMO compared to femoral cannulation (23% vs
36%).74 In the same study, limb ischemia was
described as the most common complication in periph-
eral VA-ECMO cannulation. Hemorrhage was the most
typical complication in central VA cannulation, howev-
er, suggesting that surgical-technical complications are
the most common type of complication in intraopera-
tive VA-ECMO.”* Therefore, standardization of cannu-
lation techniques is pivotal to improving performance
and avoiding unnecessary complications. In a study of
peripheral VV cannulation, a learning curve requiring
100 cases was described’’; a similar number can be
assumed for central VA cannulation. Although there
is no direct evidence in the literature for central VA-
ECMO cannulation, the expert panel agreed that the
frequent use of MCS in nonemergent, elective situa-
tions enhances learning and standardization of these
techniques by the team. Routine use of central VA-
ECMO was associated with a very low rate of compli-
cations in patients receiving nonemergent intraoperative
VA-ECMO during lung transplantation.””
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17. Intraoperative mechanical support is associated
with acceptable intraoperative risk and should be
used as indicated (COR: 2a, LOE: C-LD).

The intraoperative risk of MCS is largely related to tech-
nical vascular complications, air embolism, or the need for
large-volume blood transfusion. Although more than 20%
of patients in a non-transplantation population placed on
central VA-ECMO for hemodynamic support develop a
cannulation-related hemorrhage,74 central cannulation for
intraoperative VA-ECMO or CPB support for lung trans-
plantation is generally associated with a very low risk of
aortic dissection or major bleeding.”” This is likely related
to the short duration of circulatory support, the technical fa-
miliarity of central cannulation, and the low incidence of se-
vere atherosclerotic aortic disease in lung transplant
recipients. Up to 10% of patients undergoing femoral can-
nulation for VA-ECMO develop hemorrhage or limb
ischemia, however.’® Liberal use of a distal limb perfusion
cannula can prevent limb ischemia.

The true incidence of air embolism during MCS for lung
transplantation is unknown; however, it is a rare event. Air
entrapment in the VA-ECMO circuit may occur in up to 4%
of cases,”’ but it can be avoided by meticulous technique.
The risk of these intraoperative complications must be
weighed against the benefits of MCS, including hemody-
namic stability, improved operative exposure, and
controlled reperfusion. In the absence of published litera-
ture to directly inform this choice, based on retrospective
series and implicit information from the general publica-
tions on MCS, the expert group agreed that intraoperative
mechanical support is associated with acceptable risk and
should be used when indicated.

18. The need for mechanical support does not exclude
sternal sparing approaches (COR: 1, LOE: C-OE).
Bilateral lung transplantation can be performed using a
clamshell incision, sternotomy, or bilateral anterolateral
thoracotomy approach, which spares the sternum and re-
duces the risk of wound complications, including malunion
and infection. Experienced centers advocate for sternal-
sparing approaches and prefer the clamshell for specific in-
dications, such as reoperation and difficult exposure.’®’"
Either central or peripheral cannulation can be performed
for MCS during bilateral lung transplantation with a
sternal-sparing approach® (Figure 2). A hybrid cannulation
technique with central arterial and peripheral venous cannu-
lation also may be considered and can provide a more un-
hindered operative field compared with central arterial
and venous cannulation. Peripheral cannulation of the
femoral vessels has been described in multiple cohort
studies in which a sternal-sparing approach was used for
the majority of lung transplantations.”®*' The risk of com-
plications, including limb ischemia, hematoma, infection,

and lymphocele, exceeds 10%-15% with peripheral cannu-
lation’>®" and must be considered in the choice between
central and peripheral cannulation.

19. Routine use of intraoperative VA-ECMO does not
increase the likelihood of temporary chest closure or
unplanned reexploration for bleeding (COR: 2a,
LOE: C-LD).

Unsatisfactory hemostasis in the surgical field at the
completion of lung transplantation may prompt a temporary
chest closure and is often associated with reexploration for
bleeding. Although 17% to 27% of patients undergo reop-
eration for hemothorax after the use of CPB for lung trans-
plantation, the incidence of this complication is lower with
the use of intraoperative VA-ECMO.””® Similarly, a meta-
analysis has shown that intraoperative transfusions of
packed red blood cells, fresh frozen plasma, and platelets
are significantly more likely during MCS with CPB than
during MCS with VA-ECMO.*

The risk of reoperation for hemorrhage ranged from 5% to
9% in multiple recent cohort studies in which VA-ECMO
was selectively used for lung transplantation®"*™ and is
comparable to the results reported when VA-ECMO was
routinely used for all operations.’*’* In the absence of pub-
lished direct comparisons of the incidence of temporary chest
closure with selective or routine intraoperative VA-ECMO,
extrapolation from the published risk of hemothorax indi-
cates that any clinically meaningful differences are unlikely.

SECTION 2B: WHAT IS THE OPTIMAL SUPPORT
STRATEGY IF INTRAOPERATIVE SUPPORT IS
NECESSARY, AND WHAT IS THE OPTIMAL
MECHANICAL SUPPORT FOR PATIENTS
BRIDGED TO LUNG TRANSPLANTATION WITH
ECMO?

The traditional intraoperative support system during lung
transplantation has been CPB.*® In the past decade, VA-
ECMO has become more popular, and it recently replaced
CPB in the majority of centers.””®""* This trend is based on
several specific advantages that ECMO offers, including low
or no anticoagulation, a closed circulation system without suc-
tion, and lower proinflammatory potential without breaching
the air-blood interface. In contrast, the use of CPB requires
full anticoagulation, acts through an open suction system
with the potential to introduce bacteria into the circulation,
and in general, has a greater proinflammatory potential.

20. The preferred intraoperative support system for
lung transplantation is VA-ECMO (COR: 1, LOE:
B-NR).

Although prospective randomized studies comparing
CPB with ECMO are lacking, several retrospective reports
have uniformly identified better outcome parameters for
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FIGURE 2. Veno-arterial extracorporeal membrane oxygenation (VA-ECMO) through right thoracotomy. A, Figure depicting the use of intraoperative

mechanical support during cadaveric lobar lung transplantation in a 14-year-old girl with idiopathic pulmonary arterial hypertension performed at the Uni-

versity Hospitals Leuven, Belgium. Central VA-ECMO was installed at the start of the procedure with direct cannulation of the ascending aorta and right

atrium through a sternal-sparing right anterior thoracotomy incision. B, Close-up picture of the cannulation site entering the chest in the fourth intercostal

space next to the sternal bone.

ECMO. Ius and colleagues’” compared 46 patients who un-
derwent transplantation on ECMO with 46 patients who un-
derwent transplantation on CPB and found a greater need
for blood products, a higher incidence of PGD, as well as
higher need for secondary ECLS implantation, all com-
bined with overall poorer outcomes in the CPB group.

Similar inferior results for the CPB group were reported
by Machuca and colleagues’’ in a matched cohort study.
These findings were further confirmed by Biscotti and col-
leagues®' in a retrospective study of 55 patients who under-
went transplantation on CPB and 47 who did so on ECMO.
In addition, Bermudez and colleagues’® reported a greater
need for reintubation, tracheostomy, and postoperative he-
modialysis in 222 patients who underwent transplantation
on CPB compared with 47 who did so on ECMO. Further
confirmation of these findings was provided by DellAmore
and colleagues,”” who compared 21 patients with pulmo-
nary artery hypertension who underwent transplantation
on ECMO and 17 who did so on CPB and found a higher
incidence of renal impairment and greater degree of PGD
in the CPB group but with lower in-hospital mortality in
the ECMO group.®’ In pediatric lung transplantation, Par-
ikh and colleagues™ compared children supported intrao-
peratively on ECMO (n = 13) versus CPB (n = 22) and
found that the ECMO group required fewer transfusions
of fresh-frozen plasma, platelets, and red blood cells.

The sole available prospective one-arm study by Hoetze-
necker and colleagues’” looked at PGD rates at 72 hours in
159 consecutive patients who underwent transplantation on

routine intraoperative VA-ECMO and reported an incidence
of PGD3 of only 1.3% at 72 hours. Even though a prospective
randomized trial on CPB versus ECMO is lacking, the avail-
able data suggest intraoperative VA-ECMO as the preferred
intraoperative support system for lung transplantation.

Another difference between ECMO and CPB is that the
latter allows for direct autotransfusion through a cardiot-
omy reservoir. Nevertheless, the use of intraoperative cell
salvage devices along with reinfusion of the retained blood
in the ECMO circuit before decannulation represent addi-
tional measures to decrease blood product use during lung
transplantation.

21. Central cannulation is preferred over peripheral
cannulation (COR: 2a, LOE: C-LD).

From a technical standpoint, cannulation for intraopera-
tive ECMO can be performed centrally or peripherally.
Central cannulation can provide excellent drainage of blood
and cardiac decompression, whereas peripheral cannulation
drainage can be more challenging in patients with low intra-
vascular volume. Moreover, additional morbidities associ-
ated with peripheral cannulation—namely site infection,
deep vein thrombosis, and limb ischemia—should not be
underestimated.®*®” For these reasons, central cannulation
is preferred over peripheral.

Although significant advancements have been made in
ECMO technology, certain complications remain inherent
to its use. Catastrophic air embolism via the central atrial
cannula is the one most feared and requires constant team
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awareness. The use of an umbilical tape Rummel tourniquet
around the atrial muscle at the cannulation site and bubble
detector alarms are preventive measures.

22. Low or no heparin regimens are suggested for
patients with significant adhesions and impaired
coagulation status (COR: 2a, LOE: C-EO).

Although practice varies, most studies report a bolus of
systemic unfractionated heparin ranging from 2000 to
5000 IU at cannulation, followed by maintenance of acti-
vated clotting time at 160 to 250 seconds or activated partial
thromboplastin time at 1.5 to 2.0 times the control
value.' 775006180 Because heparin-coated tubes are
used uniformly, additional systemic applications of heparin
can be omitted if clinically necessary, as shown in a pro-
spective study reported by the Vienna group.’”

Going one step further, recent reports have described the
intraoperative use of ECMO without therapeutic anticoagu-
lation.*””” This is a particular advantage for patients with
adhesions and impaired coagulation status, although that
advantage must be balanced against the risk of catastrophic
support failure if the circuit clots. Using a circuit without
anticoagulation should be considered only in highly
selected circumstances, with a clear recovery plan in place
should the system fail.

23. For patients bridged to lung transplantation with
VV-ECMO, an intraoperative switch to VA-ECMO is
preferred (COR: 2a, LOE: C-EO).

A special situation arises whenever patients are bridged
with VV-ECMO to lung transplantation. Whereas in such,
cases VV-ECMO would guarantee sufficient intraoperative
oxygenation, it has no effect on cardiac support or reperfu-
sion injury of the first lung. VA-ECMO has the potential to
reduce the cardiac output that otherwise goes through the
first lung during implantation of the second lung, which pro-
vides optimal controlled reperfusion conditions. For this
reason, conversion to VA-ECMO should be considered for
patients who come bridged with VV-ECMO to
transplantation.” "

24. Use of CPB is recommended for lung
transplantation combined with intracardiac repair
(COR: 1, LOE: B-NR).

The only absolute exception to the use of VA-ECMO is
the need for any concomitant intracardiac procedures.’” In
such a situation, CPB remains the recommended method
of intraoperative support because of its additional possibil-
ity for use of a suction system with or without cardiac arrest.
Another consideration is related to cases of anticipated
massive blood loss. The potential benefit of CPB and the
previously mentioned autotransfusion capacity must be
weighed against the need for therapeutic anticoagulation
and risk for coagulopathy.

SECTION 3A: WHICH PATIENTS SHOULD BE
MAINTAINED ON MCS AFTER LUNG
TRANSPLANTATION?

Once lung transplantation is performed under mechanical
support, the question of weaning from MCS (timing and the
procedure itself) is raised. Indeed, the use of ECMO during
lung transplantation has changed the approach of many in-
stitutions because it facilitates the opportunity to prolong
support after the surgical procedure.

Maintaining support after lung transplantation with
ECMO provides several advantages during the early post-
operative period. It secures immediate hemodynamic and
respiratory stability. It allows progressive initiation of
reverse cardiac remodeling in patients with pulmonary hy-
pertension. It also avoids deterioration of dysfunctional im-
planted lungs necessitating emergent secondary ECMO for
severe graft failure. On the other hand, it carries additional
risks of bleeding, vascular access complications, infection,
venous and/or arterial thrombosis, and pulmonary embo-
lism because of cannulation and anticoagulation. Finally,
when CPB is used during the operation, the surgeon will
need to transition to a different mode of support.

There are currently 2 situations in which MCS is main-
tained at the end of the lung transplantation procedure:

1. The MCS weaning attempt fails because of graft
dysfunction as determined by objective criteria,
including hemodynamic and respiratory factors.

2. The patient is at high risk for severe PGD, and prophy-
lactic MCS prolongation is chosen with the goal of
improving the early postoperative phase.

ECMO has been proved efficient for the treatment of severe
PGD.”” Continuing ECMO when dysfunction occurs
during the procedure has been determined to achieve good
results despite the morbidity of prolonged ECMO runs. The
decision for prolonged ECMO rather than weaning has
been evaluated for selected patients at risk for developing
early graft dysfunction.”” These include patients with pulmo-
nary hypertension, lobar lung transplantation, and interstitial
lung disease with donor lung size discrepancy. In this popula-
tion of patients, preemptive use of ECMO may achieve better
survival results than on-demand emergent use.

25. When the indication for intraoperative ECMO is
PGD, ECMO should be maintained post-
transplantation until lung function recovers (COR: 1,
LOE B-NR).

The effectiveness of ECMO in supportive care for most
cases of severe PGD has been demonstrated by several
retrospective,  single-center  studies.”””®  Maintaining
ECMO, or switching from CPB to ECMO at the end of
the procedure when transplanted lungs are dysfunctional,
allows progressive recovery of lung function and
promotes satisfactory early survival. It also has been
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shown that the earlier ECMO is instituted, the better the
results.””'"* The question of the type of ECMO (VA vs
VV) remains debatable,'” and neither technique has
proven superior. VA-ECMO has the advantage of
decreasing transpulmonary blood flow and supporting heart
function, but it can lead to watershed phenomenon
(harlequin syndrome) or graft ischemia if there is loss of
pulsatility and absence of pulmonary arterial blood flow.
VV-ECMO provides better oxygenation and avoids arterial
access complications.'*>'%

26. If required, ECMO can be maintained post-
transplantation regardless of cannulation approach
(central or peripheral) (COR:1, LOE: B-NR).

Central or peripheral ECMO cannulation does not affect
the ability to maintain ECMO after lung transplanta-
tion,*”'” although the common complications associated
differ with the 2 approaches. Central cannulation carries a
risk of bleeding and contamination of the operative field. Pe-
ripheral cannulation carries risks of groin infection, lower
limb ischemia, arterial stenosis, and venous thrombosis.'%®

27. Prophylactic post-transplantation ECMO
maintenance may be indicated in patients with
pulmonary hypertension to reduce the rate of PGD
and improve early postoperative outcomes (COR: 1,
LOE: B-NR).

Pulmonary hypertension is an independent risk factor for
PGD after lung transplantation because it induces cardiac
remodeling, including left heart diastolic dysfunction.'””
The first 72 hours are critical because lungs subjected to
the ischemia-reperfusion process are sensitive to any eleva-
tion of left atrial pressure. Retrospective single-center
studies have shown that VA-ECMO maintenance during
the early phase of recovery from transplantation was asso-
ciated with a decreased rate of PGD and improved early
and long-term survival compared with delayed
ECMO.”*"1%!! These retrospective single-center studies
did not show a higher rate of bleeding complications; how-
ever, the survival benefit was balanced by vascular access
complications and longer duration of mechanical ventila-
tion and intensive care unit stay.”” The optimal duration
of ECMO support remains unknown but ranges between 3
and 8 days in the literature. There is no preference between
awake and nonawake ECMO, as both modes have been used
in published series. Further studies are needed to better
determine when and how this “prophylactic” ECMO strat-
egy should be applied.

28. Bridged patients should not automatically be
maintained on ECMO after lung transplantation
(COR: 2a, LOE: C-EO).

Bridging patients to lung transplant with pre-operative
ECMO should not change the choice of maintaining

ECMO at the end of the procedure. Although it is assumed
that the decision of maintaining ECMO shares the same rules
regardless of the need of pre-transplant ECMO, this issue has
not been specifically addressed by clinical studies. Of inter-
est, in a United Network of Organ Sharing (UNOS) registry
study, pre-transplant ECMO was associated with a higher
rate of post-transplant ECMO.'"? Despite this association,
if graft function is good and the patient’s hemodynamics
are stable, ECMO should be weaned at the completion of
the procedure, unless there are competing concerns.

29. There are clear situations with right ventricular
dysfunction (for example, high pulmonary artery
pressures) where patients should not be weaned off
ECMO at the end of the transplantation (COR: 1,
LOE: C-EO).

The principle of weaning ECMO at the end of transplan-
tation for pulmonary hypertension relies on the calculation
of the probability of developing severe PGD and/or early
hemodynamic impairment. As stated previously, emergent
on-demand use of ECMO has achieved poor early survival
and should be avoided in this population of patients. The de-
cision is based on multiple parameters, including hemody-
namic parameters from a Swan-Ganz catheter, morphologic
criteria from transesophageal echocardiography, and bio-
logical parameters (blood gases, lactic acid levels). The
goal is to predict the reliability of the weaning for the
next days. Decreased pulmonary artery pressures and
adequate oxygenation have been shown to be useful param-
eters for determining when to wean from ECMO, with a
published 98.5% rate of successful weaning.””

30. Early weaning from ECMO after transplantation
may avoid complications (bleeding, infection, and
vascular complications) (COR: 1, LOE: C-LD).
ECMO-related complications are correlated to its dura-
tion of use. Increased duration of use leads to vascular ac-
cess complications, including infection and thrombosis, as
well as oxygenator clotting and bleeding. The range of
vascular access complications ranged between 10% and
17% according to peripheral ECMO follow-up publica-
tions.'” There is no determined threshold, but the longer
the support, the higher the rate of complication. Hence,
the patient should be weaned from ECMO as quickly as
feasible. Further studies are needed to balance this goal
against the goal for achieving optimal left ventricular re-
modeling in patients with severe pulmonary hypertension.

SECTION 3B: WHAT IS THE OPTIMAL
MECHANICAL SUPPORT FOR PGD AFTER LUNG
TRANSPLANTATION?

Itis well recognized that 1-year survival is compromised in
patients with severe PGD following lung transplantation."”
In addition to prolonged ventilatory and pharmacologic
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support, ECMO as a BTR is an important adjunct to support
patients with rapid onset of PGD who are not improving
within the first 6 to 12 hours after lung transplantation.”
Based on data from the UNOS Registry for 2015 and 2016,
approximately 5% of all lung transplant recipients required
ECMO support following transplantation.''”

31. Mechanical support with ECMO is recommended
immediately after lung transplantation in patients
with severe cardiopulmonary instability. Peripheral
cannulation is preferred over central cannulation
(COR: 1, LOE: B-NR).

In patients with signs of severe cardiopulmonary insta-
bility on weaning from intraoperative extracorporeal life
support (CPB or ECMO) at completion of the transplanta-
tion procedure, mechanical support with ECMO is recom-
mended. Although intraoperative central ECMO via the
right atrium and ascending aorta can be extended to the
postoperative setting, most teams prefer to switch to periph-
eral cannulation to facilitate chest closure and reduce the
risk of postoperative bleeding from the chest despite a
greater risk of limb complications.*™'” However, no pro-
spective studies are available comparing outcomes after
central versus peripheral ECMO in the post-
transplantation period.

32. Early institution of ECMO is recommended in
lung transplant recipients with clinical signs of severe
PGD with a worsening trend in the first hours after
lung transplantation, to allow allograft recovery
while protecting from ventilator-induced injury
(COR: 1, LOE: B-NR).

Although it is often considered a treatment option of last
resort, several published reports describe good experiences
with ECMO for PGD and early post-transplantation out-
comes, 7700103105112 114 Thege  studies  indicated
acceptable perioperative outcomes when ECMO was insti-
tuted in a timely fashion, whereas delayed initiation
(>48 hours) has been associated with worse outcomes.'””
ECMO support allows the lungs to rest and recover pro-
tected from otherwise aggressive ventilation (peak

inspiratory pressure >35 cm H,0O) and oxidative stress
(fraction of inspired O, >60%) that can further aggravate
lung injury.

Patients with PGD requiring ECMO have inferior but
acceptable medium- and long-term survival compared
with those no receiving ECMO.”*'%*1%> Outcomes have
improved over the years with advances in oxygenating tech-
nology and surgical techniques.'"’

33. In patients with post-transplantation PGD
resulting in primarily respiratory failure
(hypoxemia/hypercarbia) with otherwise stable
hemodynamics and cardiac function, extracorporeal
support with VV-ECMO is recommended over VA-
ECMO because fewer procedure-related
complications (hemorrhagic, vascular, neurological)
can be expected (COR: 2b, LOE: C-LD).

VV-ECMO has been preferred over VA-ECMO for BTR
in recipients with severe PGD, resulting in fewer late
vascular complications.'”® Patients with PGD and severe
hemodynamic compromise may require peripheral or cen-
tral VA-ECMO, however.**'” Careful attention must be
paid to avoid limb ischemia distal to the arterial outflow
cannula, which potentially can obstruct the vessel. An ante-
grade leg perfusion cannula can mitigate this issue
(Figure 3); however, vigilance is still required to perform
regular arterial pulse checks with or without Doppler and/
or oxygen saturation with pulse oximetry in the distal leg.
Additionally, in patients on VA-ECMO, it is important to
use partial flows to ensure flow pulsatility, which is needed
to avoid stasis in the pulmonary circulation and allow for
proper graft perfusion and recovery.

The group from Duke proposed using VV-ECMO in pa-
tients with PGD instead of a VA cannulation strategy
because early right heart dysfunction with increased pulmo-
nary artery pressure and pulmonary vascular resistance may
recover with VV-ECMO following improved gas exchange.
The controlled flow of oxygenated blood through the lungs
maintained by VV-ECMO may facilitate recovery of the
lung parenchyma and minimize hypoxic pulmonary vaso-
constrictive response and risk of distal pulmonary

FIGURE 3. Anterograde perfusion with femoral cannulation. A, Antegrade distal limb perfusion catheter connected to the retrograde femoral arterial can-
nula via side Luer-Lok. B, Arterial insufficiency from retrograde femoral arterial cannula.
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. 105
vasculature thrombus formation.'”” However, no prospec-

tive studies are available comparing outcomes after VV-
ECMO with VA-ECMO in the post-transplantation setting.

34. Although the overall mortality is higher in lung
transplant recipients with severe PGD requiring
ECMO support compared to those without, the
impact on long-term pulmonary function in survivors
remains unclear (COR: 2b, LOE:C-LD).

Although some authors have reported on the impact of pre-
operative ECMO bridging to transplantation on long-term
pulmonary function and graft survival,'' the impact of post-
operative ECMO BTR on allograft function has not been
widely published. The Duke group reported considerably
worse maximum allograft function in lung transplant recipi-
ents who required ECMO compared with those who did not
(peak forced expiratory volume in 1 second, 58% in ECMO
vs 83% in non-ECMO; P < .001).”° Analyses of long-term
outcomes from centers that have previously reported their
experience with postoperative ECMO BTR are needed.

35. In patients on mechanical support for severe post-
transplantation PGD with no functional
improvement within the first 2 weeks, continued
ECMO as a bridge to retransplantation is not
recommended, given the low likelihood of a successful
outcome after early retransplantation. A decision to
list for urgent retransplantation can be made only on
multidisciplinary consensus (COR: 3, LOE: B-NR).

Several case series on early retransplantation after initial
lung transplantation have reported poor survival when the
indication for the procedure is prolonged PGD compared
with late retransplantation due to chronic lung allograft
dysfunction or an intractable airway problem.''>"'"®

The increased mortality after early retransplantation was
validated previously in a retrospective analysis of the
UNOS registry between May 2005 and December 2011.
Of the 456 lung retransplantations identified during the
study period, 64 were retransplantations performed within
90 days of the initial transplantation and the remainder
were retransplantations performed after 90 days. Following
a 1:1 propensity score matching, early retransplantation
(within 90 days) was associated with a survival disadvan-
tage compared with initial transplantation and late retrans-
plantation (after 90 days). Factors conferring worse
outcomes after retransplantation included intensive care
unit admission, unilateral transplantation, poor functional
status, and PGD as the indication for retransplantation.1 19

Listing for urgent retransplantation in cases of nonresolv-
ing PGD should always be discussed in a multidisciplinary
setting. Candidates should be carefully selected in light of
the ethical consideration of allocating a second lung to
one individual with a decreased predicted survival while
others await their first lung.

36. Transesophageal echocardiography is
recommended in all recipients with severe post-
transplantation PGD to exclude other causes of
pulmonary graft edema and/or hypoxia, such as left
ventricular dysfunction, the presence of intracardiac
shunts, or anastomotic pulmonary vein stenosis or
thrombosis (COR: 2a, LOE: C-LD).

Other causes of lung edema also may result in PGD,
for example, left ventricular diastolic dysfunction, espe-
cially in those with pulmonary arterial hypertension
with chronically underfilled left ventricle with low car-
diac output caused by high pulmonary vascular resis-
tance. Such a deconditioned left ventricle is not primed
to handle “normal” preload in the early postoperative
period.log"m’123 In addition, stenosis or thrombosis of
the pulmonary vein anastomosis may result in graft
edema and infarction if not recognized and treated
early (Figure 4).”*'?°  Finally, hypoxia post-
transplantation may be related to right-to-left shunting
in patients with (unrecognized) intracardiac shunts,
such as patent foramen ovale.'”’

Therefore, transesophageal echocardiography (TEE) is
recommended in all recipients with refractory hypotension
and unexplained hypoxia to exclude other causes. A
comprehensive TEE exam allows detailed examination of
the heart including valves, atrial septum, pulmonary veins,
pulmonary arteries, and biventricular function.'”*'* TEE
in the early postoperative period has become routine in
many lung transplantation centers to obtain a baseline for
future comparisons should problems arise in the early post-
operative period.

FIGURE 4. An infarcted pulmonary allograft secondary to thrombosis of
the pulmonary venous anastomosis.
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CONCLUSIONS

Lung transplantation is a challenging endeavor requiring
a team of dedicated individuals to navigate a complex set of
clinical situations. As with many aspects of medicine, insuf-
ficient data are available to provide clear answers about the
optimal path for many of these situations. We convened a
group of experts to systematically review the available liter-
ature on the use of MCS in lung transplantation and to deter-
mine recommended use criteria for MCS in the
peritransplantation period. In this document, we present
36 recommendations along with associated evidence to sup-
port the recommendations. As the field continues to gain
experience with this patient population and additional
data become available for analysis, some of these recom-
mendations may require revision. Until that time, we hope
that this document will serve as a useful reference for prac-
titioners navigating the complicated courses that lung trans-
plantation patients can exhibit.

Webcast ()
You can watch a Webcast of this AATS meeting presenta-
tion by going to: http://www.aats.org/resources/1836.
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Discussion
Presenter: Dr Matthew G. Hartwig
2 Dr Frank D’Ovidio (New York, NY).

Matthew, thank you for providing the
manuscript well in advance. This is a
consensus document generated by a
panel of world-recognized luminaries
in the field. I have one potential con-
P flicting question or comment. In an
== era where we are trying to switch
from protocolized medicine to personalized precision med-
icine, should we be advocating for one-tool-fix-all? I am
referring to the advocated intraoperative venoarterial extra-
corporeal membrane oxygenation (VA ECMO) support
applied a priori to patients with pulmonary hypertension
rather than a tailored approach according to the pathophys-
iology presented by each patient. For example, when ad-
dressing  patients  with secondary ~ pulmonary
hypertensions, which at times may respond to inhaled nitric
oxide. Further, when the secondary pulmonary hyperten-
sion is a consequence of hypercapnic acidosis, which can
be well managed by peripheral VV ECMO without the
need of a central aortic cannulation or peripheral femoral ar-
tery cannulation.

Dr Matthew G. Hartwig (Durham, NC). Thank you,
Frank. I think that’s a great question. These consensus doc-
uments I think are very difficult sometimes to develop, and
sometimes the discussion can be quite contentious, as you
can imagine, particularly with the lack of clear data. I think
as people have an opportunity to go deeper into the manu-
script once it’s in publication and understand a lot of the
conversation around each of the statements, a lot of that
also will become clearer to them. But I definitely concur
with your sense in general that we have a lot of options
out there to support patients, and that patients have very
particular reasons potentially for needing that support. So
I think there are certainly going to be special cases that
deviate from the relative norm and from certainly the idea
that one consensus statement can fit all. I believe that the
consensus document will allow for that flexibility so that
surgeons can continue to provide the type of care and sup-
port that they feel is appropriate in each individual situation,
absolutely.

Dr D’Ovidio. So along those lines, which were the more
contentious statements that were difficult to come to an
agreement?

Dr Hartwig. I think you could probably guess based on
Dr McCurry’s talk earlier, where some of that debate may
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be. But I think there is still a lot of discussion around
whether or not routine lung transplant truly benefits from
any extracorporeal support whatsoever, and so that gener-
ated a lot of conversation. And then probably the other topic
that people discussed the most (and certainly we got feed-
back on from the reviewers of the manuscript) was around
the bridging of the COVID patients and the appropriateness
of transplant in that patient population, particularly around
timing of listing, timing of evaluation, and timing of
transplant.

Dr D’Ovidio. And lastly, how frequently should we up-
date these documents?

Dr Hartwig. That’s a really good question. I think about
this all the time, and as the theme for this year has been
innovation and we know that this space—we’ve seen that
innovation, and we can see it in the need to develop these
statements. And I think this is going to be a document
and a concept that we need to revisit quite frequently.
And I don’t know if it’s 3 to 5 or so years, but this is defi-
nitely something that cannot sit on the shelf and not be re-
assessed in a regular fashion.

Dr D’Ovidio. Yeah, considering the rapidly evolving
technology.

Dr Hartwig. Absolutely.

Dr D’Ovidio. Thank you.

Dr Hartwig. Thank you for your questions and

comments.
Dr Usman Ahmad (Cleveland, Ohio).
Thanks, Matt. Well presented, and con-
gratulations on the work. I’d love to
hear some discussion (and a lot of the
panel members are in the room) around
the use of our continuous use of VA-
ECMO for idiopathic pulmonary hy-
pertension patients. And if there is a
strong sentiment about continuing support postoperatively,
then should the arterial cannulation strategy be different in
those patients so that the chest can be closed?

Dr Hartwig. That’s also a very good question and not
one that was I think addressed directly by any of the

consensus documents. My personal opinion is for those pa-
tients who you know you’re going to be—so if your strategy
a priori is to leave the operating room on mechanical sup-
port, that certainly dictates how you would cannulate in
the operating room.
N W% Dr Walter Klepetko (Vienna,
ok | Austria). If 1 am allowed to answer
your question with regard to transplant-
ing patients with primary pulmonary
hypertension on ECMO and potential
postoperative prolongation, we have
been setting up a protocol where we
did this in every patient in the begin-
ning. Later on, we realized that we’re most likely overdoing
it, and then we installed very clear criteria when to prolong
postoperative ECMO. And these criteria do not differ for
patients who have other indications or patients who have
the indication of primary pulmonary hypertension. The
outcome of this group is published, and it is excellent. So
I think there is no need to prolong ECMO in PH patients,
in every patient. You should do it only when there is a clear
need for that and the criteria are available in the literature.

{
=

Dr Hartwig. I agree.
Dr Kenneth McCurry (Cleveland,
Ohio). Indeed, Walter, that’s an impor-
tant point. If I may: Who in the audi-
ence, either in the case of idiopathic
pulmonary arterial hypertension or in
the case of IPF or secondary PH, who
is putting in left atrial pressure lines
and making decisions based on left
atrial pressure lines whether to leave the patient on
ECMO coming out of the operating room? No one? Every-
one’s seeing how the patient does and making a decision
based on graft function before you leave the OR? That’s
what you do, Walter?

Dr Klepetko. Depends on pulmonary artery pressure, as
well.

Dr McCurry. Yeah, that’s what we do as well. Sounds
like there’s general consensus there.
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