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Introduction

Lung transplantation represents the ultimate therapy for 
patients with end-stage lung disease (1). In many ways it 
can be one of the most challenging surgical procedures 
to perform. In the same way the anesthetic care for 
these patients is extremely complex, multi-faceted and 
challenging.

From the time of the first lung transplant in 1963 by 
Dr. James Hardy and the first successful lung transplant 
with long term survival in 1983 by Dr. Joel Cooper, careful 
meticulous and well-coordinated anesthetic care has had 
to support the surgeon in order to provide this life-saving 
procedure to many patients.

Advances in airway management have assisted in 
these endeavors as has the development of ventilation 

Anesthetic considerations in lung transplantation: past, present 
and future

Andrew W. Murray1, Michael L. Boisen2, Ashley Fritz3, J. Ross Renew4, Archer Kilbourne Martin3

1Department of Anesthesiology, Mayo Clinic Graduate School of Medicine, Mayo Clinic, Phoenix, AZ, USA; 2Department of Anesthesiology 

and Perioperative Medicine, University of Pittsburgh School of Medicine, Pittsburgh, PA, USA; 3Division of Cardiothoracic and Thoracic 

Anesthesiology, Mayo Clinic, Jacksonville, FL, USA; 4Department of Anesthesiology, Mayo Clinic Graduate School of Medicine, Mayo Clinic, 

Jacksonville, FL, USA; 5Division of Cardiovascular and Thoracic Anesthesiology, Mayo Clinic, Jacksonville, FL, USA

Contributions: (I) Conception and design: AW Murray; (II) Administrative support: None; (III) Provision of study materials or patients: None; (IV) 

Collection and assembly of data: None; (V) Data analysis and interpretation: None; (VI) Manuscript writing: All authors; (VII) Final approval of 

manuscript: All authors.

Correspondence to: Andrew W. Murray. Department of Anesthesiology, Mayo Clinic Graduate School of Medicine, Mayo Clinic, Phoenix, AZ, USA. 

Email: Murray.Andrew@mayo.edu.

Abstract: Lung transplantation is a very complex surgical procedure with many implications for the 
anesthetic care of these patients. Comprehensive preoperative evaluation is an important component of the 
transplant evaluation as it informs many of the decisions made perioperatively to manage these complex 
patients effectively and appropriately. These decisions may involve pre-emptive actions like pre-habilitation 
and nutrition optimization of these patients before they arrive for their transplant procedure. Appropriate 
airway and ventilation management of these patients needs to be performed in a manner that provides an 
optimal operating conditions and protection from ventilatory injury of these fragile post-transplant lungs. 
Pain management can be challenging and should be managed in a multi-modal fashion with or without the 
use of an epidural catheter while recognizing the risk of neuraxial technique in patients who will possibly 
be systemically anticoagulated. Complex monitoring is required for these patients involving both invasive 
and non-invasive including the use of transesophageal echocardiography (TEE) and continuous cardiac 
output monitoring. Management of the patient’s hemodynamics can be challenging and involves managing 
the systemic and pulmonary vascular systems. Some patients may require extra-corporeal lung support as a 
planned part of the procedure or as a rescue technique and centers need to be proficient in instituting and 
managing this sophisticated method of hemodynamic support.

Keywords: Pulmonary hypertension (PHTN); frailty; protective lung ventilation; transesophageal 

echocardiography (TEE); cystic fibrosis (CF); extra-corporeal life support; regional pain management techniques

Submitted Jul 23, 2020. Accepted for publication Feb 10, 2021.

doi: 10.21037/jtd-2021-10

View this article at: http://dx.doi.org/10.21037/jtd-2021-10

6563

Review Article on Lung Transplantation: Past, Present, and Future

https://crossmark.crossref.org/dialog/?doi=10.21037/jtd-2021-10


6551Journal of Thoracic Disease, Vol 13, No 11 November 2021

© Journal of Thoracic Disease. All rights reserved. J Thorac Dis 2021;13(11):6550-6563 | http://dx.doi.org/10.21037/jtd-2021-10

strategies, inotropic and vasopressor regimens to support 
the hemodynamic condition of the patient. Efforts to 
control pain and the untoward effects thereof have also 
accompanied the steady initial rise of lung transplants.

Complex monitoring methods have had to be adopted 
in the form of invasive systemic and pulmonary pressure 
monitoring supplemented by intra-operative cardiac 
ultrasound with real-time interpretation has necessitated 
the development of finely-honed skills on the part of the 
anesthesiologist.

The development of immune suppression and modulation 
has led to better outcomes leading often to the need of these 
patients to return to the operating room for other non-
transplant related surgical procedures. As such it is important, 
not only for the cardiac specialists, for the regular general 
anesthesiologists to understand some of the challenges these 
patients present and how best to manage them.

Preoperative considerations

For carefully selected patients with end-stage lung disease, 
lung transplantation offers improved survival and quality 
of life. Candidate selection and disease-specific criteria 
for timing of referral and listing are detailed in ISHLT 
guidelines (2-4) and summarized in a recent review in 
this journal (5). A multidisciplinary evaluation including 
anesthesia and intensive care physicians can identify 
concerns relevant to the conduct of the anesthetic, 
identify modifiable risks, and implement optimization 
strategies aimed at reducing complications throughout the 
perioperative period. 

Respiratory assessment

Review of the patient’s respiratory diagnoses, current 
management, and recent clinical status including functional 
capacity and oxygen requirements is key since patient 
condition may have deteriorated since listing. Recipient 
infection and colonization with resistant organisms must 
be accounted for in perioperative antibiotic coverage. 
Computed tomography of the chest provides high 
resolution data on lung anatomic abnormalities and should 
be reviewed for features impacting lung isolation technique 
(diameter of trachea and main bronchi, anomalous lobar 
bronchus e.g., bronchus suis). Spirometry with lung volumes 
provides important functional information on severity 
and type of ventilatory defect (restriction or obstruction), 
and arterial blood gas and DLCO values provide insight 

into gas exchange abnormalities. Ventilation perfusion 
scintigraphy provides quantitation of lung perfusion useful 
in determining which lung to transplant in a single lung 
transplant, or which lung to transplant first in a bilateral 
transplant (6). 

Cardiovascular disease

Coronary artery disease (CAD) without end-organ ischemia 
or dysfunction is considered a relative contraindication to 
lung transplantation. Moderate CAD is present in in up to 
20–30% of lung transplant candidates over age 50, but does 
not appear to increase mortality (7,8). Because history and 
noninvasive testing may be unreliable in end-stage lung 
disease patients, routine coronary angiography is common 
at many centers.

Lung transplant recipients with severe CAD amenable to 
revascularization appear to have acceptable outcomes (9). 

Atrial fibrillation prior to transplant is associated with 
post-transplant arrhythmias and longer hospital stay (10). 
Presently there is limited evidence to support specific 
pharmacoprophylactic strategies for post-lung transplant 
AF. Known risk factors include male sex, dilated left atrium 
and double lung transplant. 

Left ventricular diastolic dysfunction is an independent 
predictor of PGD, probably related to elevated pulmonary 
venous pressure exacerbating capillary leak of ischemia-
reperfusion injury (11). 

Pulmonary hypertension (PHTN)

Both primary and secondary PHTN complicate transplant 
management and increase PGD risk in a dose-dependent 
fashion (odds ratio of 1.3 per 10 mmHg mean pressure 
increase; 95% CI, 1.1–1.5; P<0.001) (12). Clinical signs 
of right ventricular failure (drowsiness, pallor, cyanosis, 
ascites, edema, venous congestion) must be identified and 
hemodynamic support initiated to avoid decompensation 
on induction of anesthesia and initiation of mechanical 
ventilation. Absent signs of overt failure, echocardiographic 
findings of RV dilation, hypokinesis, and severe tricuspid 
regurgitation should prompt advanced monitoring, initiation 
of inotropic and RV afterload lowering therapies, and 
consideration of early planned extracorporeal support (13).  
Due to risk of PGD, some centers maintain veno-arterial 
extracorporeal membrane oxygenation (VA-ECMO) 
postoperatively for controlled postoperative graft reperfusion 
and allowing protective ventilation (14).
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Renal dysfunction

Kidney dysfunction is prevalent and a key determinant of 
post-transplant survival. Acute kidney injury affects >50% of 
recipients and is severe enough to require renal replacement 
in 6%. Perioperative etiologies include hypotension, 
decreased cardiac output, hypoxemia, and nephrotoxic 
medications (antibiotics and calcineurin inhibitors), often 
in combination. Risk factors for acute kidney injury include 
chronic kidney disease, BMI >30, diabetes, ethnicity, and 
preoperative ICU or ECMO (15). 

Functional status and prehabilitation

Functional status is an established prognostic indicator 
(16,17). Six-minute walking distance (6MWD) is widely 
used and robustly predicts outcomes (18) to the extent that 
is one of the variables included in the LAS calculation. 
Supervised exercise training programs such as pulmonary 
rehabilitation have well established benefits for COPD 
and other diagnoses, and have been shown to improve 
exercise capacity and quality of life both pre- and post-
transplant (19). A recent systematic review confirms that 
pre-transplant pulmonary rehabilitation improves 6-minute 
walking distance and patient-reported quality of life (20). 
A recent observational cohort study reported significant 
improvements in 6MWD and dyspnea scores in a cohort 
of 39 lung transplant candidates who were enrolled in 
pulmonary rehabilitation for as little as 3 weeks (21). 
Pulmonary rehabilitation programs are also an ideal forum 
for patient educational interventions (22). 

Frailty, a syndrome of decreased physiologic reserve, is 
prevalent in the cardiothoracic transplant population (23).  
Two frailty screening instruments studied In the lung 
transplant population, the Fried Frailty Phenotype (FFP) 
and the Short Physical Performance Battery (SPPB), have 
been shown to predict disability and death or delisting before 
transplant (24). In a single center retrospective cohort, pre-
transplant FFP frailty was not associated with excess post-
transplant mortality or ICU stay (25). In fact, frail patients 
experienced greater improvement with transplant, suggesting 
reversibility of lung disease-related frailty versus age-related 
frailty. However, in a larger multicenter cohort, SPPB (a 
3-part assessment of gait speed, chair stands, and balance) 
was an independent predictor of 1- and 4-year survival post-
transplant (26). Further research is needed to validate frailty 
screening instruments, elucidate modifiable components, and 
define structured interventions to decrease risk.

Nutrition, sarcopenia and obesity

Malnutrition commonly accompanies end stage lung 
disease and portends poor outcomes. Underweight (BMI 
<18.5) is associated with increased mortality (27,28). Recent 
work showed that recipients at increased risk of death 
and major complications can be identified by a prognostic 
nutrition index calculated based on serum albumin level and 
peripheral blood lymphocyte count (29). Interventions to 
optimize nutrition include evaluation by a clinical dietician, 
oral nutrition supplementation, and enteral feeding tube 
placement. Perioperative immune-nutrition with arginine 
and omega-3 fatty acids has shown promise in reducing 
complications in other types of major surgery, but research 
is needed in the lung transplant population. 

Decreased muscle mass and impaired muscle strength 
(sarcopenia) is also common in patients with end stage 
lung disease (25). In a cohort of 36 lung transplant 
recipients, a muscle index <25th percentile measured by 
CT measurement was independently associated with 
mortality (hazard ratio 3.83; 95% CI, 1.42–10.3; P=0.007) 
and longer hospital length of stay (30). Muscle mass can 
also be assessed using dual X-ray absorptiometry (DXA), 
bioimpedance, ultrasound, and skin fold measurements. 
Muscle strength can be measured in the clinic by handgrip 
strength, quadriceps extension, and chair stands.

Class  I I - I I I  obes i ty  (BMI >35)  i s  an  absolute 
contraindication to lung transplant, conferring a nearly 
twofold increased risk of death (31). Obese patients may be 
able to lower risk by reducing BMI prior to transplant (32).  
Class I obesity (BMI 30–34.9) is currently considered a 
relative contraindication based on an association with 
mortality (28) and PGD (27), but similar adjusted survival 
compared to normal and overweight subjects was observed 
in a multi-center analysis (31). Interestingly, a subgroup 
of the same study found that circulating levels of leptin, a 
cytokine secreted by adipose tissue, predicted mortality—
a finding corroborated in studies of ALI/ARDS in the 
non-transplant setting. Recently published results of the 
Lung Transplant Body Composition Study using CT-
based adiposity quantification performed on clinically 
indicated chest CTs plus a single abdominal slice showed 
that subcutaneous but not visceral adipose is associated with 
increased plasma biomarkers and risk of PGD (33). 

Airway management

The airway management of the early double lung transplants 
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was initially single lumen intubation of the trachea as 
early procedures involved en-bloc transplantation on 
cardiopulmonary bypass (CPB) with anastomosis of the 
airway occurring at the level of the trachea.

Evidence that tracheal anastomosis was more prone 
to dehiscence prompted the surgical approach for double 
lung transplantation, much like that of single lung 
transplantation, to be changed to bronchial anastomosis. 
This technique developed in the early 1990s to avoid 
the complications of bronchial and tracheal anastomosis 
disruption, the need for cardiac surgery and the use of CBP 
required for en-bloc transplantation.

This necessitated a change in airway management by 
the anesthesiologist to allow selective ventilation if the 
non-operative lung. The left sided DLEBT is favored due 
to the low degree of variation in left sided anatomy, the 
relatively longer left main bronchus as well as the potential 
of malalignment of the right-sided DLEBT. The use of the 
DLEBT also allowed the development of sequential single 
lung transplants to be performed with or without the use of 
any extra-corporeal circulation. 

Another method of achieving lung isolation would be 
to make use of bronchial blockers (34). Whereas originally 
Fogarty vascular occlusion catheters were used for this 
purpose, the development of modern purpose-built 
bronchial blockers can allow for precise positioning of the 
blocker in the intended location under fiberoptic guidance. 
The pitfalls with these devices are that they can be prone to 
dislodgement and inability to apply effective suction to the 
distal airways is limited due to small diameter, but they can 
provide an isolation technique when the airway would be 
prohibitively challenging to place a DLEBT (34) as well as 
lessening the number of airway manipulations, all of which 
provide another risk for infection. The development of the 
EZ-blocker by Fuji also allowed placement to be relatively 
easy in addition to the ability to use the same blocker for 
both sides without the need to change position.

Often the lung transplant patient has very poor 
respiratory reserve and this would necessitate optimization 
of preoxygenation as well as a rapid-sequence induction to 
facilitate a prompt securing of the airway. In some cases, it 
is necessary to achieve this with a single lumen endotracheal 
tube (SLETT) and then exchanging to a DLEBT. Initial 
passage of the SLETT also provides the anesthesiologist 
to perform careful but aggressive pulmonary toilet in the 
recipients with suppurative lung disease.

Ventilation management

This has evolved from early transplants having patient 
manually ventilated (35) to the development of simple 
mechanical ventilation (36) to the advanced ventilators that 
we now have available. The accumulated knowledge that has 
been developed in the anesthetic and critical care literature 
relating to ventilator management, one lung ventilation 
(OLV) and management of acute respiratory distress 
syndrome (ARDS) have served to improve ventilator care 
of the lung transplant patient. ARDS can be approximated 
to primary graft dysfunction (PGD) that occurs to varying 
degrees in the lung transplant recipient. Much of the 
ventilator management has been extrapolated from the 
lessons learned from managing ARDS patients (36). 

Lung transplant patients occupy a spectrum from lungs 
with low compliance in idiopathic pulmonary fibrosis (IPF) 
all the way to extremely high compliance in conditions like 
severe chronic obstructive pulmonary disease (COPD). This 
necessitates a careful ventilation strategy developed for each 
patient to provide adequate oxygenation and CO2 clearance 
while not causing deterioration of the hemodynamics or 
causing barotrauma.

The COPD patients will require low ventilating 
pressures (Paw) with lower respiratory rate (RR), adequate 
expiration time with inspiratory to expiratory (I:E) ratio of 
1:3 or even 1:4. These patients are also prone to autoPEEP 
(PEEP: positive end-expiratory pressure) due to obstructive 
disease and thus need little or no PEEP. Caution must be 
taken to avoid excessive elevated Paw to limit the risk of 
barotrauma and pneumothorax.

The restrictive lung disease patients will benefit from 
higher rates, lower Vt, higher PEEP and I:E ratios closer to 
1:1 or even 1.5:1 due to the poor compliance of the lungs.

The newly transplanted lung is going to behave much 
like the restrictive lung early in the post-transplant 
course which necessitates similar ventilator strategy 
for the immediate post lung transplant patient. It was 
also recognized that maintaining lower inspired oxygen 
concentration was beneficial for the newly transplanted 
lung. In the ARDS patient protective lung ventilation 
strategy for these patients keeping the Vt <6 mL/kg, RR of 
14–18 breaths per minute, PEEP of 8–10 cmH2O and Pplat 
<30 cmH2O has been shown to have a lower mortality (37). 
Maintaining a Pinsp <20 cmH2O and permissive hypercapnia 
is also typically advocated (38). Pressure controlled 
ventilation (PCV) may offer benefits for these patients 
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as they are successful in lower both peak and plateau 
airway pressures. In a comparative study between pressure 
controlled and volume controlled ventilation, the mode of 
ventilation did not influence outcome as long as the PIP (in 
PCV) or Pplat (in VCV) was maintained <25 cmH2O (39).

Utilization of PEEP has also shown to improve arterial 
oxygenation, functional residual capacity (FRC), decrease 
dead-space ventilation but this seems to have the most 
benefit when used with recruitment maneuvers. Absence of 
recruitment did not show the same amount of benefit (37).  
A number of other studies have called the utility of PEEP 
into question, so while PEEP may offer potential benefit 
in the lung transplant population, there does not appear 
to be solid evidence to support it (40). Recruitment 
maneuvers have also shown to improve A-a gradient, 
compliance, decreased level of inflammatory markers as 
well as decreased cumulative ventilator time. However, 
there is no standardized method to apply recruitment. This 
may be done in a stepwise fashion watching for improved 
physiologic parameters or by observing the lungs directly. 
It is important to note that recruitment measures should be 
followed immediately with application or reapplication of 
PEEP to maintain the benefit achieved (38).

ECMO has emerged as supportive therapy not only in 
the operative environment but also as a method of resting 
the lungs to allow time for the transplanted organs to 
recover from ischemia-reperfusion injury (41). 

Ventilatory management of the donor appears to also be 
of potential benefit for better organ availability. Mascia et al.  
showed that, when compared to the consensus ventilator 
management of brain injured, brain dead patients, applying 
a protective ventilation strategy to the donor resulted in an 
increase in donor organs being available (42). 

Invasive monitoring

Despite over 260 lung transplant centers conducting 
over 4,000 lung transplants annually (43), there are no 
formalized clinical guidelines for advanced intraoperative  
monitoring (44). Invasive arterial pressure (IAP) monitoring, 
pulmonary arterial catheter (PAC), central venous pressure 
(CVP), and transesophageal echocardiography (TEE) 
are widely accepted as essential tools for intraoperative 
monitoring in lung transplantation (45,46). A recent 
survey of 176 transplant centers conducted by Tomasi et al. 
concluded that such monitoring techniques were employed 
nearly universally in all respondents (46). As such, pertinent 
literature regarding IAP, PAC, CVP and TEE will be 

discussed.
Pre-induction placement of a radial arterial line is a 

common practice that facilitates real-time hemodynamic 
monitoring during induction of anesthesia. Center specific 
protocols may call for the placement of a post-induction 
femoral arterial line as a means of monitoring central 
arterial pressures while also providing vascular access 
should the need for peripheral extra corporeal life support 
(ECLS) cannulation arise. PAC with continuous cardiac 
output or bolus thermodilution may be placed before or 
after induction of anesthesia. Placement of PAC before 
induction of anesthesia in patients with severe PHTN and 
right ventricular failure allows for precise management of 
preload and afterload during induction of anesthesia (47). 
However, post-induction placement of PAC minimizes 
anxiety, the need for premedication and increases in 
pulmonary vascular resistance (PVR) (48). The decision to 
place a PAC pre- or post-induction should be individualized 
based on the clinical context. CVP monitoring has been 
studied in correlation with postoperative mechanical 
ventilation requirements and morbidity. Maintaining CVP 
<7 mmHg may improve outcomes as reductions in fluid 
administration can improve pulmonary function (49). 
However, the context of such evidence must be considered 
when trying to apply to more contemporary practices. 
Many centers routinely utilize ECLS to facilitate lung 
transplantation and such fluid restrictive practices are not 
feasible. Optimal CVP during lung transplantation utilizing 
ECLS has not been adequately investigated to date. TEE 
provides many intraoperative benefits including guiding 
ECLS line and cannula placement and diagnosing acute 
intraoperative hemodynamic instability. A thorough pre-
intervention TEE evaluation should be performed to 
include assessment of pulmonary veins (PV) and pulmonary 
arteries (PA). Evaluation of the left PA may be obstructed by 
ipsilateral mainstem bronchus (50). A prompt and accurate 
diagnosis for ventricular dysfunction, valvular dysfunction, 
hypovolemia, presence of patent foramen ovale, and right 
ventricular outflow obstruction can be gained with efficient 
TEE use (44,50). Although no formal guidelines have been 
established, TEE is essential for intraoperative evaluation 
of PV and artery stenosis (51). Standard two dimensional 
(2D), color Doppler, and spectral Doppler techniques 
can be utilized for evaluation of PV and PA stenosis. PV 
stenosis should be suspected in patients with PV diameter 
<0.5 cm, turbulent PV flow, PV peak systolic flow velocity 
>1 m/s, and PV-left atrial pressure gradient 10–12 mmHg 
(44,50,52). It is important to note that graft failure is highly 
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associated with PV diameter <2.5 mm and velocity >1.6 m/s  
(44,50). Clinical consensus for evaluation of PA stenosis 
is difficult to achieve due to insufficient data. Recent 
recommendations include laminar flow with Color Doppler 
and anastomosis should be no less than 75% diameter of 
donor’s ipsilateral PA (50). 

Hemodynamic management

The management of the lung transplant patient’s 
hemodynamic status involves management of the inotropic 
support as well as management of the systemic and PVR.

Endothelial  relaxing factor that was eventually 
determined to be nitric oxide (NO) plays a key role in 
being able to manage both the PVR and the areas of 
ventilation-perfusion (V/Q) mismatch in the patient with 
ischemia-reperfusion injury (53). Animal studies had also 
suggested that NO had properties that could potentially 
be protective against reperfusion injury but this has not 
been demonstrated to improve outcomes despite improving 
oxygenation and the effects of NO on PVR (54,55).

Prior to the development of widespread availability of 
inhaled NO, prostaglandins (PGE) were the only other 
pharmacologic alternatives to being able to manage the 
load on the right ventricle in patients who had concomitant 
PHTN. They had been shown in animal models to improve 
outcomes after lung transplantation (56). The main 
disadvantage of intravenous prostaglandins was that it has a 
relatively long half-life which leads to systemic hypotension 
that may not be desirable in the patient with a tenuous right 
ventricle that relies on good coronary perfusion pressure. 
The ability to easily deliver NO in a precise fraction via the 
ventilator circuit has made it a mainstay for managing the 
lung transplant patient intraoperatively and into the ICU. 
Inhaled prostaglandin (epoprostenol) has a shorter half-life 
and therefore less effect on the SVR (57). It can be delivered 
in an aerosolized form and is much cheaper to use that NO 
(57-59).

The delivery system which entails 8 mL/hr delivery 
via an ultrasonic nebulizer (58), however, can to be 
cumbersome to use. One major factor that works against 
more widespread use of NO is the cost of delivery. Some 
centers have who previously used NO have returned to 
using inhaled prostaglandins and milrinone in an attempt to 
provide the therapy without the significant cost inherent to 
NO delivery.

Milrinone, a phospho-diesterase-3 inhibitor has been 
shown previously to attenuate lung injury in the acute lung 

injury model (60) and has been shown to be of benefit in 
heart transplant patients is starting to be used in place of 
NO and PGE although the data for its widespread use is 
sparse but trials are ongoing.

Early hemodynamic collapse has been demonstrated 
to be an independent risk factor for mortality and 
thus needs to be treated promptly with inotropes (61). 
Inotropic support strategy should be determined based 
on the patients underlying baseline cardiac function, in 
particular the right ventricular function in patients with 
elevated pulmonary pressures, and degree of vasodilation. 
Dopamine, epinephrine and norepinephrine are widely used 
as are dobutamine and milrinone (62). Vasopressin may be 
chosen in the setting of needing an increase in SVR without 
elevating the PVR to optimize RV perfusion without 
increasing afterload (39).

Special considerations

The perioperative and anesthetic management of lung 
transplant patients are considerably impacted by the 
patient’s underlying etiology. Although there is a lack of 
consensus guidelines on anesthetic management for lung 
transplantation, an emerging theme in the literature is that 
clinical care should be driven by the patient’s underlying 
etiology (62). Pulmonary pathology that warrants 
lung transplantation can be divided into four common 
categories—obstructive, restrictive, suppurative, and 
PHTN (63). While, a recent review by Martin et al. (Table 1)  
provides an in-depth analysis on the impact of presenting 
disease on lung transplantation, we will focus on the special 
concerns for patients with COPD, cystic fibrosis (CF) and 
PHTN. 

COPD was once the leading indication for lung 
transplantation in the last decade it is now the second most 
common indication (63). Mortality in COPD has been 
linked to comorbid conditions such as cardiovascular disease 
and cancer often resulting in more deaths than respiratory 
failure (64). As such, perioperative evaluation and testing 
is essential to exclude those with comorbid conditions and 
improve outcomes. In addition, assessment of preoperative 
hypercapnia and hypoxia should be obtained to stratify risk 
of induction of anesthesia. Induction of anesthesia should 
be conducted to maximize pre-oxygenation and minimize 
development of atelectasis and continuous positive airway 
pressure (CPAP) may be used to assist in accomplishing 
these goals (65,66). Intraoperative anesthetic management 
focuses on combating the physiologic effects of air trapping 



6556 Murray et al. Anesthetic considerations

© Journal of Thoracic Disease. All rights reserved. J Thorac Dis 2021;13(11):6550-6563 | http://dx.doi.org/10.21037/jtd-2021-10

and lung hyperinflation caused by COPD. Ventilation 
strategies to minimize this effect include reducing tidal 
volumes, reducing RRs, and increasing expiratory time 
(I:E ratios of 1:3 or more) (62,65). This practice frequently 
results in permissive hypercapnia in an effort to minimize 
pulmonary barotrauma. It is important to prevent the 
development of intrinsic positive end-expiratory pressure 

also known as “breath stacking” which can lead to increased 
intrathoracic pressure, decreased systemic venous return, 
hypotension, and in some instances increased PVR leading 
to right heart strain (65). Perhaps the most difficult 
intraoperative task is maintaining oxygenation and adequate 
gas exchange during OLV. OLV increases the degree of 
pulmonary shunt which can lead to increased hypoxemia 

Table 1 Key points for the perioperative anesthetic management of lung transplantation based on presenting disease etiology 

Presenting disease Suppurative Obstructive Restrictive Pulmonary hypertension

Phase of care

Pre-operative Assess for presence of 
chronic infection. 
Perform vascular access 
ultrasound to plan venous 
and arterial access

Review pulmonary 
function tests and imaging 
to assess degree of 
obstructive disease

Assess for common 
preexisting comorbidities 
including GERD and 
secondary pulmonary 
hypertension

Take thorough history 
regarding functional 
status and other factors 
associated with poor 
outcome

Review preoperative 
echocardiography for 
biventricular function and 
the presence of RVH

Ensure administration 
of bronchodilation 
medications

Take thorough history 
regarding use of novel 
antifibrotic medications

Assess preoperative 
carbon dioxide levels 
on arterial blood gas to 
stratify risk on induction

Intraoperative Consider Decontamination 
protocol if chronic 
infection exists

Consider hyperinflation as 
a cause of hypotension

Consider elevated 
inspiratory pressures in 
the setting of decreased 
compliance as a cause of 
hypotension

Consider awake 
cannulation for immediate 
ECMO preinduction

Place single lumen tube 
immediately and perform 
therapeutic bronchoscopy

High risk waypoints during 
induction include positive 
pressure ventilation, 
decreasing angle of bed 
height, and medication 
effects on afterload

Consider ventilation 
strategies that incorporate 
prolonged expiratory 
times

Consider utilization of 
VA-ECMO as preferred 
intraoperative cardiac 
support

Consider utilization of 
VA-ECMO as preferred 
intraoperative cardiac 
support Consider utilization of 

VA-ECMO as preferred 
intraoperative cardiac 
support

Consider utilization of 
VA-ECMO as preferred 
intraoperative cardiac 
support

Consider RVOTO as a 
cause of hypotension

Post-operative Awareness of increased 
risk of gastrointestinal and 
endocrine complications

If single lung transplant 
is performed, maintain 
awareness of differential 
compliance and use 
ventilation strategies to 
minimize hyperinflation of 
the native lung

N/A Consider postoperative 
prolongation of VA-ECMO 
in patients with PH as 
primary cause

Monitor 
immunosuppression 
levels closely because of 
variable biological uptake

Perform serial 
echocardiography to 
assess biventricular 
remodeling as VA-ECMO 
is weaned

Ref: Martin et al. (62) Permissions obtained. VA-ECMO, veno-arterial extracorporeal membrane oxygenation.
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and hemodynamic instability. Inotropic agents, vasoactive 
agents, and inhaled nitric oxide function as adjuncts in 
this situation (67). If pharmacologic agents fail to stabilize 
hemodynamics, surgical clamping of the PA may improve 
the pulmonary shunt while simultaneously increasing 
right ventricular afterload (1). In the event of continued 
instability, ECMO initiation should be considered (52). 
In the event single lung transplantation is performed, 
special attention should be made to the differing of lung 
compliance between the native and donor lung in order to 
avoid dynamic hyperinflation (62).

CF continues to decrease slowly as an underlying 
etiology for lung transplantation, totaling only 15.4% 
(n=8,958) of all lung transplants conducted now (62,63). 
However, CF transplant patients continue to demonstrate 
the highest survival rates at a median of 9.5 years (62,63). 
A study by Kerem et al. shows a 70% two year mortality 
when CF patient’s forced expiratory volume-one second 
(FEV1) falls below 20% of predicted value (68). As such 
patients should be considered for lung transplant when 
their FEV1 falls below 30% (69). Chronic bacterial 
colonization of the airway is common in CF patients. 
Preoperative evaluation for multidrug resistant organisms 
should occur and organisms such as Burkholderia cenocepacia 
and Mycobacteriums abscessus should raise concern for 
transplantation. Burkholderia cenocepacia is the causative 
agent for necrotizing pneumonia leading to sepsis and death; 
it carries the highest risk for morbidity and mortality of all 
CF microorganisms (70). Mycobacteriums abscessus is difficult 
to treat and some transplant centers show higher mortality 
with chronic infection (70). As a result, most transplant 
centers consider infection with these organisms a strong 
relative or absolute contraindication to transplant (65).  
Ventilation of CF patients is complicated by profuse and 
copious secretions and clearance of these secretions should 
be attempted early to maximize value (69). CF patients 
have increased risk for prior thoracic procedures due to 
recurrent pneumothoraces and the prognosis is poor after 
first pneumothorax occurrence, with a median survival of  
2.5 years (69). While the frequency of perioperative 
bleeding is significantly higher in patients with prior 
intrathoracic procedures and pleurodesis, the outcomes are 
comparable in experienced centers (69,71). 

Idiopathic pulmonary arterial hypertension (IPAH) is 
one of the least frequent etiologies for lung transplant with 
only 1,921 patients transplanted over the past 26 years (63).  
According to the International Society for Heart and Lung 
Transplantation Registry data, the median survival for IPAH 

is 6.3 years (63), yet has the highest three year mortality rates 
at 30% (72,73). Preoperative evaluation of these patients 
should involve a thorough investigation of the patient’s 
functional status, right and left ventricular function, and 
other comorbidities (74). Perioperative factors associated 
with elevated mortality in IPAH lung transplantation 
specifically include syncope, hyponatremia, and decreased 
ventricular function (62). A well-planned anesthetic induction 
should include a plan to mitigate the initial pharmacological 
induced decrease of preload, decrease afterload, apnea, and 
increased thoracic pressure secondary to positive pressure 
ventilation (62). The use of inotropic agents to aid in severe 
right ventricular dysfunction in the setting of increased 
diuresis and decreased preload should be used judiciously 
so as not to cause right ventricular outflow obstruction (62). 
Recently, several organizations have transitioned to planned 
or prophylactic ECMO for IPAH patients (75). Favorable 
outcomes have been shown with the use of planned 
intraoperative and prolonged ECMO for IPAH, allowing the 
left and right ventricle to remodel (62,73). Multiples studies 
showed improved survival rates at 1 year over 90% (73,75).

Anesthetic management of the patient with 
severe PHTN

PHTN is one of the most difficult aspects of ESLD to 
manage in the perioperative period. Challenges in anesthetic 
management arise from both end-stage cardiac and 
pulmonary dysfunction, and any interventional approach 
should revolve around the principle of the integration of 
heart and lungs as a functional cardiopulmonary unit (76).

Preoperative approach of these patients should include 
a thorough history and physical, as both subjective and 
objective measures of patient disease to include self-
reported functional status, echocardiography, and right 
heart catheterization have been shown to provide valuable 
information regarding the severity of PHTN within the 
perioperative period (76-78). Immediate challenges prior 
to induction may include patient inability to lay flat, high 
oxygenation supplementation requirements, potential 
difficult airway, and right ventricular failure. While timing 
of the application of invasive monitoring such as PACs 
has been debated within the literature, the use of standard 
ASA monitors and an awake arterial line for hemodynamic 
monitoring are highly recommended (48).

Physiological goals for induction should focus on 
ameliorating negative consequences within both the cardiac 
and pulmonary systems. From the cardiac perspective, 
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avoidance of dysrhythmias, increases in right ventricular 
afterload, right ventricular end-diastolic pressure, and 
decreases of coronary perfusion pressure are vital. From 
the pulmonary perspective, rapid acquisition of the airway 
in the hopes of avoiding hypoxemia or hypercapnia is 
recommended. Additionally, the use of positive pressure 
ventilation, which may negatively affect preload conditions 
within the cardiopulmonary unit, should be tailored to 
balance appropriate minute ventilation and peak airway 
pressures with stable hemodynamics (47).

The use of intraoperative ECLS support is highly 
recommended for PHTN patients and may be either VA-
ECMO or CPB. In high-risk patients, pre-induction 
groin sheath cannulation may be considered, with planned 
ECLS being VA-ECMO, CPB, or a hybrid VA-ECMO/
CPB circuit to allow for ease of intraoperative conversion 
(79,80). Once induction is achieved, the use of ECLS 
may proceed with a variety of configurations, including 
peripheral or central, depending on preference of the 
operative team (81). Due to chronic under-filling of the left 
ventricle, as well as acute remodeling of the right ventricle, 
recommendations from high performing centers includes 
the elective postoperative continuation of VA-ECMO (72).  
In conclusion, PHTN is one of the most challenging 
physiologic processes associated with ESLD, and a complete 
perioperative approach tailored to the patient’s underlying 
condition is recommended for optimal success.

Management of extracorporeal circulation in 
lung transplantation

The perioperative management of lung transplantation 
impacts outcomes and has been shown to vary considerably 
between medical centers across the globe (39,52). A key 
aspect of this intraoperative management is the use of 
ECLS. Lung transplantation can be performed with or 
without the use of ECLS, and the use of ECLS can occur 
during the preoperative, intraoperative, or postoperative 
phases of care.

The types of ECLS include CPB, VV-ECMO, and VA-
ECMO (82,83). A strategic approach for selection of ECLS 
type depends both on the perioperative phase of care as well 
as underlying etiology of lung disease (14,62).

Preoperative use of ECLS

The use of ECLS as a preoperative bridge has increased 
significantly during the most recent era of lung transplantation 

with improving patient safety and outcomes (84). Preoperative 
bridging with ECLS can be achieved by the use of either 
VV-ECMO or VA-ECMO. VV-ECMO is predominately 
used in isolated pulmonary failure while VA-ECMO is 
utilized in the setting of both cardiac and pulmonary 
failure (85). Contraindications for the use of ECMO 
bridging can be either absolute or relative, with absolute 
including sepsis, metastatic cancer, acute neurological 
dysfunction, and multiple organ failure (85). Relative 
contraindications include advanced age, obesity, or 
prolonged use of mechanical ventilation (85).

Hashimoto et al. recently reported their experience 
with VV-ECMO bridging for lung transplantation and  
outcomes (86). The retrospective cohort study included 
34 patients, and the reported median duration of bridging 
was 12 days. They concluded that the use of bridging 
VV-ECMO during the intraoperative phase had similar 
outcomes for patients as compared to VA-ECMO, and that 
continuation of VV-ECMO bridging for intraoperative 
management was reasonable strategy.

In 2018, Hakim et al. reported outcomes of ECMO as 
a bridge to lung transplantation. While the predominant 
cohort of patients was bridged with dual-lumen single 
cannulas (43%), 20% of the patients were bridged with VA-
ECMO. Outcomes were assessed, and 30-day, 1- and 3-year 
survivals were 92%, 85%, and 80%. Based on their study, 
the authors note that favorable perioperative outcomes 
can be achieved with early bridging intervention in the 
appropriate patient population (87).

Intraoperative use of ECLS

The use of intraoperative ECLS can be either planned 
or emergent. Mohite et al. recently noted that emergent 
use of CPB within lung transplantation is associated 
with decreased survival at 1-, 2-, and 3-year intervals as 
compared to either no CPB or planned CPB strategies 
(P<0.001). When ECLS is planned, an approach of either 
CPB or VA-ECMO is generally considered (83).

Traditionally, CPB has been the preferred method of 
intraoperative ECLS support. However, recent trends show 
the emergence of VA-ECMO as the preferred method of 
intraoperative ECLS (75). Data show the use of CPB being 
associated with increased risk of PGD (88) while the use 
of VA-ECMO has been associated with improved rates of 
survival as compared to no ECLS at all (75). The largest 
study to date examining the use of VA-ECMO versus no 
ECLS was produced by the Vienna group, who reported 
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statistically significant data for patient survival at 1-, 3-, and 
5-year (P=0.04) (75). The working theory put forward by the 
group in their 2018 paper is a consideration for attenuation of 
the ischemic-reperfusion injury by diverting the majority of 
cardiac output away from the lung transplant graft. Preferred 
intraoperative cannulation is central via a clamshell incision, 
with peripheral VA-ECMO placed for post-operative 
prolongation in unstable patients. Some groups have nearly 
abandoned CPB entirely in favor of ECMO (89).

Postoperative use of ECLS

While data regarding institution of ECLS in the 
postoperative setting are limited, it is most often employed 
due to the deleterious effects of developing PGD (82). 
Data regarding postoperative ECLS outcomes show that, 
much like preoperative bridging, early intervention can be 
associated with improved outcomes (82).

Pain management strategies in lung 
transplantation

Management of acute post-operative pain the lung transplant 
recipient can be challenging, yet a balanced approach that 
is mindful of optimization cardiopulmonary function while 
minimizing side effects can achieve a positive impact on 
outcomes (52,90). Not only is acute post-operative pain a 
challenge, but chronic pain is as well. A recent survey of lung 
transplantation patients reported an incidence of chronic 
pain of 51% 1 year post initial surgery (91).

Given these circumstances, techniques involving the 
use of regional anesthetics are often employed. The most 
frequently studied, thoracic epidural analgesia (TEA), 
is noted in literature to be the “gold standard” (52).  
Overall, data regarding the impact of analgesic approach 
on lung transplantation outcomes are limited, however, 
TEA has  been  shown to  decrease  pos toperat ive 
mechanical ventilation time in these patients (92). Other 
pain management strategies reported include the use of 
paravertebral catheters, serratus anterior plane block, and 
erector spinae block (52,93). Larger studies are necessary 
to delineate the optimal pain management approach in this 
patient population, and should include direct comparisons 
of specific regional anesthetic techniques to each other.

Conclusions

The practice of lung transplantation has expanded and 

evolved significantly over the past 37 years since that 
first success for Cooper. This has required changes in the 
practice of anesthesiology. Much is still to be learned about 
what effect, if any, particular anesthetic agents might have 
on the transplanted organ and recipient. It is unknown if 
anesthetic agents have any benefit to the donor organ in the 
Ex Vivo Lung Perfusion (EVLP) phase of organ recovery 
and possible rehabilitation prior to implantation.

Greater use of ECMO to allow an unintubated 
patient to rehab in preparation for their lung transplant 
has the potential to bring patients to their surgery in 
better physiological shape (39). The use CO2 devices 
like Novalung and Decap allow to sustain patients when 
ventilation is not effective enough to manage patients’ 
severe hypercapnia in the presence of only mild to moderate 
hypoxemia.

Newer less-invasive methods to monitor hemodynamics 
may be developed to lessen the stress on the recipient as 
well as the risk for infection that current techniques present 
by virtue of their invasive nature.

We continue to learn about the potentially deleterious 
effects of mechanical ventilation and whether there are 
approaches that can be employed to lessen the effect on the 
newly transplanted organs.

Echocardiography is a very valuable tool to guide both 
the hemodynamic care of the patient as well evaluation of 
the surgical procedure and may develop further as a more 
reliable method of monitoring patient’s hemodynamic status 
less invasively.
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