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Abstract

Background As lung transplantation (LTx) becomes a standard treatment for end-stage lung disease,
bridging to LTx with extracorporeal membrane oxygenation (ECMO) is increasing during waiting time, for
either rescue treatment or improving ability to rehabilitation before transplant. This study investigated
post-operative outcomes in patients bridging to lung transplantation with ECMO, especially those
receiving awake ECMO. Methods In this single-center study, we retrospectively reviewed 241 consecutive
LTx patients between October 2012 and March 2019. Among them, 65 patients received ECMO support
while waiting for LTx; these patients were analyzed according to their awakeness. Multivaribale logistic
regression and Cox proportional hazard models were used to analyze variables associated awake
strategy and mortality. Results Thirty-three patients (50.7%) were awake during bridging ECMO, and 32
patients (49.2%) were in sedative status. The median age of awake ECMO patients was 59.0 (IQR 54.0-
63.0) years, and 63.1% of population was male. There were no significant differences between awake
and non-awake ECMO patients with respect to age, comorbidities, APACHE Il score, ECMO duration and
ECMO blood flow. Awake group have better post-operative outcome in terms of statically shorter post-
operative intensive care unit (ICU) length of stay (LOS) (awake vs. non-awake, 6 [4-9.5] vs. 16 [6-22], p =
0.004) and longer ventilator free days (VFDs) (awake vs. non-awake, 24 [11.0-25.0] vs. 0 [0.0-14.5], p =
0.001). Furthermore, the awake ECMO group had a significantly lower six-month mortality rate compared
to the non-awake group (18.2% vs. 40.6%, p = 0.045). It was independent predictive factor for ability to
gait after LTx ([OR] 4.128, 95% CI 1.094-15.572, p = 0.036). Conclusions Awake ECMO therapy could be
useful for high-risk patients waiting for LTx, and might help shorten ICU LOS and improve survival benefit
after LTx. Furthermore, awake ECMO was independent predictive factor for postoperative gaiting.

Background

Lung transplantation (LTx) is a final treatment option for patients with end-stage lung disease. Since the
first successful LTx by Cooper and colleagues in 1983, the number of lung transplants have increased to
up to 69,000 cases over the past 30 years. Most LTx are performed in patients with slowly progressive
end-stage lung disease; however, some patients need bridging strategies due to severe acute or chronic
respiratory failure [1-3].

These issues have increased the interest in bridging strategies for LTx candidates who become too sick to
survive until an organ is available. Bridging with veno-venous extracorporeal membrane oxygenation
(ECMO) had reduced the requirement for refractory hypercapnia or hypoxia with a mechanical

ventilator [4]. It was considered a relative contraindication to lung transplantation in the 1970s and
1980s, due to poor perioperative outcomes and many complications [5, 6]. However, as ECMO-related
techniques and experience improved, literature on pre-transplant ECMO showed postoperative benefits in
high-risk candidates; accordingly, the proportion of patients receiving bridging ECMO is increasing [7-11].

Furthermore, a concept called “awake ECMQ" has been used for bridging. ECMO could replace the role of
a mechanical ventilator, as candidates can spontaneously breathe even after extubation with early
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tracheostomy. Such a strategy not only enables the patient avoid complications related to mechanical
ventilation, sedation, and immobilization, but also enables active treatment participation and pulmonary
rehabilitation, as well as the optimization of nutritional support. Consequently, it extends the candidacy of
recipients and helps them maintain their physical condition whilst waiting for LTx [4, 12, 13].

However, the use of awake ECMO is associated with problems. Cannula displacement, patient discomfort,
pain, and anxiety could occur in conscious patients in the intensive care unit (ICU) [14]. In addition, there
are no uniform principles about patient selection, cannulation approach, inclusion and exclusion criteria
for the bridging of ECMO at high-volume centers [2].

In this study, we evaluate postoperative outcomes and survival of LTx candidates with pre-transplant
ECMO bridging, with a focus on the role of awake ECMO. The primary outcomes were three- and six-
month mortality, and the secondary outcomes were post-LTx outcomes such as postoperative gait,
ventilator free days (VFDs), ICU length of stay, and hospital length of stay (LOS). Also, further analysis
was done according to the quality of liberation from mechanical ventilation in patients undergoing awake
ECMO.

Methods
Study population

This was a retrospective, single-center, seven-year cohort study in consecutive patients receiving LTx in
South Korea, between October 2012 and June 2019. During the study period, 241 patients received LTx.
Fourteen patients were excluded due to the following exclusion criteria: five patients were under the age
of 18 years, five patients underwent co-transplantation of the lung and another organ, two underwent LTx
with off-pump coronary artery bypass, and two patients had re-transplantation (Fig.1 Study design). The
study protocol was approved by the institutional review board of Severance Hospital (approval no. 4-
2019-1294). It adhered to the principles of the Declaration of Helsinki (2000) and the Declaration of
Istanbul (2008).

All patients used ECMO during transplantation surgery and were administered induction
immunosuppression therapy with high dose corticosteroids: methylprednisolone 500 mg during the
operation, and 0.5 mg/kg/day for three days after the operation. Triple immunosuppression therapy, such
as prednisolone, tacrolimus, and mycophenolate mofetil, was used for maintaining immunosuppression
after transplantation. Patients who received bridged ECMO in 2019 received basiliximab 20 mg at the
time of LTx and started taking tacrolimus after seven days. Ganciclovir and itraconazole were used all
recipients until six months after their operation. Lifelong trimethoprim/sulfamethoxazole was used in all
recipients to prevent Pneumocystis jirovecii after LTx.

Data collection and definition
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All data of enrolled patients were collected from the electronic medical records of the hospital. Patient
data, including demographic data, laboratory values, comorbidities, and transthoracic echocardiogram
parameters before LTx and after LTx were collected. ECMO flow was detected at 24 h after cannulation.

To describe the patient’s status when using mechanical ventilation or ECMO therapy, the acute physiology
and chronic health evaluation Il (APACHE II) score was collected at the time of admission to medical ICU
for bridging therapy.

VFDs are usually calculated using one point for each day during the measurement period that a patient is
both alive and free of mechanical ventilation [15]. In our study, patients in the post-LTx period who could
breathe for at least 24 h without assistance of a mechanical ventilator or home ventilator were regarded
as having a ventilator-free status. For example, if a patient was extubated on postoperative day two and
remained alive and free of ventilatory support for the subsequent 28 days, their VFDs score would be 26.

The quality of rehabilitation during the pre-LTx and post-LTx periods were checked. We examined the
patients’ range of motion and functional mobilization levels, including assessment of side rolling at the
bedside, come to sit, sit to stand, standing unsupported, and walking in the pre-LTx period. After LTx
period, we examined the walking ability and time spent walking.

The six-minute walking test (6MWT) was performed in patients who could ambulate at one, three, and six
months after LTx in our center. The 6MWT was conducted in line with the American Thoracic Society
guidelines [16]. The assessor recorded baseline oxygen saturation levels, heart rate, and the Borg scale
rating for dyspnea and fatigue at the beginning of walking and at the end of the test, which was
performed in a 30 m hallway. The distance covered in six minutes was recorded.

Awake ECMO and physical rehabilitation

Potential candidates for ECMO support include patients already listed for lung transplantation who have
developed respiratory failure even with small movements, such as eating, drinking, and coughing, despite
high-flow oxygen support via nasal cannula. Also, patients with acute respiratory failure and poor gas
exchange with use of a mechanical ventilator were eligible for salvage treatment, as were patients who
had been transferred to our tertiary center due to the impossibility of ECMO weaning locally, waiting for
LTx.

Since bi-caval dual lumen ECMO catheters have not been used in South Korea, most patients who need
ECMO undergo a right jugular-femoral venous configuration. Some patients who developed right heart
failure due to lung problems were changed to veno-arterial-venous cannulation.

After cannulation, all patients received systemic anticoagulation through the intravenous administration
of heparin, in order to maintain an activated clotting time of 160-180 seconds. Blood flow was managed
to a target partial pressure of oxygen > 60 mmHg, while sweep gases were managed to maintain pH over
7.35 and a partial pressure of carbon dioxide < 45 mmHg. The mechanical ventilation settings followed

an ultra-protective strategy (predicted body weight, < 4 ml/kg) and infusions of sedative and analgesic
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drugs were tapered. If the patient was agitated, low dose dexmedetomidine was used to maintain a
Richmond Agitation and Sedation Scale (RASS) score of 0-1 point.

Patients underwent attempted extubation within 24 to 48 h of the initiation of ECMO if they had stable
gas exchange and hemodynamic status. If the weaning process was predicted to be difficult, early
tracheostomy was performed within 48 to 72 h for a spontaneous breathing trial.

The majority of the literature defines awake ECMO as liberation from invasive mechanical ventilation by
extubation or early tracheostomy with spontaneous breathing [4, 13, 17]. However, some recipients who
cannot wean totally from the ventilator need mechanical ventilator support modes such as continuous
positive airway pressure (CPAP); these are different from completely awake (extubated) patients.
However, these differences were not reflected in previous other studies.

In our study, we define awake ECMO as patients who could maintain their awareness with a RASS score
of 0-1 point, free from a mechanical ventilator, and spontaneously breathing while extubated or with early
tracheostomy and partial ventilator support. We further subclassified the awake ECMO group into a
‘totally awake group’ and a ‘partially awake group’, due to different efforts in the weaning process. In the
totally awake group, the previous procedure was easily performed, so patients could breathe
independently within 48 h. In the partially awake ECMO group, the weaning process was difficult but did
not fail completely, with the patients consequently requiring ventilatory support such as CPAP for
spontaneous breathing.

Awake ECMO treatment was considered a failure if patients met the following criteria: severe dyspnea
and respiratory rate more than 30 breaths/min due to hypoxemia associated with uncontrolled ECMO
alone, agitation for dyspnea, or an inability to clear airway secretions.

Early physical therapies and mobilization were achieved in patients receiving awake ECMO. Physical
therapies ranged from passive range of motion of the limb at the bedside to sitting at the edge of the bed
and standing at the bedside. If previous mobilization was tolerable with ECMO in the absence of
desaturations, tachypnea, marching with the walker, or walking with assistance could be attempted if
possible. However, in our center, there were no ambulatory patients during the maintenance of ECMO. The
maximum rehabilitation activities observed were standing and bedside cycle ergometer. During awake
ECMO, patients were receiving nasal cannula or high-flow nasal cannula oxygen therapy.

Statistical Analysis

The statistical analyses were performed using the SPSS software, version 25.0 (IBM Corp., Armonk, NY,
USA). Continuous variables are presented as median (interquartile range [IQR]) and categorical variables
are presented as number and percentages. An assessment for normal distribution of the data was
performed.

Medians were analyzed using the Mann-Whitney U test and the nonparametric Wilcoxon-W test. All

reported P-values are two-sided. Categorical variables were analyzed using the Chi-squared test or
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Fisher’s exact test. Kaplan-Meier statistics were used to estimate survival rates with statistical
significance assessed by log rank analysis.

Factors associated with survival were determined using Cox regression analysis. To confirm the
assumption of proportionality, time-dependent covariate analysis was used. The time-dependent
covariate was not statistically significant, suggesting that the proportional hazards assumption was
reasonable. Estimates for hazard ratios (HR) and 95% confidence intervals (Cl) were obtained. For all
analyses, P-values less than 0.05 were considered statistically significant.

Results

Baseline characteristics of the patients receiving bridged ECMO according to the awake strategy

In this study, among 227 patients awaiting LTx, 65 (28.6%) were candidates who needed bridging with
ECMO. The mortality associated with bridged ECMO was 46.3%, which was not inferior to that of non-
bridged ECMO (40.2%), despite the deteriorating condition in these patients and the unfeasibility of gas
exchange with mechanical ventilation. (p = 0.244) (Supplement Fig. 1, Kaplan-meier survival curves of
LTx patients stratification by bridging ECMO).

A total of 65 patients were treated with ECMO during the bridging period; their median age was 57.0 (IQR
49.5-63.0) years, and 63.1% of the population was male. The main indication for LTx was idiopathic
pulmonary fibrosis (n=31), followed by connective tissue disease-associated interstitial lung disease
(n=11). The proportion of awake ECMO patients among the overall LTx population has gradually
increased over the past few years in our center (Fig. 2 Percentage of Awake ECMO and ECMO bridging in
severance hospital).

Thirty-three patients (50.7%) underwent awake ECMO support, and 32 patients (49.2%) underwent ECMO
support with sedation and mechanical ventilation (non-awake). Table 1 shows the lack of a significant
difference in age, comorbidities, and APACHE Il score between the two groups. In the awake group,
median ECMO blood flow was 3,100 ml, and the median duration of ECMO while waiting for LTx was 13
days; these parameters were not significantly different in the non-awake group.

Table 1. Baseline characteristics between non-awake ECMO and awake ECMO patients
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Non-Awake ECMO Awake ECMO p
(n = 32) (n=33)

Age, years, median (IQR) 54.5 (49.0-61.3) 59 (54.0-63.0) 0.086
Male, gender, n (%) 15 (46.9) 26 (78.8) 0.008
BMI, kg/m?, median 22.1 (18.6-25.2) 20.1 (17.6-22.3) 0.288
Primary lung disease, n (%) 0.135

IPF 13 (40.6) 18 (54.5)

CTD-related ILD 4 (12.5) 7 (21.2)

AIP 5 (15.6) 00

BO after PBSCT 1.1 2 (6.1)

Other 9 (28.1) 6 (18.2)
Comorbidities, n (%)

Hypertension 10 (31.3) 6 (18.2) 0.221

Diabetes mellitus 9 (28.1) 10 (30.3) 0.847

Pulmonary hypertension 18 (56.3) 17 (51.5) 0.702
TTE parameters before LTx

EF, median, % (IQR) 61 (56.0-66.0) 63 (56.0-69.5) 0.416

E/E’, median (IQR) 11 (8.0-12.0) 10 (8.0-12.0) 0.683
RVSP, median, mmHg (IQR) 48 (30.75-61.0) 50 (37.5-57.5) 0.783

TAPSE, median, cm (IQR) 2 (1.4-2.2) 1.75 (1.29-1.85) 0.5
TDI, median, IQR) 11 (9.0-13.0) 11.2 (8.25-13.25) 0.765
APACHE II score, median (IQR) 21 (17.0-28.0) 19 (13.0-25) 0.133
Bridging parameters

ECMO Blood flow, mL (IQR) 3175 (2815.0-3565.0) 3100 (2790.0-3570.0)  0.637

ECMO duration, days (IQR) 10.0 (4.5-19.0) 13.0 (8.0-19.0) 0.290
Post-transplant TTE parameters

EF, median, % (IQR) 63 (58.5-68.0) 64 (61.0-68.0) 0.374

E/E’, median (IQR) 11 (8.0-11.0) 10 (7.0-12.0) 0.92

RVSP, median, mmHg (IQR) 33 (27.0-39.5) 33 (27.0-39.5) 0.426

TAPSE, median, cm (IQR) 1.58 (1.32-1.89) 1.58 (1.32-1.89) 0.613
TDI, median (IQR) 11 (10.0-13.0) 11 (10.0-13.0) 0.138
Ability to gait after LTx 18 (56.3) 28 (84.8) 0.011
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Time to gaiting, days (IQR)

26.5 (14.0-31.0)

18 (10.0-30.5)

0.25

6MWT, m (IQR) 180 (127.5-295.0) 280 (185-350) 0.112
VFDs, days (IQR) 0 (0.0-14.5) 24 (11.0-25.0) 0.001
ICU LOS, days (IQR) 16 (6-22) 6 (4-9.5) 0.001

Hospital LOS, days (IQR) 73 (58.5-87.5) 70.5 (56.0-112.0) 0.606

3M mortality, n (%) 7 (22) 309 0.152

6M mortality, n (%) 13 (40.6) 6 (18.2) 0.045

Data are presented as numbers (percentages) or median

Abbreviations: 6MWT, 6-minute walk test; AIP, acute interstitial pneumonia; BMI, body mass index; BO after PBSCT, bronchiolitis obliterans after
peripheral blood stem cell transplantation; CTD, connective tissue disease; ECMO, extracorporeal membrane oxygenation; EF, ejection fraction;
ICU, intensive care unit; ILD, interstitial lung disease; IMV, invasive mechanical ventilation; IPF, idiopathic pulmonary fibrosis; LOS, length of stay;
LTx, lung transplantation; RVSP, right ventricular systolic pressure; TAPSE, tricuspid annular plane systolic excursion; TDI, tissue Doppler imaging;
TTE, transthoracic echocardiography; VFDs, ventilator free days.

The proportion of males in the awake group was higher than in the non-awake group (78.8% vs. 46.9% p
= 0.008). Awake ECMO patients had a significantly shorter median ICU stay and longer duration of VFDs
compared to the non-awake ECMO group (ICU length of stay, 6 [4-9.5] vs. 16 [6-22], p = 0.001; VFDs, 24
[11.0-25.0] vs. 0[0.0-14.5], p = 0.001). Furthermore, more patients were able to gait after LTx in the awake
group compared to the non-awake group (84.8% vs. 56.3%, p=0.011).

Mortality

The six-month mortality rate of bridged ECMO patients according to awake and non-awake status using
the Kaplan-Meier analysis was 18.2% (6/33) and 40.6% (13/32), respectively (log-rank test, p = 0.044,; Fig.
3 Kaplan-meier survival curves of bridged ECMO patients stratification by Awake strategy). Furthermore,
we analyzed risk factors influencing the six-month mortality using a Cox model including the variables
which were meaningful in the univariate analysis. Postoperative gait was an independent predictive
factor for six-month mortality adjusted for age, gender, and body mass index (Postoperative gait; HR,
0.060, 95% Cl, 0.023-0.162, p< 0.001; Table 2).

Table 2. Cox regression for awake strategy and six-month mortality adjusting for various prognostic factors
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Multivariable

Variables HR (95% CI) P

Age 0.979 (0.939-1.021) 0.316
Sex, female 0.697 (0.317-1.529) 0.368
BMI 0.990 (0.918-1.068) 0.798

Postoperative gait 0.060 (0.023-0.162) < 0.001

Awake ECMO 0.960 (0.407-2.266) 0.926

Abbreviations: BMI, body mass index; CI, confidence interval; ECMO, extracorporeal membrane oxygenation; HR, hazard ratio.

Factors affecting gaiting after LTx

Based on the previous results, we performed an analysis to identify factors associated with gaiting after
LTx in the bridged ECMO group. In multivariate logistic analysis, four factors including age, gender, BM,
and awake status were adjusted for in the analysis of gait after LTx (Table 3). Awake ECMO (odd ratio
[OR] 4.128,95% CI 1.094-15.572, p = 0.036) was an independent predictive factor for ability to gait
success after LTx, whereas high BMI (> 25 kg/m?) (OR 0.207, Cl 0.052-0.827, p = 0.026) were risk factors
for gait failure.

Table 3. Logistic regression for post-lung transplantation gait

Univariable Multivariable
Variables OR (95% CI) P OR (95% CI) P
Age 0.993 (0.937-1.051) 0.799  0.979 (0.918-1.044) 0.518
Gender 3.490 (1.146-10.635)  0.028  2.163 (0.611-7.657) 0.232

BMI (kg/m?) (18.5-24.9) 0.464 (0.087-2.492) 0.371
BMI (kg/m?) (>25) 0.095 (0.016-0.580)  0.011  0.207 (0.052-0.827) 0.026
Diabetes mellitus 1.815 (0.513-6.419) 0.355
Pulmonary hypertension 0.793 (0.270-2.334) 0.674
ECMO duration 1.021 (0.961-1.084) 0.502

Awake ECMO 4.356 (1.338-14.180)  0.015 4.128 (1.094-15.572) 0.036

Abbreviations: BMI, body mass index; CI, confidence interval; ECMO: extracorporeal membrane oxygenation; OR, odds ratio.
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Subgroup analysis of postoperative outcome and survival in awake patients according to the
qualification of awake

We divided the awake group into two further groups according to whether the awake strategy was fully
maintained or not. By our definition, 25 patients (75.7%) were classified as totally awake, and eight
patients (24.2%) were partially awake, requiring ventilatory support such as CPAP to maintain
spontaneous breathing.

There were no significant differences with respect to age, gender, primary lung disease, or comorbidities
between the two groups (Table 4). The median duration of ECMO support in the partially awake group
was longer (17.5 days vs. 13.0 days), but this difference was not statistically significant. The median
APACHE Il score was statistically higher in the partially awake group (26.0 vs. 18.0, p = 0.001).

Table 4. Subgroup analysis in the awake ECMO group according to quality of awake
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Totally awake group Partially awake group P
(n=25) (n=8)

Age, years, median (IQR) 59.0 (55.0-63.0) 59.5 (56.0-62.5) 0.801
Male, gender, n (%) 20 (80.0) 6 (75.0) 1.000
BMI, kg/m?, median, IQR 19.3 (17.26-23.23) 22.44 (20.78-25.75) 0.101
Primary lung disease, n (%) 0.378

IPF 14 (56.0) 4 (50.0)

CTD related ILD 4 (16.0) 3(37.5)

AIP 0 (0) 0 (0)

BO after PBSCT 2 (8.0) 0 (0)

Other 5 (20) 1 (12.5)
Comorbid conditions, n (%)

Hypertension 5 (20.0) 1(12.5) 1.000

Diabetes mellitus 6 (24.0) 4 (50.0) 0.205

Pulmonary hypertension 12 (48.0) 5 (62.5) 0.688
TTE parameters, before LTx

EF, median, % (IQR) 62.0 (55.0-67.0) 67.0 (58.5-74.5) 0.135

E/E’, median, % (IQR) 10.0 (8.27-12.0) 9.0 (8.0-10.0) 0.396
RVSP, median, mmHg (IQR) 49.0 (40.0-53.0) 58.0 (38.5 -67.5) 0.178

TAPSE, median, cm (IQR) 1.75 (1.30-2.2) 1.35 (0.8-1.9) 0.324
TDI, median, (IQR) 11.0 (8.1-12.5) 12.0 (11.0-13.0) 0.515
APACHE II score, median (IQR)  18.0 (13.0-19.0) 26.0 (22.0-28.5) 0.001
Bridging parameters

ECMO blood flow, mL (IQR) 3270.0 (3100.0 -3520.0)  3270.0 (3100.0-3520.0)  0.208
ECMO duration, days (IQR) 13.0 (8.0-16.0) 17.5 (10.0-26.0) 0.165
Post-transplant parameters

EF, median, % (IQR) 65.0 (62.0-69.0) 61.0 (59.0-63.0) 0.074

E/e’ ratio, median (IQR) 9.5 (7.0-12.5) 11.0 (8.0-12.0) 1.000

RVSP, median, mmHg (IQR) 33.0 (29.0-39.0) 33.0 (23.0-43.0) 0.972

TAPSE, median, cm (IQR) 1.50 (1.30-1.75) 1.92 (1.4-2.11) 0.126
TDI, median (IQR) 11.0 (10.0-13.0) 11.0 (10.0-12.5) 0.813
Ability to gait after LTx, n (%) 23 (92.0) 5 (62.5) 0.078
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Time to gait, days (IQR) 17.0 (10.0-28.5) 28.0 (22.0-41.0) 0.055

6MWT, m (IQR) 255.0 (180.0-340.0) 330.0 (255.0-345.0) 0.706
Pre-op mobilization, n (%) 0.316
Bedside 14 (56.0) 6 (75.0)
Sitting 7 (28.9) 1(12.5)
Standing 4 (16.0) 1(12.5)
VFDs, days (IQR) 24.0 (20.0-26.00) 5.0 (0.0-15.0) 0.010
ICU LOS, days (IQR) 6.0 (4.0-8.0) 16.0 (10.5-27.5) 0.009
Hospital LOS, days (IQR) 70.5 (56.0-116.5) 113.0 (108.50-216.00) 0.045
3M mortality, n (%) 1(0.4) 2 (25) 0.083
6M mortality, n (%) 3(12.0) 3 (37.5) 0.094
Overall mortality, n (%) 5 (20.0) 5 (62.5) 0.021

Data are presented as numbers (percentages) or median

Abbreviations: 6MWT, 6 minute walk test; AIP, Acute interstitial pneumonia; BMI, body mass index; BO after PBSCT, Bronchiolitis obliterans after
peripheral blood stem cell transplantation; CTD, Connective tissue disease; ECMO, extracorporeal membrane oxygenation; EF, ejection fraction;
ICU, Intensive care unit; ILD, Interstitial lung disease; IMV, Invasive mechanical ventilation; IPF, Idiopathic pulmonary fibrosis; LOS, Length of
stay; LTx, Lung transplantation; PEEP, Positive end expiratory pressure; RVSP, Right ventricular systolic pressure; TAPSE, Tricuspid annular plane
systolic excursion; TDI, Tissue Doppler Imaging; TTE, Trans thoracic echocardiography; VFDs, Ventilator free days.

In the totally awake group, sitting or standing status were more easily achieved than in the partially
awake group, but this difference was not statistically significant. The totally awake group had
statistically significant improvements in postoperative outcomes and overall survival compared to the
partially awake group. ICU LOS after surgery and hospital LOS were significantly shorter in the totally
awake group compared to the partially awake group (ICU LOS, 6.0 vs. 16.0, p = 0.025; hospital LOS 70.5
vs. 113.0, p = 0.025). The duration of VFDs after LTx was significantly longer in the totally awake group
(24.0 vs. 5.0, p = 0.010). Furthermore, Kaplan-Meier curves showed a higher overall mortality rate in the
partially awake ECMO group compared to the totally awake ECMO group (/og-rank test, p = 0.021;
Supplementary Fig. 2 Kaplan-meier survival curves of Awake ECMO patients stratification by totally and
partially awake).

Discussion

Our study showed that the survival of bridged ECMO patients was not inferior to that of non-bridged
ECMO patients, and the number of patients receiving bridged ECMO has increased in the past few years.
Among the bridged ECMO group, the awake ECMO patients had a significantly higher six-month survival
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compared to the non-awake group using Kaplan-Meier survival analysis, and awake ECMO independently
predicted postoperative gait in multivariate analysis.

The main finding of our study is that awake strategy statically improve physical ability to gait after lung
transplantation, which affects 6-month survival outcome. Awake approach would minimize ICU-related
complications associated with sedation, intubation, prolonged mechanical ventilation and critical illness
myopathy. [14, 18-20]

First, the cessation of sedation and being conscious could avoid prolonged immobilization and facilitate
pulmonary rehabilitation. Several studies have shown the mechanisms of how immobility can cause
muscle weakness. Immobility due to critical illness leads to decreased muscle protein synthesis and
increased muscle catabolism, leading to decreased muscle mass [21]. It can lead to a pro-inflammatory
state, increasing reactive oxygen species that induce the oxygenation of myofilaments, resulting in
contractile dysfunction and muscle atrophy [22, 23].

LTx recipients usually have exercise intolerance and long-term inactivity due to dyspnea, consequently
leading to peripheral muscle weakness [24]. Also, immunosuppression therapy could delay recovery of
quadriceps strength, making it even harder to recover to the patient’s pre-operative physical condition [25,
26]. Many patients suffer from substantial muscle dysfunction, reduced physical capacity, and a decline
in health-related quality of life [19,20].

Second, maintaining respiratory muscle tone could help ventilation to even dependent parts of the lung,
leading to optimal ventilation-perfusion matching after transplantation [14]. Awake patients with
spontaneous breathing can move their diaphragm, preventing muscle atrophy [27]. Goligher et al.
reported that diaphragm atrophy during mechanical ventilation strongly impacts clinical outcomes, and
decreased muscle thickness was associated with lower rates of independence from ventilatory

support [28].

Third, being consciousness allows the patient to communicate with nursing staff, medical staff, and their
family, and encourages therapy during the waiting period for LTx [14].

However, survival rates in our study were slightly lower compared to previous studies. [4, 13, 17]. In the
Columbia group, survival rates up to 92.5% have been reported [13], and in the Hannover group, survival
at six months in the awake ECMO group is 80% compared to 50% in the mechanical ventilation group [4].
It could be explained by different policies regarding de-listing criteria after the bridging of ECMO at each
center, a variety of cannulation approaches, and different lung allocation systems.

In the Columbia group, slightly strict de-listing criteria during waiting time was observed. In their study,
among 72 patients who received awake ECMO, only 55.6% patients who were able to gait and in a good
condition received LTx; among them, 92.5% survived to discharge [13].

Also, the cannulation technique in our study was different from other studies. In the Cleveland group,

advances in cannula design that facilitate gait (double lumen single cannula) have been used, and
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positioning the cannulas in the upper extremities helping gait; in their cohort, 26% (5 of 19) were
successfully gait during awake ECMO [29]. Unfortunately, double lumen single catheters are not available
in South Korea, and therefore we had no alternative to femoral catheterization, which may interfere with
gait during awake ECMO.

Furthermore, many other countries have organ allocation systems regulated by their government,
following the principles of justice and medical utility to achieve the best matching. For example, in the
USA the lung allocation score is used to prioritize waiting list candidates based on a combination of
waitlist urgency and the probability of post-transplant survival. In Japan, bridged ECMO patients, and
those older than 60 years are not added to LTx waiting lists, because poor graft survival is predicted even
though their urgency is high. However, in South Korea, organ allocation is governed primarily by the
urgency of a patient’s status. [30].

Despite these different policies, cannulation approaches, and lung allocation systems, we could find that
the strengthen of awake strategy in bridging to LTx patients, reduce complications, maintain or improve
physical ability, and that these factors influence LTx outcomes. Furthermore, in totally awake group,
survival rate was up to 80%.

There are several limitations to our study. It was a retrospective observational study in a single tertiary
center in Asia. However, to the best of our knowledge, this is the first report of an Asian cohort undergoing
awake ECMO in LTx. Most previous studies were performed in North America and Europe, and their results
are difficult to generalize on account of racial and environmental differences. Therefore, this study will be
helpful in understanding LTx in Asians. Second, due to short follow-up duration of approximately six
months, there was a lot of censored data. Therefore, well-designed prospective studies are needed to
evaluate the long term results and the optimal use of awake ECMO when used as a bridge to LTx. In
addition, we focused on the analysis of the role of an awake ECMO strategy, and the results of this study
may be helpful to the management of ECMO, when considering the higher mortality rate and the increase
of bridged ECMO use among LTx candidates in South Korea [31].

Conclusions

Awake ECMO could be useful strategy in patients waiting for LTx and may be helpful in shortening ICU
stays and improving the survival benefit after LTx. Furthermore, awake ECMO could be helpful in
improving postoperative mobilization and physical activity.
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Study design 227 lung transplant recipients enrolled in this study, among them 65 were bridged with
ECMO, 33 were applied awake ECMO strategy.
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Figure 2

Percentage of Awake ECMO and ECMO bridging in severance hospital Incidence of bridging ECMO is

increasing up to 20% in lung transplant recipients after 2017, also proportion of awake ECMO is rapidly
increasing.
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Kaplan-meier survival curves of bridged ECMO patients stratification by Awake strategy This Kaplan-
Meier plot shows statically survival benefit of Awake ECMO compared to non-awake ECMO group. (18.2%
versus 40.6%, P=0.04)
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