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The use of extracorporeal life support (ECLS) throughout the perioperative phase of lung transplantation requires nuanced
planning and execution by an integrated team of multidisciplinary experts. To date, no multidisciplinary consensus document
has examined the perioperative considerations of how to best manage these patients. To address this challenge, this
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perioperative utilization of ECLS in lung transplantation consensus statement was approved for development by the
International Society for Heart and Lung Transplantation Standards and Guidelines Committee. International experts across
multiple disciplines, including cardiothoracic surgery, anesthesiology, critical care, pediatric pulmonology, adult pulmonology,
pharmacy, psychology, physical therapy, nursing, and perfusion, were selected based on expertise and divided into subgroups
examining the preoperative, intraoperative, and postoperative periods. Following a comprehensive literature review, each
subgroup developed recommendations to examine via a structured Delphi methodology. Following 2 rounds of Delphi con-
sensus, a total of 22 recommendations regarding postoperative considerations for ECLS in lung transplantation met con-
sensus criteria. These recommendations focus on the criteria for postoperative ECLS as well as select multidisciplinary team
management considerations throughout the entire postoperative spectrum.
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BACKGROUND

First described in the literature for support of new-onset primary graft dysfunction (PGD)," reported indications for
postoperative extracorporeal circulatory life support (ECLS) have since expanded to include postoperative
prolongation for intraoperative cardiopulmonary dysfunction,” prophylactic extension for pulmonary arterial
hypertension (PAH) as the presenting recipient end-stage lung disease (ESLD),” and as an adjunct to a protective
ventilation strategy in patients with airway complications.” The data regarding postoperative ECLS utilization are
mixed, with most recommendations resulting from single-center retrospective studies. A recent consensus
statement from the American Association of Thoracic Surgery (AATS) provided guidance regarding postoperative
use, but the sample population of experts were from a single speciality.”

This perioperative utilization of ECLS in lung transplantation consensus statement was approved for development
by the International Society for Heart and Lung Transplantation (ISHLT) Standards and Guidelines Committee.”
International experts across multiple disciplines including cardiothoracic surgery, anesthesiology, critical care,
pediatric pulmonology, adult pulmonology, pharmacy, psychology, physical therapy, nursing, and perfusion were
selected based on expertise with a balance of geographical, gender, and career grade diversity. After selection, the
writing group was separated into preoperative, intraoperative, and postoperative sub-groups. Following a
comprehensive literature review, each sub-group developed recommendations to examine via a structured Delphi
methodology. Respective subgroup members were contacted by email and asked for statements evaluation. These
statements were evaluated in 2 rounds of a Delphi consensus survey delivered to all participants using a 9-point Likert
scale, to rate agreement on the importance of each statement and elicit free-text comments on the wording of each
item. Experts were asked not to respond to any statement outside their expertise field. In the Likert scale, a score of
1-3 signified limited importance of the item, 4-6 important but not critical, and 7-9 critical. If > 75% of respondents
scored a statement 7-9 and < 15% scored it 1-3, then that item was included in the consensus manuscript.
Conversely, consensus that a statement should not be included was defined as > 70% scoring it 1-3 and < 15%
scoring it 7-9. AR, AM, OM reviewed the responses and modified the checklist drafts based on the participants
scoring and feedback, editing phrasing and wording of checklist items, and merging redundant items, but ensuring
meaning was not significantly changed. Round 2 of the Delphi survey presented the results of round one to
participants, addressed clarifications, and served to refine the statements where consensus was not yet reached.
Participants were again asked to score the Round 2 statements on a 1-9 Likert Scale. Following 2 rounds of Delphi
consensus, a total of 22 recommendations regarding postoperative considerations for ECLS in lung transplantation
met consensus criteria. These recommendations focus on the criteria for postoperative ECLS as well as select
multidisciplinary team (MDT) management considerations throughout the entire postoperative spectrum. The class
and levels of evidence standards (Table 1) were utilized to grade the respective recommendations (Appendix A),
although many recommendations are based solely on expert opinion due to lack of available data.

While there have been recent guidelines discussing mechanical circulatory support within cardiothoracic
transplantation, the purpose of this consensus is to provide guidance to multidisciplinary teams as they provide
perioperative care for lung transplantation recipients. The postoperative consensus focuses on criteria for
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Table 1 Class and Levels of Evidence

Class |
Evidence and/or general agreement that a given treatment, procedure, or technique is beneficial, useful and effective as applied to patients,
clinicians, or researchers

Class Il

Conflicting evidence and/or divergence of opinion about the usefulness/efficacy of the treatment, procedure, or technique;
Class lla

Weight of evidence/opinion is in favor of usefulness/efficacy;
Class lIb

Usefulness/efficacy is less well established by evidence/opinion;

Class Il
Evidence or general agreement that the treatment, procedure, or technique is not useful or effective and in some cases may be harmful.

Level of Evidence A
Data derived from multiple, high-quality randomized clinical trials, meta-analyses of high-quality RCTs, or one or more RCTs corroborated
by high-quality registry studies

Level of Evidence B
Data derived from a single or multiple moderate-quality randomized clinical trial(s), meta-analyses of moderate-quality RCTs, or large
nonrandomized studies

B1 Data derived from a single or multiple moderate-quality randomized clinical trial(s), meta-analyses of moderate-quality RCT

B2 Data derived from one or more high-quality non-randomized, observational, or registry studies

Level of Evidence C
Consensus of expert opinion

C1 Expert opinion supported by small, observational studies, retrospective studies, meta-analyses of such studies, or physiologic/
mechanistic studies

C2 Expert opinion alone or with group communications/questionnaires

postoperative implementation, organ-system based MDT management, and considerations for future research
and technological development for ECLS in lung transplantation.

POSTOPERATIVE PLANNING

Whether transitioning directly from the intraoperative phase due to planned prolongation, persistent intraoperative
PGD or salvage therapy in the intensive care unit (ICU), MDT-based planning is vital to the success of recipients
requiring postoperative ECLS. The 2 main components key to the successful utilization of postoperative ECLS are
standardized institutional criteria for implementation of ECLS, as well as standardized clinical pathways for the
operational deployment of ECLS in the lung transplantation recipient.

Criteria for postoperative ECLS

Postoperative ECLS may be planned as a prolongation of intraoperative support, such as in the case of recipients
with PAH as their presenting ESLD. Pulmonary hypertension is a known risk factor for the development of PGD,
and patients with PAH have structural changes in the cardiac chambers that ultimately lead to left ventricular
diastolic dysfunction, making them particularly sensitive to hemodynamic changes and pressure increases in the
left atrium.® These pathophysiological changes, which are discussed below, place the recipient at high risk of
developing cardiopulmonary instability in the first hours after transplantation. The requisite time to allow for
ventricular remodeling has led some centers to prefer the utilization of veno-arterial extracorporeal membrane
oxygenation (VA ECMO) in both adult”® and pediatric” populations to provide cardiopulmonary support whilst
maintaining a state of controlled reperfusion.

Several groups have published retrospective series on the protocolized use of postoperative VA ECMO in this
particular group of patients with good short and long-term results.”'°"'? The reasoning behind the unloading of
the pulmonary circuit during the first hours or days after lung transplantation in this subset of recipients is a
generally accepted concept, with the aim of preventing an overflow of cardiac output to the newly implanted grafts
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as well as allowing some degree of remodeling in both the right and left ventricles. The right ventricle, which often
develops right ventricular hypertrophy in the setting of chronically elevated afterload, '* is at risk of dynamic right
ventricular outflow obstruction in the immediate postoperative period due to decreased afterload of the new
pulmonary bed. The left ventricle, which can present with severe diastolic dysfunction due to chronic underfilling
in the setting of PAH, may be prone to failure in the immediate postoperative period until left ventricle remodeling
has occurred. In the context of this acute perioperative period, the remodeling process includes both a
normalization of abnormal cardiac anatomical position of the interventricular septum as well as optimization of
filling pressures and contractility.” These benefits of planned prolonged VA ECMO, which also include the ability
to provide a lung protective ventilation strategy to the newly implanted grafts, ' need to be balanced with the risks
of maintenance of ECMO including bleeding, open chest, and vascular complications.” > Balancing the benefit
of planned prolonged VA ECMO with the inherent risks of VA ECMO, whether central or peripheral, should
therefore be individualized to each recipient within a structured institutional protocol designed with multiple
parameters including hemodynamic, echocardiographic, and laboratory data at time of reperfusion to guide their
candidacy for VA ECMO prolongation.

Postoperative ECLS may also be prolonged from the intraoperative phase when the newly implanted graft
shows signs of new-onset PGD such as pulmonary edema, decreased compliance, or poor oxygenation. Severe
PGD remains the leading cause of early mortality after lung transplantation, with an incidence ranging from 15% to
25% in published series.'®'” The application of postoperative veno-venous (VV) ECMO, which allows for lung
protective ventilation by assisting in oxygenation and decarboxylation support whilst the newly implanted grafts
can recover without the deleterious effects of aggressive lung ventilation, has been shown to substantially improve
survival in patients who develop severe PGD post-implantation.’®'® Whilst the precise determinants leading to
severe PGD are unknown and involve factors related to donor, pulmonary preservation, surgical, anesthetic, and
recipient characteristics,”” evidence suggests that the earlier ECMO is instituted the greater the benefit in terms of
graft viability and survival.”" “” The recent ISHLT/Heart Failure Society guideline on acute mechanical circulatory
support recommends institution of VV ECMO in acute non-transplant pulmonary failure if PaO,/FiO, ratio is < 50 if
FiO, of 1 for at least 1 hour without recruitment maneuvers or if the ratio is <50 with an FiO, of > 0.8 for at least
3 hours.”® If the indication for ECMO is delayed to a phase in which structural damage to the lungs is already
established, it is less likely that an effective and complete recovery will be achieved. As such, we advise that a
decision be made as early as possible on the need to extend ECMO therapy in the postoperative phase, based on
objective criteria in situations where there is evidence of poor cardiopulmonary function despite optimal use of
inotropic medications, pulmonary dilators,”” echocardiographic evidence of patent vascular anastomoses,” and
ventilatory parameters'” after implantation of the second graft. To this end, we recommend oxygenation levels of
Pa0,/FiO, < 100 and/or hemodynamic parameters of mean pulmonary arterial pressures > 2/3 of mean systemic
preszsgures as objective cut-offs for the implementation of ECLS support after graft implantation for postoperative
use.”

Although there is still controversy in what mode of ECLS should be applied for new-onset PGD either post-
reperfusion in the operating room or postoperatively in the ICU for salvage therapy, VV ECMO is still the most used
due to its simplicity and low risks of complication. Elevated post-reperfusion pulmonary pressures have been
noted to predict PGD,*° but the choice of postoperative VA ECMO for severe PGD has been shown to be
associated with worsened outcomes as compared to VV ECMO.”" Although VV ECMO does not share the benefits
of VA ECMO in reducing blood flow to the lungs, the oxygenated blood in pulmonary circulation provides
pulmonary vasodilation with subsequent decrease in pulmonary arterial pressures.®” Weighing these risks and
benefits, we recommend the use of VV ECMO as the preferred postoperative ECLS configuration for new-onset
PGD, whether post-reperfusion in the operating room or postoperatively in the ICU.

Recommendations

1. Postoperative prolongation of ECMO may be considered in recipients with pulmonary arterial hypertension as
presenting etiology of end-stage lung disease to decrease the risk of primary graft dysfunction (CoR: lla
LoE: B2).

2. After second lung implantation, ECLS therapy should be maintained if any of the following signs of cardio-
pulmonary dysfunction are present after medical optimization: PaO4/FiO, < 100 or mPAP/MmSAP > 2/3 (CoR:
lla LoE: C1).

3. The preferred ECLS postoperative configuration for early new-onset PGD is veno-venous except in case of
cardiopulmonary dysfunction, in which case the appropriate configuration is veno-arterial (CoR: | LoE: B2).
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Postoperative ECLS implementation

After determination that a recipient meets criteria for postoperative ECLS, implementing a structured MDT clinical
strategy is vital for successful deployment. This initial strategy should incorporate both the appropriate MDT
structure as well as immediate cannulation configuration considerations for the respective form of ECLS tailored to
the recipient’s cardiopulmonary support requirements.””

Implementation of postoperative ECLS should engage members of all relevant services, and communication
of unanticipated ECLS deployment is recommended through a centralized pathway that activates resources to
provide appropriate transition of care from the intraoperative to postoperative period.** All patients requiring
postoperative ECLS following lung transplantation require around the clock care in the ICU delivered by an MDT
and each member of the MDT involved in direct care of the patients must have received specified ECLS training
set by their regulatory organizations.® While traditionally led by an ICU physician, one of the key members of the
team is the bedside registered nurse (RN), who must manage the multi-organ needs of these patients as well as
the ECLS circuit and cannulation sites. Staffing models for bedside RN to postoperative ECLS patients should be
1:1, with training to recognize major complications associated with different ECLS cannulation configurations and
trained in emergency procedures if there is a sudden ECLS circuit failure.”®

Other trained ECLS personnel such as perfusionists and perfusion technicians should be available 24 hours a
day to assist with any technical and circuit-related concerns, including ECLS circuit exchanges. Early involvement
of physiotherapy and respiratory therapy teams is vital to optimize respiratory ventilatory function whilst the patient
is receiving ECLS support, and early rehabilitative physiotherapy has been shown to reduce the risk of muscle
atrophy whilst improving recovery trajectory for the ECLS patient.”” The psychosocial needs of the ECLS patient
are multifactorial, ranging from behavioral and social factors to management of postoperative delirium. The
development of post-traumatic stress disorder (PTSD) is common in patients who have been on ECLS, and
untreated PTSD may result in poor medication adherence post-transplantation.”®*” Due to the multifactorial
contributions for postoperative psychological state in patients on ECLS, consideration of pharmacological support
for any psychiatric symptoms should be consulted on with psychiatric physicians within the MDT.*°

Although the data are sparse, they suggest that outcomes of peripheral or central cannulation of VA ECMO
result in comparable survival and ability to provide cardiorespiratory support.*'** Given the ability to employ
peripheral VA ECMO in awake patients, most centers favor peripheral cannulation for postoperative use.
Nonetheless, there are situations where central cannulation may be considered. The most common issue with
peripheral cannulation is inadequate venous drainage, which may be addressed by upsizing the cannula or
placing additional cannulae in alternative sites. Conversion to central venous cannulation allows for bigger
cannulae, which is rarely required, however challenges with arterial reinfusion are more likely to require
conversion to central cannulation. These challenges include cannula size limitations®"*® and differential upper
body hypoxemia, also known as North-South/Harlequin syndrome.**

Harlequin syndrome is a phenomenon that occurs when VA ECMO is deployed using the femoral artery in
patients with combined cardiopulmonary dysfunction. Reinfused oxygenated blood from the ECMO circuit flows
retrograde through the aorta, creating a “transition point” as it meets antegrade poorly oxygenated blood from the
left ventricle.”“* When this occurs, one option is to switch to axillary artery cannulation, although theoretically one
can still have Harlequin syndrome affecting the coronary circulation with this configuration.”® " When patients are
considered high-risk for this complication, either converting to veno-arterial venous (VAV) ECMO or remaining on
central cannulation is an option. Lastly, although peripheral VA ECMO is generally favored, one may consider
using central cannulation when postoperative VA ECMO is needed in the setting of leaving the chest open in the
operating room to avoid tamponade or cardiac compression.

The femoral artery is the most common site of arterial reinfusion in peripheral VA ECMO.***° Depending on
the artery caliber and cannula size required, flow to the ipsilateral limb may be reduced, resulting in limb
hypoperfusion. Clinical manifestation of acute limb ischemia (ALI) can occur in up to 28% of cases.”””" ALl is
associated with significant morbidity,””°* with risk factors including female sex, age, diabetes, and pre-existing
peripheral vascular disease.” “° Several studies have demonstrated that procedure-related factors, such as
larger cannula size and the absence of a distal perfusion catheter (DPC) were associated with a higher incidence
of ALL.°"*" Therefore, monitoring for ipsilateral limb ischemia should be performed in patients with VA ECMO
where the femoral or subclavian artery are cannulated. The foundation of monitoring should first be regular
clinical examination of the extremity for temperature, color, capillarity, compartment syndrome, and Doppler
detection of peripheral pulses.”®>> Whereas routine sonographic imaging or angiography have not been
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examined, Near-infrared spectroscopy (NIRS) may have a role in monitoring limb ischemia.®”°" A recent
investigation found that NIRS monitoring was associated with a decreased incidence of ischemic events requiring
procedural correction.” As such, we recommend NIRS has part of an institutional protocol to provide early
detection of ALl to allow the possibility of intervention before the onset of irreversible limb damage.

Prevention of ALI may be initiated with early detection via monitoring or after ALI has presented. Surgical
techniques range from a synthetic graft sewn to the artery in an end-to-side fashion with avoidance of obstruction
of the artery to open surgical thrombectomy.®® > More commonly, a DPC is placed at time of insertion of the
peripheral VA ECMO to provide limb perfusion beyond the cannulation site. While there are risks with placement™®
and data remain mixed regarding the DPC'’s ability to prevent ALI, we recommend the insertion of a DPC at time of
VA ECMO initiation based on the conclusion from many studies that their routine use may reduce ALL.°" This
recommendation is also made within the context of recommending a protocolized and comprehensive monitoring
strategy to include NIRS.%%6%.69

Recommendations

1. A multi-disciplinary ECLS team managing a postoperative patient should consist of staff that assess ongoing
medical, nursing, rehabilitation, and psychosocial needs of the patient (CoR: | LoE: C2).

2. Specific situations where central cannulation should be considered include cannulae size limitations, high risk
of North South/Harlequin syndrome, and in patients with packed chests who utilized central cannulation
intraoperatively (CoR: lla LoE: C1).

3. Limb ischemia monitoring should be utilized following institution of peripheral VA ECMO (CoR: | LoE: B2).

4. Insertion of a distal leg perfusion cannula should be routine following the institution of peripheral lower ex-
tremity VA ECMO depending on patient risk and vascular anatomy (CoR: | LoE: B2).

POSTOPERATIVE MANAGEMENT

While successful postoperative utilization of ECLS is part of the continuum of perioperative care, it is important that
MDT teams manage these complex patients with an organ-system based approach that synergizes
multidisciplinary ICU care within a comprehensive strategy of postoperative management.

Coagulation and cardiovascular management

Anticoagulation for postoperative ECLS in lung transplant recipients must be balanced with mode of ECLS,"” risk
of bleeding, and circuit type. Whereas several retrospective studies have shown that patients supported with VV
ECMO can safely be supported with reduced or no anticoagulation,”’’“ one large systematic review noted an
incidence of major thrombosis during VA ECMO utilization of 8%, and patients who are on postoperative ECMO
may be prone to both bleeding and clotting due to systemic inflammatory response syndrome, sepsis, or hepato-
renal failure.”* Within minutes of ECMO initiation, there is a consumptive coagulopathy and dilution of coagulation
factors’” as well as platelet activation’® and reduction of fibrinogen levels.”” The thrombogenicity of the circuit
may decrease over time due to the Vroman effect, whereby competitive protein exchanges on solid surfaces
occur due to absorption of coagulation factors to the circuit surface that are subsequently replaced by
coagulation-neutral proteins.”®

In addition to these variables, the decision to anticoagulate should also weigh the risks of perioperative
bleeding with consideration of baseline hypercoagulable states, indwelling coronary artery stents, prosthetic
valves, atrial fibrillation, or recent cerebrovascular ischemic events. Unfractionated heparin is the most used
anticoagulant in both adult and pediatric ECMO due to its familiarity in use, short half-life and reversibility.”**" In
addition to exogenous administration, heparin is also used as a circuit surface coating to reduce thrombus
formation and improve hemocompatibility.”'* For patients with heparin-induced thrombocytopenia, alternative
anticoagulants should be utilized.

Heparin achieves its anticoagulant effect by binding to antithrombin and subsequently inhibiting thrombin and
a host of coagulation factors. Upon initiation of ECMO, antithrombin Il levels are decreased,”” and studies have
advocated monitoring adequacy of anticoagulant effect by using activated partial thromboplastin time (APTT),
factor Xa monitoring,®* or activated clotting time (ACT).%” Viscoelastic testing such as thromboelastography (TEG)
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or rotational thromboelastometry (ROTEM) can additionally indicate clotting time, strength of clot formed, and
fibrinolysis. ROTEM has been shown to have moderate to strong correlation to aPTT® and is now available as
point of care.”” While the test’s ability to predict bleeding or thrombosis on its own are controversial,”*“? studies in
lung transplantation have shown reduction in administration of blood products and optimization of coagulation
strategy when point of care testing is utilized.”® ?* Given the dynamic and individualized needs for anticoagulation
strategy in the postoperative lung transplantation patient, we recommend that rapid point of care testing be
utilized, when available, at bedside in the ICU.

Weaning ECMO support is specific for each type of circuit, whether due to isolated pulmonary or
cardiopulmonary failure, and pulmonary recovery approach is mostly extrapolated from literature examining
management of acute respiratory distress syndrome.” Improvement in recipient graft function is reflected by
alveolar inflammation reduction,”” lung compliance improvement, and reduction on infiltrates in pulmonary
imaging.” These early signs of lung recovery reflect the beginning of satisfactory oxygenation and
decarboxylation, which may be due to PGD or systemic inflammation due to ventilation-induced lung injury (VILI)
that results in damage to the lung parenchyma.”°” As ECMO weaning is initiated, it should be in accordance with
a lung protective strategy,” although the data are mixed regarding the efficacy of a particular approach emerging
from lung injury.”” We recommend tidal volumes tailored to donor’s ideal body weight'”" as well as alterations to
ventilation strategy depending on postoperative opening or closing of the chest wall.'”" Regardless of the lung
protective strategy employed, we recommend weaning of VV ECMO when improvements are noted clinically,
radiologically, and biologically with improvements in both gas exchange and pulmonary compliance.”® %

In the setting of hemodynamic stability, gas exchange parameters in conjunction with a lung protective
ventilatory strategy should guide weaning from VV ECMO due to isolated pulmonary dysfunction.'® Previous
studies in non-lung transplantation populations are the best available data to guide VV ECMO weaning.”® % In the
CESAR trial, ECMO was weaned from chest X-ray appearance and lung compliance improved along with adequate
gas exchange without excessive ventilation (peak pressure < 30 cm H,O and FiO, < 60%).'% In the ECMO to
Rescue Lung Injury in Severe ARDS (EOLIA) trial,”® the VV ECMO weaning test involved turning sweep off for an
hour in combination to decreasing FiO, to assess adequacy of lung function prior to discontinuation. We
recommend combining a stepwise weaning function combined with both a trial of sweep off and sequential arterial
blood gases to ensure adequacy of both oxygenation and decarboxylation in the recovering transplanted grafts.

When weaning from VA ECMO, the weaning must be approached with consideration given to the dual aspects
of satisfactory respiratory function and stable hemodynamics. Similar to VV ECMO, no high-quality comparative
studies to approaches are present in the literature to promote one strategy over another. However, there are
retrospective cohort studies describing the practice in high-volume centers.'®* In addition to strategies for
pulmonary weaning that are consistent with the VV ECMO recommendations made above, VA ECMO weaning
should be via a stepwise fashion that incorporates ongoing assessment of hemodynamic monitoring, inotropic
medication requirements, and serial echocardiography. Separation should be considered when there is pulsatile
arterial blood pressure, echocardiographic evidence of biventricular recovery, normal lactate levels, decreasing
inotropic medication support, and compensated end-organ function.'® '°® Importantly, these functional
parameters should be performed after closing the chest. In the setting of VA ECMO weaning due to PAH, literature
also suggests a weaning strategy using awake VA ECMO to prevent ventilator-associated complications whilst
providing time for gradual adaptation of the left ventricle to new loading conditions. '

Recommendations

1. Utilization of heparin within the first 48 hours post-transplant should be determined by circuit coating, patient
hemostasis, and mode of ECLS (CoR: | LoE: B2).

2. If available, anticoagulation therapy in the postoperative setting should utilize point of care coagulation as-
sessment for optimal therapy (CoR: | LoE: B2).

3. In the setting of postoperative VV ECMO, weaning should be initiated at signs of graft recovery including
improvements in compliance, gas exchange, and radiological infiltrates (CoR: | LoE: B2).

4. Weaning of VV ECMO should be approached in a stepwise fashion, with gradual reduction in flow guided by
sequential arterial blood gases. A trial of sweep OFF should be conducted prior to decannulation (CoR: lla
LoE: C1).

5. Weaning of VA ECMO should be approached in a stepwise fashion, with gradual reduction in flow con-
comitant with sustained cardiopulmonary hemodynamic stability guided by graft function, invasive monitoring,
and echocardiography (CoR: lla LoE: C1).
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Pulmonary management

Good physical conditioning and rehabilitation potential are essential for patients to achieve early recovery
following lung transplantation. This key to recovery is significantly impaired during mechanical ventilation and
ECMO therapy, not only due to the deleterious effects of mechanical ventilation on the respiratory system but also
the prolonged immobility due to sedative drugs and muscle relaxants.”'”""" Due to these risks of patient
deterioration, protocols should be crafted for patient extubation whilst on ECMO to allow for both respiratory
physiotherapy and ambulation.'' While studies have examined the impact of recipient disease on early
extubation during the intraoperative period,'"®"'"* none have been formally structured to examine the impact of
recipient disease on extubation on ECLS within the postoperative period. In order to achieve this goal, it is
essential to consider not only the functional status of the newly implanted lung, but also the presence of co-
morbidities related to the recipient’s underlying diagnosis, including concomitant infections, previous pulmonary
hypertension, and sarcopenia.’'”

One significant impediment to extubation in the postoperative period are anastomotic complications.
Anastomotic complications may occur after lung transplantation and are reported to have an incidence ranging
from 1.4% to 33% of cases.''® When present, they can be associated with increased morbidity and mortality, and
result in death in 2-4% of cases.''”"'® Anastomotic complications collectively include any injury involving the
tracheal or bronchial anastomoses, such as ischemia, necrosis, stenosis, or dehiscence. Dehiscence may be
observed in 1-10% of transplant recipients. The etiology of dehiscence is thought to result from severe airway
necrosis, and while uncommon, typically occurs within 1-5 weeks of transplant. Additional risk factors include
severe PGD, prolonged mechanical ventilation, respiratory infections, and donor-recipient height mismatch.''®""?
Classification systems for airway anastomotic complications post lung transplantation have been suggested, with
the most recent proposal by the ISHLT.'?® Management options include placement of an airway stent, surgical
repair, or retransplantation. While mechanical ventilation may be used to support patients with severe anastomotic
complications, positive airway pressure may impair healing. ECMO support has been increasingly recognized as
an alternative to mechanical ventilation in the presence of significant airway complications.'®" Studies have
described the successful use of VV ECMO to support patients with anastomotic complications, including
dehiscence, either to resolving the defect or bridging to retransplantation.®'**'*® As such, we recommend a
prioritization of early VV ECMO to be used in lieu of mechanical ventilation to address significant bronchial
dehiscence following lung transplantation.

If non-surgical measures, including the deployment of ECMO, fail to promote healing postoperatively, the
patient may be brought back to the operating room. Risk factors associated with this failure to heal include
ongoing critical donor bronchial cartilage ischemia, prolonged and aggressive mechanical ventilation, ongoing
bronchopulmonary infections, and technical problems.’'®""® In this context, the use of ECMO, as opposed to
cardiopulmonary bypass (CPB), offers the possibility of maintaining the patient’s respiratory status with relatively
decreased anticoagulation, inflammation, and smaller priming volumes.'“*'“ If there is concern regarding the
possibility for CPB in the setting of associated massive hemorrhage or full cardiopulmonary support, the surgical
team should consider the utilization of a hybrid ECMO-CPB circuit which allows full conversion from ECMO to CPB
as needed.'”® We therefore recommend utilization of ECMO for primary pulmonary or cardiopulmonary support
over CPB for patients requiring surgical repair of ongoing bronchial complications.

Recommendations

1. Recipient graft function and etiology of recipient end-stage lung disease should be considered when de-
termining suitability for extubation on postoperative ECMO (CoR: lla LoE: C1).

2. VWECMO may be used in lieu of mechanical ventilation to address significant bronchial dehiscence following
lung transplantation (CoR: lla LoE: C1).

3. Utilization of ECMO for cardiopulmonary support during repair of bronchial complications may be used in-
stead of conventional cardiopulmonary bypass (CoR: lla LoE: C1).

Neuropsychological management

Pain is a complex syndrome, with surgical ICU patients having an incidence of acute and persistent pain
approaching 74%.'“" ICU patients who have acute and persistent pain 3-16 months after their hospitalization
recall significantly higher procedural pain and pain-related distress than reported in the hospital.'“” Ideally, pain is
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measured in multiple domains by both pain and quality-of-life inventories that are self-reported. Because many
different measurement scales are in existence, with various degrees of implementation in clinical practice, the
Initiative on Methods, Measurement and Pain assessment provided consensus as to what domains to measure,
along with discussion of which tools to use to improve clinical trial methodology in the field of pain
management.'“” In the fully communicative ICU patient, these comprehensive pain assessments combined with
health quality of life measurements may be possible to help guide the MDT. However, they are limited to patients
that can self-report on multiple assessment and may be impractical to consistently implement in the ICU,
especially in the non-communicative patient.

Measuring multidimensional pain in the ICU in the ECLS-dependent lung transplant recipient is difficult, since
there may be competing critical medical issues, ongoing intubation, tracheostomy, sedation, or delirium. Well-
established and commonly used measures of pain include the Nonverbal Pain Score (NPS), Numerical Rating
Score (NRS), Visual Analog Scare (VAS), and Brief Pain Inventory (BPI).'*® When patients are unable to rate their
pain, the Behavioral Pain Score (BPS) and critical-care observational tool (CPOT) are objective pain assessment
that have demonstrated validity and reliability in the ICU setting.'®' When the BPS and CPOT have been
compared, they were both found to be highly predictive, sensitive, and specific with good negative predictive
value and high interrater reliability.'* Given the heterogeneity of recipient and surgical factors that may contribute
to pain, we recommend that objective methods for assessing recipient’s subjective pain be utilized in the
postoperative ECLS patient. '

Acute and chronic postoperative pain have a high incidence after lung transplantation and are associated
with a worsened postoperative course.'®* '*° Recipient risk factors for postoperative pain after lung
transplantation include preoperative opioid-dependent chronic pain and psychiatric comorbidities. '*° '%°
Surgical sources of pain may include the incision, indwelling thoracostomy or feeding tube, and indwelling ECMO
cannulae. Choice of pain control for the ECLS-dependent patient is often challenging, as there may be frequent
comorbidities accompanying severe PGD and critical illness, namely a high incidence of delirium, kidney injury,
and increasing bleeding risk due to potential coagulopathy.'* Thoracic epidural analgesia (TEA) has been
established as the gold standard for postoperative analgesia after lung transplantation,'“” but has not been well-
studied in patients requiring ECLS. Benefits of TEA include improved pain control, graft function, extubation times,
and reduced ICU length of stay during hospitalization.'*' One observational study showed improved analgesia
and no differences in rates of CPB, PGD, length of mechanical ventilation, or adverse pulmonary events in lung
transplant recipients with preoperative TEA compared to patients who received TEA postoperatively.'* However,
patients who develop coagulopathy or are likely to be ECMO dependent postoperatively are not good candidates
for this procedure due to the potential of a neurologically devastating epidural hematoma or hemodynamic
challenges in the setting of sympathectomy related to this catheter-based analgesic approach. Strategies for non-
catheter regional based techniques have shown some benefit, including bilateral paravertebral blocks, multi-level
intercostal nerve blocks, thoracic fascial plane blocks, and cryoablation of intercostal nerves.'**'** However,
their efficacy has not been directly compared to TEA in lung transplantation, and clinical trials are lacking. If
anticoagulation and ECLS is ongoing, these are reasonable regional techniques to consider, however, we
recommend placement only within appropriate regional anesthesia coagulation guidelines. Non-opioid adjuncts
for pain control, including dexmedetomidine, acetaminophen, gabapentin, methocarbamol, and ketamine may
also be additive with some short-term benefits as described in small retrospective studies, case series, and
published institutional protocols.'*® We recommend the inclusion of these medications within the structure of
perioperative rapid recovery protocol and the context of the patient’s medical condition, neurologic status, and
polypharmacy whilst on ECLS.

The psychosocial needs of the postoperative recipient on ECLS will encompass different domains, including
physical and psychological function, as well as behavioral and social factors. Non-transplant literature reports that
survivors of ECLS have a very high rate of depression, with those who received VV ECMO at a higher risk than
those who received VA ECMO.'** Early psychological screening for anxiety, depression, and PTSD related to
ongoing postoperative ECLS promotes early psychological interventions tailored to the individual patient’s needs.
Patients on ECLS may have higher rates of depression and anxiety, which might impact their engagement with a
rigorous outpatient transplant program upon discharge. Studies have shown that anxiety is higher in lung
transplantation recipients as compared to heart transplantation, and that risk factors include early complications
post-transplantation, although ECLS was not specifically mentioned.'“® Depression has been shown to have a
negative impact on outcomes in lung transplantation recipients, including increased risk of organ rejection and
death."” Given these risk factors and potential impact on outcomes, we recommend a comprehensive
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psychosocial screening and support strategy for patients while on postoperative ECLS as well as within 6 months
post-discharge from the hospital. A multidisciplinary approach to post-discharge care should include both
ongoing assessments of psychosocial needs as well as potential pharmacological support for any psychiatric
symptoms that does not negatively interact with their ongoing medication regimens.*”

Recommendations

1. Objective methods for assessing the recipient’s subjective pain should be utilized in patients on postoperative
ECLS in the intensive care unit (CoR: | LoE: C1).

2. Non-opioid analgesia techniques should be implemented in the postoperative period for patients on post-
operative ECLS (CoR: | LoE: B2).

3. Within 6 months post-discharge from the hospital, patients should receive a psychological assessment
screening for anxiety, depression, and post-traumatic stress related to postoperative ECLS (CoR: | LoE: C1).

POSTOPERATIVE ECLS OUTCOMES AND PERSPECTIVES FOR FURTHER
RESEARCH

Advancing the science and art of lung transplantation is achieved through collaborative efforts from diverse
groups across the global community. This section of the consensus looks towards the future, with expert
consensus of selected topics that are recommended to be studied by the broader scientific community.

ECLS rescue outcomes, weaning criteria and novel multicenter registry expansion

Several retrospective studies show that early ECMO utilization is associated with better outcomes.” “' This
improvement in outcomes may be due to the fact that early respiratory failure post lung transplantation is mainly
due to reperfusion-induced lung edema, “® but post-transplantation ECMO has been shown to improve outcomes
regardless of the origin of failure.'*” Hence, the question of the preemptive use of ECMO in high-risk situations has
been evaluated for 2 decades. Mulvihill et al'' reported risk factors from the United Network for Organ Sharing
database which were associated with post-transplantation use of ECMO: ischemic time, pre-transplantation need
of ECMO, or mechanical ventilation. Of interest, no clinical trials have compared prophylactic ECMO use in high-
risk patients. Prophylactic ECMO use has only been studied in a subgroup of higher-risk patients referred to
transplantation for PAH, where it was shown to be a viable strategy to deal with diastolic dysfunction of the left
ventricle and demonstrate better survival than on-demand rescue ECMO.?%?? As such, the broader impact of
early implementation of postoperative ECLS as a rescue therapy on outcomes is yet unknown and demands
investigation.

Whereas the benefit of postoperative prolongation has been shown within the PAH population, the optimal
strategy for weaning these patients from ECMO has yet to be elucidated. Cardiogenic edema is common after
double lung transplantation in patients with pulmonary hypertension due to the acute drop in pulmonary vascular
resistance and subsequent increase in left ventricular filling pressure.® One strategy to date has been left
ventricular filling pressure monitoring via left atrial pressure catheter to guide weaning of ECMO after
transplantation.'”? "*" The invasive nature of this technique is a limiting factor, and measuring left ventricular filling
pressures with invasive measurements alone has been shown to be inferior to a combination of clinical and
echocardiographic monitoring in a non-ECMO population.'”" We recommend development of a multi-faceted
approach to weaning postoperative ECMO in this patient population, ideally with a direct comparison of invasive
versus non-invasive monitoring, in order to help design protocols for balancing the risks and benefits of ongoing
ECMO to aid in cardiopulmonary remodeling postoperatively.

To date, small studies have discussed approaches of integrating a structured echocardiographic protocol on
ECLS in the non-transplant population.'®* "> A variety of parameters have been described, ranging from basic
quantification of biventricular function such as ejection fraction or fractional area change, to advanced techniques
including tissue doppler and strain analysis. > '°® In addition to these techniques, data have also shown that the
relationship of cardiac function and the development of PGD is complicated, as one study showed that improved
right ventricular function was associated with the development of PGD post-lung transplantation.'® Inclusion of
perioperative echocardiographic data in the ISHLT Registry would allow for a more thorough investigation of these
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relationships in the ECLS population. Due to concerns for reproducibility, inter-operator and inter-observer
variability, echocardiographic parameters for inclusion should be relatively straightforward to obtain and should
be captured in conjunction with ongoing hemodynamic variables. While this topic extends beyond the scope of
this manuscript, a structured multidisciplinary Delphi approach to define a perioperative echocardiographic
protocol should be developed and validated.

Multi-center registries should also examine recipient demographics and outcomes as related to regional
anesthesia and postoperative ECLS support. One of the biggest limitations to the deployment of regional
anesthesia in the postoperative ECLS population is the presence of ongoing coagulopathy, however, the increase
in literature describing a heparin-free approach in ECLS may attenuate this limitation moving forward. Future
investigations should therefore focus on balancing the risks and benefits of regional anesthesia in this population
as it relates to underlying end-stage lung disease, hemodynamic impacts from sympathectomy, and ongoing
regional anesthesia with physiotherapy. Finally, investigations should also focus on timing of deployment and
technique of regional anesthesia with recipient outcomes including duration of ECLS, mechanical ventilation, ICU
length of stay, hospital length of stay, and long-term psychosocial indices of hospital-related depression, anxiety,
and PTSD.

Recommendations

1. The impact of early implementation of postoperative ECLS as a rescue therapy on outcomes should be
examined (CoR: | LoE: C2).

2. Development of criteria for ECMO weaning in pulmonary arterial hypertensive patients for ventricular re-
modeling should be pursued (CoR: | LoE: C2).

3. Perioperative echocardiographic data should be included in the ISHLT Registry to examine the relationship
between the utilization of ECLS and cardiac function with allograft recovery after lung transplant (CoR: |
LoE: C2).

4. Multicenter registries should examine recipient demographics and outcomes to elucidate the risk-benefit
balance of early regional analgesia utilization in patients with postoperative ECLS (CoR: | LoE: C2).

CONCLUSION

The postoperative management of lung transplantation patients has significantly changed since the first lung
transplantation was performed by James Hardy in 1963. Over time, the evolution of management has been
progressed through the efforts of multiple medical disciplines, often driven more by expert opinion than rigorous
data. The multidisciplinary nature of this consensus statement adds significant weight to the expert opinion
achieved, but it is our hope that these statements form the foundation of future scientific investigations of these
diverse topics within the postoperative utilization of ECLS in lung transplantation.
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APPENDIX A. SUMMARY OF RECOMMENDATIONS

Section 1. Postoperative planning
1.1 Criteria for postoperative ECLS

1.1.1 Postoperative prolongation of ECMO may be considered in recipients with pulmonary arterial hy-
pertension as presenting etiology of end-stage lung disease to decrease the risk of primary graft
dysfunction (CoR: lla LoE: B2).
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1.1.2 After second lung implantation, ECLS therapy should be maintained if any of the following signs of
cardiopulmonary dysfunction are present are medical optimization: PaO2/FiO2 < 100 or mPAP/mSAP > 2/
3 (CoR: lla LoE: C1).

1.1.3 The preferred ECLS postoperative configuration for early new-onset PGD is veno-venous except in case
of cardiopulmonary dysfunction, in which case the appropriate configuration is veno-arterial (CoR. | LoE: B2).

1.2 Postoperative ECLS implementation

1.2.1 A multi-disciplinary ECLS team managing a postoperative patient should consist of staff that assess
ongoing medical, nursing, rehabilitation, and psychosocial needs of the patient (CoR: | LoE: C2).

1.2.2 Specific situations where central cannulation should be considered include cannulae size limitations,
high risk of North South/Harlequin syndrome, and in patients with packed chests who utilized central cannu-
lation intraoperatively (CoR: lla LoE: C1).

1.2.3 Limb ischemia monitoring should be utilized following institution of peripheral VA ECMO (CoR: | LoE: B2).
1.2.4 Insertion of a distal leg perfusion cannula should be routine following the institution of peripheral lower
extremity VA ECMO depending on patient risk and vascular anatomy (CoR: | LoE: B2).

Section 2. Postoperative management
2.1 Coagulation and cardiovascular management

2.1.1 Utilization of heparin within the first 48 hours post-transplant should be determined by circuit coating,
patient hemostasis, and mode of ECLS (CoR: | LoE: B2).

2.1.2 If available, anticoagulation therapy in the postoperative setting should utilize point of care coagulation
assessment for optimal therapy (CoR: | LoE: B2).

2.1.3 In the setting of postoperative VV ECMO, weaning should be initiated at signs of graft recovery including
improvements in compliance, gas exchange, and radiological infiltrates (CoR: | LoE: B2).

2.1.4 Weaning of VV ECMO should be approached in a stepwise fashion, with gradual reduction in flow guided
by sequential arterial blood gases. A trial of sweep OFF should be conducted prior to decannulation (CoR: Ila
LoE: C1).

2.1.5 Weaning of VA ECMO should be approached in a stepwise fashion, with gradual reduction in flow
concomitant with sustained cardiopulmonary hemodynamic stability guided by graft function, invasive mon-
itoring, and echocardiography (CoR: lla LoE: C1).

2.2 Pulmonary management

2.2.1 Recipient graft function and etiology of recipient end-stage lung disease should be considered when
determining suitability for extubation on postoperative ECMO (CoR: Ila LoE: C1).

2.2.2 VW ECMO may be used in lieu of mechanical ventilation to address significant bronchial dehiscence
following lung transplantation (CoR: Illa LoE: C1).

2.2.3 Utilization of ECMO for cardiopulmonary support during repair of bronchial complications may be used
instead of conventional cardiopulmonary bypass (CoR: lla LoE: C1).

2.3 Neuropsychological management

2.3.1 Objective methods for assessing the recipient’s subjective pain should be utilized in patients on post-
operative ECLS in the intensive care unit (CoR: | LoE: C1).

2.3.2 Non-opioid analgesia technique should be implemented in the postoperative period for patients on
postoperative ECLS (CoR: | LoE: B2).

2.3.3 Within 6 months post-discharge from the hospital, patients should receive a psychological assessment
screening for anxiety, depression, and post-traumatic stress related to postoperative ECLS (CoR.: | LoE: C1).
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Section 3. Postoperative ECLS outcomes and perspectives for further research
3.1 ECLS rescue outcomes, weaning criteria, and novel multicenter registry expansion

3.1.1 The impact of early implementation of postoperative ECLS as a rescue therapy on outcomes should be
examined (CoR: | LoE: C2).

3.1.2 Development of criteria for ECMO weaning in pulmonary arterial hypertensive patients for ventricular
remodeling should be pursued (CoR: | LoE: C2).

3.1.3 Perioperative echocardiographic data should be included in the ISHLT Registry to examine the re-
lationship between the utilization of ECLS and cardiac function with allograft recovery after lung
transplant (CoR: | LoE: C2).

3.1.4 Multicenter registries should examine recipient demographics and outcomes to elucidate the risk-benefit
balance of early regional analgesia utilization in patients with postoperative ECLS (CoR: | LoE: C2).
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