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Introduction

Resection of the main carina is one of the most complex 
procedures of airway resection and reconstruction. It is 
defined as the resection of the tracheo-bronchial bifurcation 
and can be accomplished with or without pulmonary 
resection (1).

Carinal pneumonectomy (CP) is defined as the removal 
of the whole lung together with the main carina; it is usually 
performed on the right side while it is quite uncommon on 
the opposite side, although feasible in selected cases. The 
most frequent indication for CP is primary lung cancer 
with involvement of the carina or the distal trachea. Isolated 
carinal resection (CR) without pulmonary resection is rarer 
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and it is performed in patients with primary tumors of the 
distal tract of the trachea or the carinal bifurcation (2).

One o f  the  mos t  d i f f i cu l t  a spec t s  o f  CR and 
reconstruction—both in cases of CP and CR—is providing 
adequate ventilation during tracheal transection. Cross-
field ventilation (CFV) is usually used to overcome this 
aspect: the main bronchus of the remaining lung, in the 
case of CP, or one of the two lungs, in the case of CR, is 
directly intubated by the surgeon from the surgical field; 
sometimes jet ventilation can be added. Although this is an 
effective and well-established technique, it makes bronchial 
reconstruction quite difficult because of the presence of 
the tube in the bronchus and the continuous need for 
ventilation during the anastomotic phase (3). An adequate 
alternative strategy for providing adequate ventilation while 
performing the anastomosis is the use of the extracorporeal 
membrane oxygenation (ECMO). This is a cardiocirculatory 
and pulmonary support providing extracorporeal circulation 
by using centrifugal pumps and oxygenators to enrich O2 
and eliminate CO2 (4).

In this review we focus on the intraoperative role of 
ECMO during CR.

History

The first experimental attempts of tracheo-carinal 
resections started in the 1940s: the first experiments on dogs 
were reported in 1949 by Grindlay et al. who performed 
a right CP and airway reconstruction by an end-to-end 
anastomosis between the distal trachea and the left main 
bronchus (5). Juvenelle and Citret described implant of the 
main bronchus (both right and left) on the lateral wall of 
the trachea following limited tracheal resection (6).

The first clinical experience in 1950 was reported by 
Abbott who repaired a major tracheal defect by transverse 
closure following extended right pneumonectomy (7); in 
1951, Mathey first described the resection of a cylindroma 
of the main carina and its reconstruction by longitudinal 
suturing (8). Crafoord et al. reported airway reconstruction 
after right upper tracheal lobectomy by anastomosing the 
bronchus intermedius to the trachea, in 1954 (9). 

In 1955, Bjork described left main bronchus resection, 
after aorta mobilization, and direct anastomosis of the left 
bronchial bifurcation to the distal trachea (10). In 1957, 
Barclay described a tracheo-carinal resection to resect 
an adenoid cystic carcinoma; airway reconstruction was 
accomplished by anastomosing end-to-end the distal trachea 
to the right main bronchus and the left main bronchus to the 

bronchus intermedius by an end-to-side anastomosis (11).
In 1963, Grillo described a different technique for 

airway reconstruction following the same type of resection: 
he anastomosed the distal trachea to the right main 
bronchus by an end-to-end anastomosis; the left main 
bronchus was reconnected to the trachea by an end-to-side 
anastomosis (12). In 1961, Woods first reported the use of 
cardiopulmonary bypass (CBP) for airway reconstruction 
following carina resection for cylindroma (13).

In 1967, Eschapasse et al. described three consecutive 
cases of main carina resection whose reconstruction was 
performed, in two cases, by an end-to-end anastomosis 
between the right main bronchus and trachea and an end-
to-side anastomosis between the left main bronchus and 
bronchus intermedius. In the other case, an end-to-end 
anastomosis between the trachea and left main bronchus 
and an end-to-side anastomosis between the intermediate 
bronchus and the left main bronchus were performed (14). 

More recently, thanks to regenerative medicine 
developments, bioengineering and stem cell technology 
were involved in the reconstructive part of carinal 
surgery: in 2004, Klepetko et al. described a heterotopic 
transplantation of the trachea together with omentum 
wrapping in the abdomen (15). In 2008, Macchiarini et al. 
described the first tracheal transplantation by replacing the 
left main bronchus of a patient suffering from tuberculosis 
with a stem cell-engineered human trachea (16); however, 
after initial enthusiasms, this technique did not appear 
feasible and safe and was thus abandoned (17).

Surgical procedures

CR without pulmonary resection

Neocarina
This is a resection technique to remove only the main 
carina, preserving the whole lung parenchyma bilaterally 
(Figure 1A). It is indicated only in the case of pure and small 
carinal tumors, without full main bronchi involvement. 
Airway reconstruction is provided by anastomosing the 
medial aspects of both main bronchi that are subsequently 
sutured to the distal trachea (Figure 1B). The most difficult 
part is the mobilization of the left main bronchi under the 
aortic arch. This is performed by median sternotomy with 
transpericardial approach (18).

Barclay
This is indicated when a longer tract of the trachea together 
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with the main carina needs to be resected. After trachea-
carinal resection, airway reconstruction is obtained first 
by anastomosing end-to-end the distal remaining trachea 
to the right main bronchus; the left main bronchus is then 
anastomosed—by an end-to-side anastomosis—on the 
lateral aspect of the bronchus intermedius where an ovoid 
opening has been previously obtained (18) (Figure 1C). It 
may be really difficult to perform the second anastomosis 
with CFV; veno-venous ECMO (VV ECMO) support 
is an ideal and effective alternative for providing tissue 
oxygenation without any disturbing lines or tubes in the 
surgical field (2). It is performed by median sternotomy 
with transpericardial approach.

Grillo
This procedure is very similar to the Barclay technique; in 
this case airway reconstruction is obtained by anastomosing 
end-to-end the remaining distal trachea to the right main 
bronchus; the left main bronchus is then anastomosed to 
the lateral aspect of the trachea where an ovoid opening 
has been previously obtained (18) (Figure 1D). As with 
the Barclay technique, the second anastomosis can be 
very difficult, particularly in the case of CFV; VV ECMO 
support is an excellent oxygenation strategy during this 
procedure (2). It is performed by median sternotomy with 
transpericardial approach.

Eschapasse
After completing the tracheo-carinal resection, airway 
reconstruction is obtained by anastomosing first the distal 
trachea to the left main bronchus. The right main bronchus 
is then anastomosed by an end-to-side anastomosis to the 
lateral aspect of the tracheal wall (reverse Grillo technique) 
(Figure 1E) or, more rarely, to the medial wall of the left 
main bronchus where an ovoid opening has been previously 
performed (reverse Barclay technique) (18) (Figure 1F). As 
with the Grillo and the Barclay techniques, VV ECMO is 
an effective oxygenation strategy during this operation (2). 
It is performed by median sternotomy with transpericardial 
approach.

CR with pulmonary resection

Left carinal pneumonectomy
In this procedure, the standard approach is left thoracotomy 
if no more than one centimeter of the distal trachea 
and right main bronchus have to be resected; median 
sternotomy is mandatory when a longer section of the distal 
trachea needs to be resected. 

Deep isolation beneath the aortic arch is performed, 
taking care not to injury the left laryngeal nerve, whenever 
possible; to maximize carinal exposure from the left side, 
Botallo’s ligament has to be transected and the aortic arch 

Figure 1 Classification of carinal resections. (A) Normal anatomy of the main carina; (B) Neocarina; (C) Barclay; (D) Grillo; (E) Eschapasse 
(reverse Grillo); (F) Eschapasse (reverse Barclay); (G) left carinal pneumonectomy; (H) right carinal pneumonectomy. 

Normal anatomy Neocarina Barclay Grillo

Eschapasse (reverse Gillo) Eschapasse (reverse Barclay) Left carinal pneumonectomy Right carinal pneumonectomy

A B C D
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needs to be gently retracted.
Pulmonary artery and veins are divided, the distal 

trachea and the left main bronchus are transected first; the 
right main bronchus is transected last. The anastomosis 
is then performed between the distal trachea and right 
main bronchus where the ventilation tube is placed in 
case of CFV (Figure 1G); due to the unfavorable surgical 
field, ECMO support is strongly recommended during the 
reconstructive phase of this operation (2).

Right carinal pneumonectomy
It is usually performed by right thoracotomy; care must 
be taken when encircling the distal trachea to avoid 
left laryngeal nerve damage. The left main bronchus is 

transected first and then the distal trachea. When CP is 
performed by CFV, at this point the left main bronchus is 
intubated from the surgical field and adequate ventilation 
is provided to the left lung. The distal trachea and the left 
main bronchus are anastomosed with the ventilation tube 
still inside the left main bronchus (Figure 1H); this part 
of the procedure can therefore be challenging and VV 
ECMO support allows tracheo-bronchial anastomosis to 
be performed without any interfering tubes in the surgical 
field. After completing the anastomosis, several more 
stitches are required to obtain a tension-free anastomosis; 
a pedicled fat flap is also recommended to separate 
vascular and bronchial structures in order to prevent 
catastrophic bronchovascular fistula (19). This procedure 
is indicated when no more than four centimeters of the 
trachea need to be removed (Figure 2). In every case of CR 
and reconstruction, with or without pulmonary resection, we 
recommend neck flexion for a week after the procedure by 
applying stitches between chin and presternal tissue (Figure 3).

ECMO-assisted CR

ECMO is a cardio-pulmonary system providing cardiac, 
pulmonary and circulatory support in the case of cardiac 
and/or respiratory failure. It can temporarily support 
cardiac and pulmonary functions until they are restored 
or, in more advanced cases of pulmonary failure, until lung  
transplant (20). Indications for ECMO in general 
thoracic, non-cardiac, surgery, is usually limited to post-
pneumonectomy acute respiratory distress syndrome 
(ARDS), pediatric surgery for tracheobronchial congenital 
disorders and lung transplants (21).

ECMO allows extra-corporeal circulation; its basic tools 
are the oxygenator—providing blood oxygenation and CO2 
removal—and non-occlusive centrifugal pumps to replace 
cardiac function.

According to site and type of vessel cannulation, ECMO 
can be peripheral or central, offering partial or complete 
cardio-circulatory support; veno-arterial ECMO (VA 
ECMO), supporting both cardiac and pulmonary function, 
and VV ECMO, replacing only respiratory function 
allowing blood enrichment of O2 and CO2 removal, are also 
possible (22).

VV ECMO is the preferred choice for supporting 
respiratory function during CR; cardiac instability should 
therefore be excluded before surgery. Jugulo-femoral 
or femoro-jugular cannulations are the most frequently 
used techniques in this setting; however, femoro-femoro 

Figure 2 Computed tomography disclosing carinal infiltration 
from primary lung cancer of the right main bronchus, requiring 
right carinal pneumonectomy.

Figure 3 Neck flexion is recommended for a week after the 
procedure by stitches applied between chin and presternal tissue. 
This image is published with the patient’s permission. 
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cannulation or solely jugular cannulation by double lumen 
single cannula can be considered; as arterial cannulation is 
not required, vascular complications related to cannulations 
technique are quite uncommon. Our favourite cannulation 
is jugulo-femoral cannulation which resulted always effective 
except one case that required central atrial cannulation. 

ECMO handling appears superior to standard CBP for 
CR: in fact, it requires lower anticoagulation times and 
lower doses of heparin at cannulation, thus reducing the 
risk of intra and post-operative major bleeding, particularly 
in the case of CP. The ECMO support during CR is usually 
limited to the reconstructive phase—usually shorter than 
half an hour—thus further reducing the risk of pulmonary 
embolism.

The major advantage of intraoperative ECMO support 
during CR and reconstruction is avoiding the need for CFV 
thus allowing easier and faster anastomosis; moreover, if 
safe extubation is not possible at the end of the procedure, 
peripheral ECMO can be prolonged during intensive care 
stay. On the other hand, a higher risk of postoperative 
haemothorax should be taken into account, as well as 
potential vascular complication related to cannulation. 
Although doubts about neoplastic cell seeding during ECMO 
in neoplastic patients have been reported in the past (23),  
there are no clear data supporting the theoretical risk of 
neoplastic cell scattering; nevertheless, we recommend 
starting VV-ECMO only after closure of pulmonary 
artery and veins, limiting its support to just the airway 
reconstruction phase. To further investigate the potential 
impact of ECMO on tumor spreading, a prospective, double-
arm, observational study is on-going in our department, 
comparing the number of circulating tumor cells (CTC) 
before and after the resection—in patients belonging to the 
same stages—operated with or without ECMO (24).

ECMO blood flow during CR should provide arterial 
oxygenation ranging at least between 85% and 95%; lower 
values, due to a low ECMO circuit flow, may result in 
severe brain and coronary ischemic injuries (25). 

In the case of AV ECMO, adequate cannula positioning 
is extremely important to prevent the so-called “Harlequin 
syndrome” that may be observed if the tips of the cannulas 
are too close to each other: in this case, in fact, the 
oxygenated blood goes directly to the tip of the draining 
cannula instead of reaching the pulmonary artery. As 
consequence, there is a “recirculation” effect with impaired 
perfusion of the upper body, resulting in ischemia of the 
heart and brain and cyanosis of the upper extremities. In this 
case, the arterial cannula needs to be rapidly repositioned 

within the aorta or the subclavian artery (26).
In our experience, from November 2018 to November 

2019, we performed six ECMO-assisted tracheal sleeve 
pneumonectomies for non-small cell lung cancer; median 
operatory time was 201 minutes (range, 162–292 minutes), 
and mean duration of VV-ECMO was 38 minutes (range, 
31–45 minutes). We had one case of post operative 
haemothorax. At the time of follow-up, 5 patients were 
alive with non-evident disease (NED) and one was alive 
with disease (AWD) presenting bone metastasis treated by 
radiation therapy (27).

Conclusions

CR is a challenging procedure in thoracic surgery; there 
are several different techniques for airway reconstruction 
depending on the localization of the tumor and its 
extension. CFV usually provides adequate support to 
guarantee tissue oxygenation after tracheal transection; 
however, airway reconstruction can sometimes be very 
difficult because of the presence of the ventilation tube in 
the bronchus to be anastomosed.

VV-ECMO is an effective alternative to CFV, allowing 
tissue oxygenation and CO2 extraction without the need 
for tubes in the surgical field. Care should be taken when 
cannulating vessels and in managing the ECMO flow during 
the procedure, in order to prevent major complications.

ECMO-as s i s t ed  CR shou ld  be  pe r fo rmed  by 
multidisciplinary teams with high-volume experience 
both in oncologic thoracic surgery and mechanical cardio-
respiratory support.
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