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Lung transplantation has a high risk of haemodynamic complications in a highly vulnerable patient population. The effects
on the cardiovascular system of the various underlying end-stage lung diseases also contribute to this risk.
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| 1. Introduction

Since it was first performed in 1963, lung transplantation has remained a multidisciplinary challenge, especially in the
intraoperative setting (. Nevertheless, it is the only therapy for patients with end-stage lung disease for whom drug
therapy fails. Advanced lung diseases are often associated with pulmonary arterial hypertension (PAH), resulting in right
and, secondarily, left heart failure [EI4 Thus, during transplantation in this highly vulnerable patient population,
circulatory support through optimal anaesthesiologic and surgical management plays a crucial role Il A major change in
intraoperative management was the use of extracorporeal membrane oxygenation (ECMO) as a closed system as
compared to the cardiopulmonary bypass (CPB). With different cannulation strategies (veno-arterial and veno-venous (VA
ECMO and VV ECMO), as well as central and peripheral cannulation), it became possible to support both oxygenation
and, if needed, circulation with minimal anticoagulation and with reduced invasiveness 4. Regarding the application of
this procedure, different strategies exist depending on the respective transplant centre. ECMO is used in 15-100% of
transplant cases Bl |n addition to the application of mechanical extracorporeal circulatory support, non-mechanical
circulatory support, such as the rational use of catecholamines and inhaled pulmonary vasodilators and the management
of right ventricular strain on one lung ventilation (OLV) and diastolic left ventricular dysfunction, are crucial to the success
of lung transplantation. The administration of intravenous fluids for circulatory support also has an impact on the
management of lung transplantation, including the development of reperfusion injury (RI) 4],

Irrespective of the clearly differing approaches to circulatory support between individual lung transplant centres, it can
make sense to develop strategies for the management of lung transplantation on a patient-specific basis, depending on
the risk for certain pathologies, and to define them at an early stage of treatment. Such an approach, for example within
the framework of so-called ERSAS concepts (early risk stratification and strategy), aims at identifying possible risk factors
for the occurrence of complications and the corresponding strategies and therapies to avoid these complications (Figure
1). This is often and especially used in the perioperative setting.
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Figure 1. Algorithm for the application of an ERSAS concept for intraoperative circulatory support in lung transplantation.

| 2. Risk Stratification

In the context of lung transplantation, the occurrence of various haemodynamic complications is possible. These include
RVF, LVF, or left ventricular diastolic dysfunction and RI associated with reperfusion oedema, increased pulmonary
vascular resistance, and sterile inflammation [EI[221113],

For none of these entities is there currently a validated scoring system for risk stratification, as is established, for example,
in the preoperative risk assessments for the occurrence of cardiac complications in perioperative medicine 1418, This is
due to the diverse causes for a necessary lung transplantation. In clinical routine, large differences in the operative course
can be observed in transplantations due to idiopathic fibrosis with pronounced right heart strain or end-stage chronic
obstructive pulmonary disease (COPD) . The analysis of existing databases is also quite difficult, as many centres follow
completely different therapeutic strategies during surgery 181, Hinske et al. developed a score that showed very good
predictive power for the need for unplanned mechanical circulatory support. This was achieved in a single-centre study,
taking into account the preoperative pulmonary arterial pressure (PAP) and lung allocation scores 2. However, this risk
stratification cannot be used in hospitals that primarily promote the use of ECMO in all transplantations.

2.1. Right Ventricular Failure

In general, RVF is associated with decreased cardiac output and increased right ventricular filling pressures due to
systolic or diastolic dysfunction. In the setting of lung transplantation, pulmonary hypertension is the most important cause
of RVF. Other causes, such as pulmonary embolism, myocardial ischaemia, or secondary RVF in left heart failure, are
more secondary 181191,

In patients scheduled for lung transplantation, the incidence of PAH is up to 40-50% 29 |n about 20-30% of transplant
candidates, PAH is even the indication for transplantation €. It is not uncommon for systemic to suprasystemic blood
pressure values to be measured in the pulmonary circulation =20,

Pathophysiologically, right heart failure is characterised by dilatation and remodelling of the right ventricle (RV), triggered
by an increased right ventricular afterload. Changes in ventricular geometry towards a spherical shape, with displacement
of the interventricular septum towards the left ventricle, increased wall stress, and reduced myocardial contractility, are
also consequences of the increase in afterload and contribute to the reduction in cardiac output (CO). The decrease in CO
is exacerbated by tricuspid regurgitation with corresponding regurgitation volume. Due to reduced left ventricular (LV)
filling, ventricular dyssynchrony, and septal kinetic disturbances, the LV is also affected. In advanced stages, end-organ
damage such as renal failure, hepatic failure, and intestinal motility disorders can be observed L8I18 The stress on the
right ventricle is further exacerbated by single-lung ventilation. During thoracic surgery, a decrease of RV function up to
25% due to the initiation of OLV and anatomical resection was shown 29 |n principle, the changes in the RV after lung
transplantation are reversible and therefore do not represent an absolute contraindication to transplantation even in the
case of demonstrable end-organ damage 4,



Predicting the occurrence of acute or acute-on-chronic right heart failure in the setting of lung transplantation is
challenging. No prediction scores exist. Based purely on the intraoperative course of lung transplantation, exacerbation or
recurrence of right heart failure is to be expected, primarily before reperfusion of the transplanted lung. Especially in
patients with intermediate or severe PAH, immediate positive haemodynamic effects are seen after transplantation.
Systolic PAP, mean PAP, and right ventricular end-diastolic volume rapidly decrease. Patients who do not experience
these effects are at increased risk for primary graft dysfunction and worse outcomes [22. Given the link between impaired
RV function and outcome, one study investigated the prediction of mortality by echocardiographic parameters in lung
transplantation. No pre-transplantation RV parameter predicted all-cause mortality. However, post-transplantation
echocardiographic RV parameters (RV strain and systolic PAP) predicted the outcome after lung transplantation 23!,
Predicting the occurrence of RVF during lung transplantation also appears difficult because many centres practice liberal
use of VA ECMO, which prevents such RVF 19 Even in centres that favour the selective use of VA ECMO, one of the
most important indications for the use of VA ECMO is the existence of severe or intermediate pulmonary hypertension &
8, Thus, it is precisely in this risk group that the occurrence of RVF is prevented. Per se, the presence of pulmonary
hypertension, idiopathic pulmonary fibrosis, and dilated right ventricle is associated with poor outcomes, even in
multivariate analyses [£.

In summary, no clear specific parameters exist to predict RVF during lung transplantation. Patients at particular risk
appear to be those who already have severe or intermediate pulmonary hypertension, have pulmonary fibrosis, or do not
show recovery of right ventricular function after transplantation.

In 2021, the international consensus recommendations for anaesthesiologic and intensive care management in lung
transplantation were published 24, It was again emphasised that patients with relevant pulmonary hypertension are one
of the most challenging patient populations for lung transplantation. The ever-present risk of RVF was also pointed out.
However, with weak evidence, no recommendation for a specific risk stratification could be provided here either. It is
recommended that a preoperative right heart catheterisation should be performed to assess pulmonary hypertension and
right ventricular function. A pragmatic approach is to clinically assess haemodynamic changes and response to inotropics
during transplantation after clamping of the pulmonary artery and to derive from this an appropriate risk stratification
regarding the occurrence of RVF, and later also to develop an appropriate strategy.

2.2. Left Ventricular Failure/Diastolic Dysfunction

The previously described frequent right ventricular dysfunction in patients with chronic lung disease who are scheduled for
transplantation results in a decreased left ventricular preload. If prolonged, this results in atrophy of left ventricular
cardiomyocytes, which may be associated with both diastolic dysfunction and a reduction in myocardial contractility 23],
This also results in a reduced left ventricular cardiac output and increased filling pressures. Especially in the context of
transplantation, the occurrence and extent of pulmonary oedema in the sense of left ventricular congestion can be
relevantly increased. Diastolic dysfunction as a so-called deconditioning of the left ventricle is common in patients with
PAH. In the total collective of lung transplant candidates, an occurrence of around 30% has been described, depending on
the centre, and almost all patients with PAH are affected [&23], This also applies to the postoperative course. Therefore,
monitoring of LV function is crucial (28],

Porteous et al. investigated the relationship between diastolic left ventricular dysfunction and primary graft dysfunction
(PGD) &, For the first time, a clear correlation between impaired left ventricular filing and PGD was shown.
Correspondingly, evidence between poor outcome and diastolic dysfunction as measured by the ratio between early
transmitral flow (E) and mitral annular velocity (e'), which is independent on loading conditions, was also obtained. The
association between the presence of diastolic dysfunction and survival after lung transplantation in patients with
pulmonary hypertension as the pathophysiological cause of left ventricular diastolic dysfunction was also shown 28],
Similarly, in this patient group, the use of ECMO was more frequent and the duration of ventilation was longer in the
presence of diastolic dysfunction 2.

For the risk stratification of patients, not only the right ventricular but also the left ventricular function should be assessed,
especially regarding diastolic dysfunction, already at the time of listing and preoperatively. The diastolic dysfunction can
be excellently detected by echocardiography and also monitored intra- and post-operatively 291391,

A specific evaluation of this pathology is not mentioned in the international recommendations. A cardiac assessment
according to the recommendations of the American College of Cardiology (ACC) and the European Society of Cardiology
(ESC) is recommended. This generally advises echocardiographic examinations including assessment of diastolic
function in high-risk interventions and patients with evidence of clinically relevant cardiac disease, which includes the
patient population in lung transplantation 14151124



2.3. Reperfusion Injury

Post lung transplant oedema was described early as a complication after transplantation Bl. There is not always a
correlation between radiological evidence of oedema and the severity of symptoms [B2IB3I34] More recent views interpret
reperfusion oedema with increased pulmonary vascular resistance alongside microvascular permeability disturbance,
endothelial cell dysfunction, and sterile inflammation as RI 2. Molecular and cellular mechanisms of this multi-layered
complex syndrome are described in detail elsewhere 231, Clinically, RI results in primary graft dysfunction (PGD) with fatal
consequences for short- and long-term survival and morbidity after lung transplantation 28, Pathophysiologically, it is now
known that Rl can be mitigated by the use of intraoperative circulatory support. As mentioned above, left ventricular
deconditioning can cause diastolic dysfunction, which in turn exacerbates RIl. The use of a VA ECMO intra- and post-
operatively can provide the opportunity to unload the left ventricle and allow it to readapt stepwise to a normal CO [23,
Early analyses show an occurrence of oedema in more than half of the patients. Later data with all current therapeutic
measures in both donors and recipients as well as in organ preservation suggest that an occurrence of Rl in the context of
PGD can be between 16% and 22%, also depending on the severity of the dysfunction [BZ[=8],

Risk factors for the occurrence of Rl with PGD and thus also reperfusion oedema can be divided into donor- and recipient-
related factors. Nicotine abuse was found to be the most important donor risk factor. In addition, pre-mortem hypoxaemia,
hypotension, aspiration, and prolonged mechanical ventilation are also known risk factors. Race, gender, and age also
play a role. Recipient body mass index (BMI) and size mismatch are two of the most important receiver-related risk
factors. In addition, high FiO, during reperfusion, need for transfusion, and use of the heart-lung machine are noted to
increase the risk for RI as intraoperative factors 22,

The consensus-based recommendations highlight the role of anaesthesiologists in the perioperative setting to avoid PGD,
including reperfusion oedema. A general identification of modifiable risk factors that may influence the outcome after lung
transplantation is recommended. Specific assessments for the identification of risk factors for PGD are not mentioned [24],
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