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ÖZ
Amaç: Bu çalışmada, akciğer nakli sırasında hastaların 
intraoperatif ekstrakorporeal membran oksijenasyon destek 
ihtiyacını belirleyen öngördürücü faktörler araştırıldı.
Çalışma planı: Aralık 2016 - Aralık 2019 tarihleri arasında 
hastanemizde akciğer nakli olan toplam 63 hasta (49 erkek, 
14 kadın; ort. yaş 44.9±14.4 yıl; dağılım, 14-64 yıl) retrospektif 
olarak incelendi. Hastaların demografik özellikleri ve 
perioperatif klinik verileri kaydedildi. İndüksiyon ve pulmoner 
arter kateterizasyonu sonrasında kalp debisi, ortalama pulmoner 
arter basıncı, pulmoner kapiller kama basıncı, kardiyak indeks, 
pulmoner vasküler direnç, sistemik vasküler direnç ve sağ atriyal 
basınç termodilüsyon tekniği ile ölçüldü.
Bul gu lar: Hastaların 33’ü ameliyat sırasında ekstrakorporeal 
membran oksijenasyon desteği aldı. Ameliyat sırasında 
ekstrakorporeal membran oksijenasyon desteği gereken hastalarda 
sağ atriyal basınç (p<0.001), pulmoner kapiller kama basıncı 
(p<0.002), ortalama pulmoner arter basıncı (p<0.001) ve pulmoner 
vasküler direnç (p<0.001) istatistiksel olarak anlamlı düzeyde 
yüksekti. Sistemik vasküler direnç (p<0.032) ise, ameliyat sırasında 
ekstrakorporeal membran oksijenasyon desteği alan hastalarda 
istatistiksel olarak anlamlı düzeyde düşüktü. Ortalama pulmoner 
arter basıncının >39 mmHg (p<0.02) ve sağ atriyal basıncın 
>12 mmHg (p<0.047) olması, akciğer nakli sırasında intraoperatif 
olarak ekstrakorporeal membran oksijenasyon desteğinin bağımsız 
risk faktörleri idi.
Sonuç: İntraoperatif dönemde ekstrakorporeal membran 
oksijenasyon desteğine duyulan ihtiyacın öngörülebilmesi; mekanik 
destek ihtiyacının zamanlaması, yüksek mekanik ventilatör 
basınçlarından yeni greftin korunması ve hemodinamik stabilitenin 
etkin bir şekilde sürdürülebilmesi açısından oldukça önemlidir.
Anahtarsözcükler: Ekstrakorporeal membran oksijenasyonu, akciğer nakli, 
pulmoner arter kateterizasyonu, pulmoner hipertansiyon.

ABSTRACT
Background:This study aims to investigate predictive factors of 
identification of the need of patients for extracorporeal membrane 
oxygenation support during lung transplantation.
Methods: A total of 63 patients (49 males, 14 females, mean 
age: 44.9±14.4 years; range, 14 to 64 years) who underwent 
lung transplantation in our institution between December 2016 
and December 2019 were retrospectively analyzed. Demographic 
characteristics and perioperative clinical data of patients were 
recorded. After induction and pulmonary artery catheterization, 
cardiac output, mean pulmonary artery pressure, pulmonary 
capillary wedge pressure, cardiac index, pulmonary vascular 
resistance, systemic vascular resistance, and right atrial pressure 
were measured using the thermodilution technique.
Results: Thirty-three of the patients received extracorporeal 
membrane oxygenation support during surgery. The right atrial 
pressure (p<0.001), pulmonary capillary wedge pressure (p<0.002), 
mean pulmonary artery pressure (p<0.001), and pulmonary vascular 
resistance (p<0.001) were statistically significantly higher in the 
patients who required extracorporeal membrane oxygenation 
support intraoperatively. The systemic vascular resistance (p<0.032) 
was statistically significantly lower in the patients who required 
extracorporeal membrane oxygenation support intraoperatively. A 
mean pulmonary artery pressure of >39 mmHg (p<0.02) and a right 
atrial pressure of >12 mmHg (p<0.047) were independent risk factors 
for ECMO support intraoperatively during lung transplantation.
Conclusion: Predicting the need of intraoperative extracorporeal 
membrane oxygenation support is of utmost importance in timing 
the need for mechanical support, protecting the new graft from 
high mechanical ventilator pressures, and adequately maintaining 
hemodynamic stability.
Keywords: Extracorporeal membrane oxygenation, lung transplantation, 
pulmonary artery catheterization, pulmonary hypertension.
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Lung transplantation (LTx) is the most effective 
treatment method for end-stage lung diseases.[1] It can 
cause various clinical problems due to the diversity 
of the underlying pathologies and the difficulties of 
surgical procedure.[2] Hemodynamic instability and 
respiratory problems are frequently encountered during 
the induction of anesthesia, single-lung ventilation 
(SLV), clamping/declamping of the pulmonary artery, 
pulmonary reperfusion, ventilation of the new graft, 
and left lung anastomosis.[3-5]

Problems that arise during LTx have been currently 
overcome by intraoperative extracorporeal membrane 
oxygenation (ECMO) support. However, no specific 
criterion is used to predict the need for intraoperative 
use of ECMO.[6] Predicting these patients that would 
require intraoperative ECMO use would enable us 
a more controlled and effective management of LTx 
anesthesia.[7]

Intraoperative hemodynamic monitoring is of 
utmost importance in anesthesia management of 
LTx operations.[8,9] The monitorization of pulmonary 
pressure through pulmonary artery catheterization 
(PAC), measurement of right/left ventricular functions, 
and monitorization of pulmonary vascular resistance 
(PVR) and preload/afterload indices may provide an 
effective anesthesia management.[10]

In the present study, we aimed to investigate 
whether PAC data measured after the induction of 
anesthesia could predict the need for intraoperative 
ECMO use.

PATIENTS AND METHODS
This single-center, retrospective study was 

conducted at Kartal Koşuyolu Yüksek Ihtisas 
Training and Research Hospital, Department of 
Anesthesiology and Reanimation between December 
2016 and December 2019. A total of 71 patients who 
underwent LTx were screened. Eight of these patients 
were excluded from the study, as they received 
ECMO support in the preoperative period. Three out 
of eight patients were excluded, as they underwent 
emergency ECMO after the induction. Finally, a 
total of 63 patients (49 males, 14 females, mean 
age: 44.9±14.4 years; range, 14 to 64 years) were 
included in the study. A written informed consent 
was obtained from each patient. The study protocol 
was approved by the Institutional Review Board of 
Kartal Koşuyolu Training and Research Hospital 
(Date/No: 25.08.2020/2020/6/343). The study was 
conducted in accordance with the principles of the 
Declaration of Helsinki.

The data were retrieved from the clinical records 
of the hospital database. Demographic and clinical 
characteristics and perioperative clinical data including 
blood gases, hemodynamic data, essential findings, 
and ECMO use were recorded.

A five-lead electrocardiogram device, pulse 
oximeter, invasive blood pressure measurement 
from the left radial or brachial artery, urine output 
monitorization, transesophageal echocardiography 
for cardiac monitorization and near-infrared 
spectroscopy (INVOSTM, Somanetics/Covidien, 
Boulder, CO, USA) for cerebral oxygenation 
monitorization were used.

Following the induction of anesthesia, an 
endobronchial tube was inserted to the side that showed 
the highest ventilation/perfusion (V/Q) scintigraphic 
values. A pediatric fiberoptic bronchoscope was used 
to check for the position of the tube. In addition, 35, 
37, and 39-Fr (Shiley™ endobronchial tube; Covidien  
Medtronic, Watford, UK) endobronchial tubes were 
used considering the patient's age, weight, and height.
The mechanical ventilator settings were adjusted to 
optimize blood gases.

After intubation, a central venous catheter 
(8.5-Fr Arrow International Inc., PA, USA) and 
a pulmonary catheter (ARROW® 7.5-Fr, 5 Lumen 
HANDS-OFF infusion port thermodilution catheter) 
were inserted through the right jugular vein. Central 
catheterization was performed using the Seldinger 
technique, and central venous pressure (CVP) was 
measured. Following PAC, cardiac output (CO), 
mean pulmonary artery pressure (mPAP), pulmonary 
capillary wedge pressure (PCWP), cardiac index 
(CI), PVR, systemic vascular resistance (SVR), and 
right atrial pressure (RAP) were measured using the 
thermodilution technique.

The CO measurements were performed following 
induction when hemodynamic and respiratory 
parameters were most stable to prevent the effects 
of factors such as hypoxia and hypotension on 
CO measurement. The optimal conditions for CO 
measurements were defined as a mean arterial 
pressure (MAP) of >60 mmHg, SaO2 of >96%, and 
partial pressure of oxygen (PaO2) of >80 mmHg 
and partial pressure of carbon dioxide (PaCO2) 
of >50 mmHg. Patients who did not meet these 
criteria and experienced refractory impairment in 
hemodynamic and respiratory parameters received 
emergency ECMO and excluded from the study.

When the pulmonary artery catheter was placed to 
the side to be clamped during surgery, the catheter was 
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withdrawn and inserted to the contralateral pulmonary 
artery for continuous monitorization of pulmonary 
pressures.

Intraoperative ECMO
Patients who received ECMO during surgery were 

those who experienced hemodynamic and respiratory 
instability at any time during operation. Notably, 
patients with refractory hemodynamic instability 
(MAP <50 mmHg) at any time during surgery 
despite the administration of inotropic agents received 
ECMO support. The ECMO support provided during 
the operation was in the form of veno-arterial 
(VA)-ECMO in all patients.

The patients were administered with heparin 
60 U/kg after opening the thoracic cavity, and the 
coagulation status was monitored by the measurement 
of activated clotting time (ACT). An ACT of 
150 to 180 was targeted. In general, an 18-Fr cannula 
was inserted into the aorta, and a 32-Fr cannula was 
inserted into the right atrium. After connecting the 
ECMO cannula to the system, the flow rate of ECMO 
was increased slowly to stabilize hemodynamics and 
gas exchange.

At the end of the operation, patients undergoing 
ECMO were evaluated for weaning. The ECMO 
support was terminated, if the patient was 
hemodynamically stable with PaO2 90 to 100 mmHg, 

PaCO2 35 to 45 mmHg, mixed venous oxygen 
saturation (SvO2) 65 to 75% in the blood gas analysis 
and, if the tidal volume was 8 to 10 mL/kg, the 
respiratory frequency was within normal ranges, the 
patient could breathe with positive end-expiratory 
pressure within acceptable limits (10 cmH2O), and 
there were no findings of low pulmonary reserves and 
right ventricular (RV) failure. Patients not meeting 
the prespecified clinical criteria were transferred to 
the intensive care unit while under ECMO support.

Statistical analysis
Statistical analysis was performed using the 

SPSS version 15.0 software (SPSS Inc., Chicago, 
IL, USA). The Kolmogorov-Smirnov test was used 
to determine whether the continuous data were 
normally distributed. Continuous variables were 
expressed in mean ± standard deviation (SD) or 
median (min-max), while categorical variables were 
expressed in number and frequency. Differences 
between the groups were evaluated using the 
Student t-test or Pearson chi-square test. The CO 
measurements were analyzed by an independent 
t-test, and those predicting intraoperative ECMO 
with a p value of <0.05 were included in the 
regression model. Univariate and multivariate logistic 
regression analyses were performed to identify 
predictive sensitivity of the CO measurements 
associated with intraoperative ECMO implantation. 

Table 1. Demographic data and cardiac measurements of patients

Mean±SD Min-Max
Age (year) 44.9±14.4 14-64
Body mass index (kg/m2) 23.5±5.1 13-48
Cardiac index 2.7±0.8 1.48-4.70
Systemic artery pressure 108.7±16.9 71-170
Diastolic artery pressure 63.7±11.6 22-83
Heart rate 90.6±16.0 52-123
Pulmonary vascular resistance 488.4±291.9 116-1,594
Pulmonary vascular resistance index 712.2±298.6 194-2,187
Systemic vascular resistance 1,312.2±4,13.8 529-2,522
Systemic vascular resistance index 2,149.4±6,88.8 761-4,205
Systolic pulmonary artery pressure 51.4±22.0 20-117
Mean pulmonary artery pressure 36.0±15.4 10-82
Pulmonary capillary wedge pressure 16.7±7 7-50
Right ventricular stroke volume index 14.6±5.2 3.24-34.34
Right atrial pressure 11.5±3.2 6-21
SD: Standard deviation.
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Odds ratios (ORs) were presented in 95% confidence 
interval. Area under the curve (AUC) values were 
obtained using the MedCalc version 20.011 software 
(MedCalc Software Ltd., Ostend Belgium). In the 
receiver operating characteristics (ROC) curve 
analysis, the AUC values of CO measurements were 
calculated on intraoperative ECMO implantation. 
A p value of <0.05 was considered statistically 
significant.

RESULTS
Of a total of 63 patients included in the study, 

33 received ECMO support during surgery. Age, 
body mass index (BMI), and CO measurements 
after the induction are presented in Table 1. The 
mean CI, PAP, mPAP, and PCWP values were 

2.7±0.8 L/min/m2, 51.4±22 mmHg, 36±15.4 mmHg, 
and 16.7±7 mmHg, respectively. The mean RAP 
and RVSWi values were 11.5±3.2 mmHg and 
14.6±5.2 g.m/m, respectively.

Table 2 shows the relationship between age, 
gender, BMI, etiology, and ECMO use, indicating no 
statistically significant relationship. The relationship 
between CO measurements and ECMO use was also 
investigated in this table. The RAP (p<0.001), PCWP 
(p<0.002), mPAP (p<0.001), and PVR (p<0.001) 
were statistically significantly higher in the patients 
who required ECMO support intraoperatively 
than those who did not. The SVR (p<0.032) was 
statistically significantly lower in the patients who 
required ECMO support intraoperatively than those 
who did not. A comparison between the patients who 

Table 2. Relationship between demographic data, disease etiology, intraoperative cardiac measurements, 
extubation time, mortality, and ECMO use

ECMO (-) ECMO   (+)
n % Mean±SD n % Mean±SD p

Age (year) 48.1±12.2 42.0±15.8 0.092c

Sex
Female
Male

7
23

23.3
76.7

7
26

21.2
78.8

0.840b

Body mass index (kg/m2) 24.9±5.3 22.2±4.5 0.061c

Etiology
Idiopathic pulmonary fibrosis
COPD
Cystic fibrosis
Cancer
Sarcoidosis
Silicos

14
8
4
0
1
3

46.7
26.7
13.3

0
3.3
10

   
11
19
1
1
1
0

44
57.6

3
3
3
0

0.062a

Systemic artery pressure 108.0±15.1 109.4±18.6 0.741c

Cardiac index 2.6±0.6 2.8±0.9 0.359c

Diastolic artery pressure 63.6±12.4 63.9±11.0 0.933c

Heart rate 88.6±16.7 92.4±15.4 0.351c

Pulmonary vascular resistance 364.2±164.0 601.3±336.3 0.001c

Systemic vascular resistance 1,428.3±359.6 1,206.6±436.3 0.032c

Mean pulmonary artery pressure 28.6±11.7 42.7±15.4 <0.001c

Pulmonary capillary wedge pressure 13.9±5.0 19.2±7.7 0.002c

Right atrial pressure 10.1±2.7 12.8±3.1 <0.001c

Extubation time 47.5±51.1 43.9±39.0 0.756c

30-Day mortality
No
Yes

24
6

80
20

22
11

66.7
33.3

0.234b

ECMO: Extracorporeal membrane oxygenation; COPD: Chronic obstructive pulmonary disease; a Pearson’s chi-square test; b Fisher’s exact test; c Independent 
samples t-test.
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received and did not receive ECMO support during 
surgery revealed no significant difference in terms 
of 30-day mortality and extubation times.

In the multivariate analysis, mPAP >39 mmHg 
(p<0.02) and RAP >12 mmHg (p<0.047) were 
independent risk factors for ECMO support 
intraoperatively during LTx (Table 3).

In the ROC curve analysis, the cut-off value for 
mPAP was 39 mmHg (AUC=0.742) (p=0.001), while 
the cut-off value for RAP was 12 mmHg (AUC=0.714) 
(p=0.001).

DISCUSSION
In the present study, we evaluated the value of CO 

measurements in predicting ECMO requirement, and a 
mPAP of >39 mmHg and a RAP of >12 mmHg were 
found to be independent predictors for ECMO need.

Lung transplantation is a life-saving procedure 
in end-stage lung diseases.[7] The number of LTx 
procedures has been increasing recently. However, 
the scarcity of donors in Turkey brings about the 
necessity of considering even marginal donors. The 
more marginal is the donor, the higher is the risk 
for the recipient, necessitating a more complicated 
anesthesia management which is associated with 
complications.[11]

During LTx, ECMO can be preferred as the 
mechanical supportive device in patients experiencing 
refractory hemodynamic and respiratory problems that 
cannot be corrected by conventional methods.[11,12] The 
ECMO has an increasing use during surgery to eliminate 
complications such as pulmonary hypertension, and 
RV failure and global hypoxia/hypercarbia caused by 
clamping of the pulmonary hilus.[12] Therefore, close 
hemodynamic monitorization and the use of ECMO in 
the case of hemodynamic instability are particularly 
crucial in the management of LTx anesthesia.

Although ECMO plays an essential role in LTx 
anesthesia, the lack of established practical criteria for 
intraoperative use of ECMO support remains a problem. 
Hemodynamic parameters such as preoperative RV 
ejection fraction and pulmonary artery pressure have 
been suggested as a predictor in the literature; however, 
no guidelines have been established yet.[6]

Pulmonary hypertension has a diverse range 
of effects on cardiac anatomy and physiology. 
It may cause RV dilation and hypertrophy, 
tricuspid regurgitation and, consequently, cardiac 
dysfunction.[13,14] Pulmonary artery catheterization is 
an indispensable monitorization instrument to detect 
such intracardiac physiopathological processes and 
direct the therapy, when necessary.[15] The PAC may 
guide the treatment by enabling the measurement 
of cardiac output, pulmonary artery pressure, SvO2, 
cardiac preload, and RV parameters.[16,17]

Severe pulmonary hypertension may occur in 
case of refractory hypoxia and hypercarbia. Surgical 
retraction during left lung anastomosis may cause 
systemic hypotension, pulmonary hypertension, and 
severe arrhythmias. Furthermore, when the ipsilateral 
pulmonary artery of the same operation side is 
clamped, blood circulates only in the native lung, 
leading to relative hypervolemia and right heart 
failure.[15] The ECMO is the commonly preferred 
method to overcome such intraoperative problems 
that frequently arise.[18]

In the present study, PAC was performed in all 
patients, and CO, PVR, SVR, PCWP, and RAP were 
measured after the induction of anesthesia. In our 
series, CO parameters, including PVR, SVR, mPAP, 
PCWP and RAP, were found to predict the need 
for intraoperative ECMO. Among these parameters, 
mPAP and RAP were independent predictors. In the 
ROC curve analysis, the cut-off value in predicting 

Table 3. Cut-off values, sensitivity, specificity, PPV, NPV AUC values of factors associated with ECMO use

Test Cut-point Sensitivity (%) Specificity (%) PPV (%) NPV (%) AUC
mPAP >39 60.6 90 87.5 67.5 0.742
PCWP >18 57.6 90 86.4 65.9 0.727
PVR >570 45.5 96.7 93.8 61.7 0.664
RAP >12 51.5 86.7 81 61.9 0.714
SVR ≤ 2077 66.7 73.3 73 66.7 0.727
PPV: Positive predictive value; NPV: Negative predictive value; AUC: Area under curve; ECMO: Extracorporeal membrane oxygenation; mPAP: Mean 
pulmonary artery pressure; PCWP: Pulmonary capillary wedge pressure; PVR: Pulmonary vascular resistance; RAP: Right atrial pressure; SVR: Systemic 
vascular resistance.
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intraoperative ECMO need was 39 mmHg for mPAP 
and 12 mmHg for RAP.

Pulmonary artery pressure over 85 mmHg in LTx 
is a poor prognostic factor.[19] In addition, ECMO 
is required routinely when the mPAP rises above 
40 mmHg after pulmonary artery clamping.[20] Also, 
Hinske et al.[7] reported that a preoperative mPAP of 
≥35 mmHg was predictive for intraoperative ECMO 
support. The authors suggested that preoperative 
parameters were more valuable among the pulmonary 
pressure values. In the present study, mPAP value was 
measured after intubation, when the patient was stable. 
When a patient was added to the LTx waiting list, 
we observed that preoperative pulmonary pressures 
measured in the catheterization laboratory did not 
match the values measured during surgery. Considering 
a prolonged waiting period and the progression in 
the pulmonary pathology, higher pulmonary pressure 
values can be expected during operation. Therefore, 
we believe that pulmonary pressure values measured 
before the induction of anesthesia are more valuable in 
predicting the clinical and hemodynamic condition of 
the patient and possible need for ECMO support.

In two previous studies, a CI value of less than 
1.8 and 2 L/min/m2 was reported to be associated 
with poor prognosis, respectively.[20,21] However, in 
a study by Hirt et al.,[6] a decrease in CI more 
than 1.5 L/min/m2 after clamping of the pulmonary 
artery was a determinant for intraoperative ECMO 
requirement. In the statistical analysis in our series, 
CI was not found to be a predictor of intraoperative 
ECMO need, as only one patient in our series had a 
CI value of 1.48 L/min/m2 and the mean CI in our 
series was 2.7±0.8 L/min/m2. Furthermore, changes 
in the CI could not be monitored after pulmonary 
artery clamping, as continuous intraoperative CO 
monitorization was not performed in our study.

The RAP increases as a result of remodeling in 
the right heart that is exposed to high pulmonary 
pressure.[22,23] A RAP of >20 to 15 mmHg was 
reported to be a poor prognostic factor in previous 
studies.[20,24-26] In a recent study, however, Sitbon 
et al.[27] found that a RAP of >12 mmHg increased 
mortality. Nevertheless, none of these studies 
evaluated the use of RAP in predicting intraoperative 
ECMO use. In the present study, on the other hand, 
a RAP value of >12 mmHg was found to predict 
intraoperative ECMO requirement.

The retrospective and single-center design of the 
study with a relatively small sample size are the main 
limitations of this study. We believe that further multi-

center, large-scale, prospective studies may provide 
more accurate data regarding the factors predicting 
intraoperative ECMO requirement in LTx.

In conclusion, lung transplantation anesthesia 
is challenging due to associated complications and 
the existing pulmonary physiopathology. Therefore, 
unexpected intraoperative clinical problems 
jeopardize the success of the anesthesia procedure. 
Predicting the need for extracorporeal membrane 
oxygenation support is of paramount importance in 
timing the need for mechanical support, protecting 
the new graft from high mechanical ventilator 
pressures, and adequately maintaining hemodynamic 
stability.
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