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on postoperative day 2, which proved fatal. In the other 
patient, the VA was connected to the left SA graft by a 
side-to-end anastomosis and there was no postoperative 
brain complication.
Conclusions  Preoperative SA and VA angiography is man-
datory for identifying the need for VA reconstruction in lung 
cancer patients with major arterial invasion.

Keywords  Lung cancer surgery · Vascular 
reconstruction · T4 cancer · Subclavian artery

Introduction

Resecting a superior sulcus tumor (SST) with invasion of 
the great arteries in the thorax is one of the most challeng-
ing operations for T4 lung cancer [1]. This is because the 
thoracic inlet (TI) is difficult to access surgically; vascular 
reconstruction requires a sophisticated surgical technique, 
and lymph node involvement and postoperative local recur-
rence are common. In fact, involvement of the great ves-
sels, such as the subclavian artery (SA), carotid artery, and 
aortic arch, often means the tumor is inoperable. However, 
selected T4 patients without N2 disease can be operative 
candidates, with acceptable morbidity and mortality, in 
highly specialized centers [2–4]. Lahon et al. reported that 
T4 lung cancer with SA invasion can be safely resected and 
reconstructed with good long-term survival, although they 
did not mention whether the vertebral artery (VA) can be 
sacrificed [2]. While it is generally accepted that one VA 
can be sacrificed, although the contralateral VA should be 
investigated before the operation, there is little evidence 
to support this recommendation. In the present study, we 
investigated which patients are suitable candidates for VA 
reconstruction.

Abstract 
Purposes  To evaluate vertebral artery (VA) dominancy 
and the risk of brain infarction in T4 lung cancer patients 
with tumor invasion into the subclavian artery.
Methods  We reconstructed the subclavian artery in 10 
patients with T4 non-small cell lung cancer. The histological 
stages were IIIA in eight patients and IIIB in two patients. 
We evaluated the VA dominancy by performing a four-ves-
sel study preoperatively and investigated the relationship 
between the methods of VA treatment and postoperative 
brain complications, retrospectively.
Results  Seven patients had a superior sulcus tumor 
(SST) and three had direct invasion into the mediasti-
num. Based on the tumor location, a transmanublial 
approach was used in five patients and a posterolateral 
hook incision was used in the other five. All subclavian 
artery (SA) reconstructions were done using an artificial 
woven graft. Preoperative angiography of the VA revealed 
poor development of the contralateral side in two patients. 
One of these patients suffered a severe brain infarction 
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Patients and methods

This study was approved by the institutional review boards 
of Tokyo Women’s Medical University and the collabo-
rating hospitals. Informed consent was waived because it 
was a retrospective analysis. Between November 1999 and 
March 2013, we performed subclavian artery reconstruc-
tion for T4 non-small cell lung cancer in ten patients. The 
patients’ medical records were reviewed retrospectively for 
collection of the following data: clinical assessment, mag-
netic resonance imaging (MRI) angiography or conventional 
X-ray angiography of the SA and VA on both sides and the 
cerebral arterial circle; operative methods; use of extracor-
poreal perfusion; methods of reconstruction of the SA; and 
surgical outcomes.

Information on the clinical stage, functional evaluation, 
and operative indication were obtained by functional testing 
(ECG, spirometry, echocardiography), bronchoscopy, brain 
MRI, and 18F-fluorodeoxyglucose positron emission tomog-
raphy. Contraindications to surgical resection were substan-
tial involvement of the esophagus, tracheal or brachial plexus 
higher than the C8 route, distant metastasis, and clinical N2 
or N3 disease [5].

Evaluation of tumor involvement and blood flow 
in the SA, VA, and cerebral arterial circle

SA invasion was diagnosed by contrast-enhanced com-
puted tomography (CT) and angiography. Blood flow in the 
SA, VA (Fig. 1) and cerebral arterial circle (Fig. 2a) was 
also evaluated by MRI angiography or conventional X-ray 
angiography.

Surgical technique

All patients underwent complete resection with extended 
removal of the SA and adjacent structures. A posterolateral 

hook skin incision was used in patients with SST when 
removal of the posterior portion of the first rib was nec-
essary, whereas a median sternotomy with transmanubrial 
approach was used in patients with SST or direct medias-
tinal invasion when resection of the aortic arch or its three 
associated branches or the anterior portion of the first rib 
was necessary. Partial extracorporeal circulation of the 
lower half of the body was utilized during aortic reconstruc-
tion. When the tumor invasion was close to the bifurcation 
of the SA and VA and if angiography confirmed that the VA 
on the contralateral side was well developed (Fig. 1a), the 
VA was transected. When SA reconstruction is done via a 
posterolateral incision, the VA is difficult to see because it 
is concealed behind the SA at the level of the eighth cervi-
cal or first thoracic vertebra. Therefore, we always ensure 
identification of the VA by twisting the SA lightly and tran-
secting it at the bifurcation. Since it is impossible to recon-
struct the VA via a posterolateral incision, a transmanubrial 
approach is recommended. The VA was reconstructed in 
only one of our patients, using an end-to-side anastomosis 
to suture the remaining VA to the SA graft (Fig. 3). The 

Fig. 1   Magnetic resonance 
imaging (MRI) angiography or 
enhanced computed tomogra-
phy (CT) of the vertebral artery 
in Patients #8, 9, and 10. a Nor-
mal development of the bilateral 
vertebral artery in Patient #8. b, 
c Development of the left ver-
tebral artery was predominant 
over that of the right vertebral 
artery in Patients #9 and 10

Fig. 2   Preoperative magnetic resonance angiography (MRA) (a) 
and postoperative brain MRI (b) of Patient #9. MRI showed a poorly 
developed right vertebral artery (a) and postoperative severe infarc-
tion of the brain stem and left cerebellum (b)
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subclavian vein was frequently resected without reconstruc-
tion. The preferred SA reconstruction was direct end-to-end 
anastomosis with a woven vascular graft. The aortic arch 
was also reconstructed using a woven vascular graft. Post-
operative anticoagulation therapy was not given. Finally, 
enhanced CT was performed to assess the patency of the 
reconstructed arteries.

We resected the cervical lymph nodes close to the tumor 
for sampling, but not for systematic lymph node resection. 
Since the cervical lymphatic system is complicated and 
systematic cervical lymph node resection carries a high 
risk of neurological complications, this was not performed 
routinely.

Postoperative major complications and long‑term 
outcomes

We evaluated the postoperative major cardiopulmonary 
complications including pneumonia, bronchial stump dehis-
cence, empyema, acute lung injury or lung edema, prolonged 
arrhythmia requiring medical treatment, heart failure, 
ischemic heart disease and prolonged ventilatory support. 
We also evaluated the brain complications including brain 
infarction, neurological impediment and paralysis. Finally, 
long-term outcomes, including survival time and cause of 
death were investigated.

Results

Patient characteristics

Tables 1 and 2 summarize the patients’ clinical data. All 
patients were men, with a mean age of 55.9 ± 8.8 years 
(range 37–66 years). Five patients had adenocarcinoma, 
three had squamous cell carcinoma, and two had large cell 

carcinoma. The pathological stage was IIIA in eight patients 
and IIIB in two patients. Seven patients had SST and three 
had direct mediastinal invasion of the tumor. Angiography 
of the great arteries showed normal development of the 
VA in eight patients and predominance of the left VA over 
the right VA in two. Six patients underwent partial lung 
resection because most of the tumor was in the extrapleural 
region and extended into the mediastinum or thoracic inlet. 
Four patients underwent complete lobectomy. One patient 
received neoadjuvant chemotherapy, four received postop-
erative radiotherapy, two received postoperative chemora-
diotherapy, and two did not receive any adjuvant or neoadju-
vant therapy. The most recent two patients received curative 
concurrent chemoradiotherapy at another hospital and were 
referred to our hospital for management of local recurrence 
without lymph node or distant metastases 1 year after cura-
tive treatment.

Surgical resection and arterial reconstruction

The operative approach, based on the tumor location, 
was via a posterolateral hook incision in five patients and 
via median sternotomy or a transmanubrial approach via 
a fourth intercostal thoracotomy in five patients. Three 
patients were given extracorporeal perfusion for reconstruc-
tion of the aorta. Chest wall resection including the first rib 
was performed in seven patients. The SA was reconstructed 
by interposition of a woven vascular graft, using an end-
to-end anastomosis, in eight patients. A woven vascular 
Y-graft was used in two patients and a 4-branch vascular 
graft for total arch reconstruction was used in one patient 
(Patient #8) [6]. The VA was transected in seven patients 
and preserved in two patients. In Patient #10, the VA was 
revascularized to the SA graft by a side-to-end anastomosis 
(Fig. 3).

The definitive pathology examination revealed complete 
R0 resection in six patients and R1 resection in four patients, 
all of whom received postoperative 60 Gray radiation ther-
apy. When complete resection cannot be achieved, there 
is no surgical indication. We always aimed to perform R0 
resection, but a cytological remnant at the brachial plexus 
was confirmed by pathology in four patients. Pathological 
involvement of the VA was not found in any patient, but if 
SA reconstruction was necessary, transection or reconstruc-
tion of the VA was frequently required. The VA was able to 
be preserved in only one patient because the tumor was not 
located at the bifurcation from the SA.

Morbidity and mortality

None of the patients suffered major postoperative cardiopul-
monary complications. Patient #3, who underwent VA tran-
section, had temporary cerebellar symptoms that improved 

Fig. 3   Pictures of the left subclavian, common carotid, and vertebral 
artery reconstructions in Patient #10. The vertebral artery was recon-
structed by a side-to-end anastomosis to the subclavian artery graft
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within 1 month after the operation. He had normal develop-
ment of the VA on both sides. Patient #9 suffered severe 
brain infarction on postoperative day 2 (Fig. 2b) and died 
on postoperative day 5. He had undergone SA reconstruc-
tion with VA transection without postoperative anticoagula-
tion therapy despite poor development of the contralateral 
VA and poor connection between the right VA and cerebral 
arterial circle (Figs. 1b, 2a). Patient #10, who underwent 
VA reconstruction because of poor development of the con-
tralateral VA (Fig. 1c), had no brain complications and had 
good circulation through the left VA and the cerebral arterial 
circle was maintained postoperatively (Fig. 4).

Long‑term follow‑up

Seven patients died of cancer recurrence 17–30 months after 
their operation (mean ± SD 22.1 ± 4.7 months). One patient 
(#6) survived without recurrence for 12 months and another 
patient (#10) survived with bone metastasis for 13 months. 
The 1-, 2-, and 3-year survival rates were 90, 25.7, and 0%, 
respectively.

Discussion

We performed SA reconstruction in ten patients and con-
firmed the necessity of VA reconstruction for those with 
poor development of the contralateral VA. Therefore, preop-
erative SA and VA angiography is mandatory in case there 

is involvement of both the SA and VA. The Japan Clini-
cal Oncology Group (JCOG) established the postoperative 
complication (PC) criteria and listed the surgical adverse 
event (AE) terms and gradings [7]. Thrombus/embolism is 
included in this list and postoperative brain infarction caused 
by VA thrombus is one of the most serious complications.

Since the cerebral arterial circle circulation is supplied 
from both sides, transection of the VA on one side is gener-
ally permissible; however, when MRI angiography clearly 
shows poor development of the contralateral VA, the VA on 
the operative side should be revascularized. Matula et al. 
studied the VA in 402 patients and found hypoplasia (defined 
as a diameter <3.5 mm) in 16 patients (7.0%): of the right 
VA in 11 (4.8%) patients and of the left VA in 5 (2.2%) [8].

We explain the events leading to the brain infarction 
in Patient #9 in the following way (Fig. 5): in the normal 
development of VA on both sides, retrograde blood flow 
from the contralateral VA supplies the operative side as a 
collateral pathway after VA transection. However, if there 
is poor development of the contralateral VA, both the col-
lateral pathway and blood flow via the posterior commu-
nicating artery will be insufficient. This poor circulation 
would cause a thrombus in the basilar artery leading to 
brain infarction. VA-carotid artery transposition provides 
a surgical option for revascularization of the VA with rela-
tively low long-term complication and restenosis rates [9]. 
A few methods of VA reconstruction in lung cancer sur-
gery have been reported. Ishibashi et al. reported perform-
ing an end-to-side anastomosis between the left VA and 

Fig. 4   Postoperative MR 
angiography (MRA) of Patient 
#10, showing good circulation 
through the left VA and cerebral 
arterial circle
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left carotid artery at the C6 level using a microscope [10]. 
During the anastomosis, regional cerebral oxygen satura-
tion was monitored using INVOS™ (Edwards Lifescience, 
CA, USA). There was minimal restenosis after this proce-
dure and few serious postoperative sequelae [11]. Since the 
INVOS™ was introduced, we have been using it to moni-
tor regional cerebral oxygen saturation (rSO2); however, 
the rSO2 did not decrease during the operation so it may 
be difficult to predict postoperative brain infarction. Wata-
nabe et al. reported performing a second-look operation 
for lung cancer in a patient with left SST [8]. First, they 
placed a saphenous vein graft between the left common 
carotid artery and the left VA and then they performed lung 
resection 3 weeks later. Both operations were carried out 
by skilled neurosurgeons. In contrast, we used an intratho-
racic bypass approach because the tumor invasion into the 
bifurcation of the VA and the SA resulted in insufficient 
length of the VA for direct anastomosis with the SA artery 
graft. However, this technique may be difficult because of 
the restricted operating field.

Six patients underwent partial lung resection because the 
tumor was localized mainly in the mediastinum with a small 
amount in the lung. These patients had no hilar or ipsilateral 
mediastinal lymph node metastasis. Therefore, we expected 
that tumor extension would be mainly direct invasion to the 
mediastinum and that lymphatic metastasis via the intra-
pulmonary lymphatic route might not exist. In fact, there was 

no ipsilateral hilar lymph node metastasis in these patients, 
whose recurrence was distant metastasis or local recurrence 
in the mediastinum. This selection might affect the survival.

Induction chemoradiotherapy followed by surgery became 
a standard approach for superior sulcus tumors (SSTs) in the 
2000s, despite the absence of a large-scale randomized study 
[12, 13]. The value of induction chemoradiotherapy has also 
been recognized for T4 lung cancers with great vessel inva-
sion, other than SSTs. In general, selected patients with SSTs 
have acceptable long-term survival after complete resection. 
Yildizeli et al. reported the following overall 5-year survival 
rates for four subgroups within the T4 category: 36.6% for 
SSTs, 42.5% for those with carinal involvement, 29.4% for 
those with SVC invasion, and 61.2% for those with medi-
astinal involvement [5]. However, they also reported that 
involvement of the SA was independently associated with 
lower long-term survival rates after surgical resection of T4 
malignancies [5]. The reason for the poor prognosis associ-
ated with SA invasion may be residual tumor cells in the 
brachial plexus and adjacent tissues, and the tendency for 
malignant cells to metastasize into the cervical lymph nodes.

In our series, only one patient (Patient #7) had induction 
chemotherapy, but not chemoradiotherapy, while the oth-
ers had no induction treatment. This may also account for 
the poor long-term survival. Our surgical series comprised 
extremely severe and complicated cases of T4 lung cancer 
due to direct invasion of the great arteries. Most may have 

Fig. 5   Anatomy of the vertebral artery and subclavian artery to 
explain the brain infarction in Patient #9. Narrowing of the right 
VA resulted in insufficient collateral pathway and blood flow via the 

posterior communicating artery. This poor circulation resulted in a 
thrombus in the basilar artery leading to brain infarction
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been contraindicated for surgery. Patients #1 to #6 under-
went surgery between 1999 and 2003. We then became cir-
cumspect in deciding on the operative indication. In 2009, 
Patient #7 received postoperative chemoradiotherapy and 
Patient #8 received induction chemotherapy. However, since 
long-term survival was still poor, we fundamentally with-
drew T4 lung cancer with SA invasion from the operative 
indications. Therefore, Patients #9 and #10 underwent sal-
vage surgery.

In conclusion, the operative indication for T4 lung cancer 
with tumor invasion of the great arteries should be consid-
ered cautiously because of the poor long-term prognosis. 
Preoperative SA and VA angiography is mandatory for 
identifying the need for VA reconstruction after resection 
of lung cancer with major arterial invasion. VA reconstruc-
tion is recommended for patients with poor development of 
the contralateral VA, even though transection of the VA on 
one side is generally permissible.
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