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Abstract

Currently, surgical resection remains the gold standard for resectable lung metastases. Prognostic factors are histology,
complete resection, number of metastases and disease-free interval. However, there is a high rate of recurrent disease in
the thorax, even if systemic chemotherapy is applied. Because the latter is limited in dose due to systemic toxicity, new
treatment options are being developed to selectively deliver high-dose chemotherapy into the lung, reducing systemic tox-
icity. Isolated lung perfusion (ILuP), similar to isolated limb perfusion, is an experimental surgical technique to deliver high-
dose chemotherapy into the lung without systemic exposure. Biological response modifiers like tumour necrosis factor can
also be administered. ILUP results in significantly higher concentration of chemotherapy in the target organ compared to
systemic chemotherapy, together with a survival benefit in experimental models of pulmonary metastases. Several phase |
studies have shown that ILUP is technically feasible with low morbidity and low impact on the patient’s pulmonary function.
However, the utility of this technique is limited because it is an invasive technique. Other techniques to selectively deliver
high-dose locoregional chemotherapy are embolic trapping (chemo-embolization), selective pulmonary artery perfusion
(SPAP) without control of the venous effluent and the minimally invasive lung suffusion technique. This review will discuss
surgical resection of lung metastases and address several techniques developed to deliver high doses of chemotherapy into
the lung, as well as the current progress in experimental and clinical studies.
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INTRODUCTION

Surgical resection is a widely accepted procedure
for patients with lung metastases. However, due to
local and distant recurrences, the reported 5-year over-
all survival rates are only 30-50%. In a large retrospec-
tive study evaluating 5206 resections of lung metas-
tases, the International Registry of Lung Metastases,
the main prognostic factors were histological type
and complete resection (1). When analyzing survival
data, patients with one metastasis and a disease-free
interval of more than 3 years had the best survival
(1). Even after complete surgical resection of the lung
metastases a very high intrathoracic recurrence rate of
50-60% was found for some histologic tumour types
(1). Reoperation in these patients is still feasible but
is limited by the remaining pulmonary reserve, often
resulting in functionally inoperable patients (2, 3).

Systemic chemotherapy is utilized to prevent recur-
rent disease, intrathoracic as well as extrathoracic.
However, the maximum dose of intravenous (IV) che-
motherapy is limited due to systemic side effects. This
resulted in the development of new treatment modali-
ties for locoregional chemotherapy. Isolated liver and
limb perfusion gave rise to a similar technique for the
lung named isolated lung perfusion (ILuP). ILUP has
the advantage of delivering a high dose of a chemo-
therapeutic agent selectively into the lung while the
venous effluent is diverted. This technique is however
invasive, which gave rise to the development of selec-
tive pulmonary artery perfusion (SPAP). This is an
endovascular and thus less invasive technique which
can be useful for chemotherapeutic agents with a high
initial uptake in the lung parenchyma. During SPAP
a balloon catheter is introduced into the pulmonary
artery and the chemotherapy is delivered into the lung
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at a determined rate. Once chemotherapy is given, the
balloon is inflated which results in a blood flow stop
within the pulmonary artery (=blood flow occlusion or
BFO). This flow block increases the uptake of drug by
the lung without a washout of the drug into the sys-
temic circulation, since no control of the venous efflu-
ent is present with this technique, in contrast to ILuP.
Another locoregional technique is lung suffusion which
uses video-assisted thoracoscopic surgery (VATS) to
isolate the pulmonary veins and a balloon catheter like
in SPAP is brought up into the pulmonary artery. Next,
the balloon within the pulmonary artery is inflated and
the pulmonary vein snares are tightened. In this way
the lung is isolated from the circulation. Subsequently,
blood from the pulmonary artery is aspirated to create
volume for the chemotherapy to be injected so it can
dwell in the lung. At the end of the procedure lung
circulation is restored.

Non-surgical means of delivering a high dose of
locoregional therapy are also investigated and include
chemo-embolisation, a technique which uses particles
loaded with drugs that are trapped inside the lung pul-
monary circulation.

This review will discuss surgical resection for
lung metastases, followed by the rationale and his-
tory behind ILuP and SPAP. Afterwards, experimental
studies to deliver locoregional chemotherapy in the
lung are reviewed. Finally, a summary is given of the
clinical studies performed with ILUP as well as other
techniques to deliver high local concentration of che-
motherapy into the lung.

Surgical resection for lung metastases

Both the lung and the liver are common sites for
malignant spread, with the lungs as the most com-
mon site of extranodal involvement. This is probably
due to the fact that these two organs filter the entire
circulation. The patients with untreated pulmonary
metastases have a very poor prognosis with a 5-year
overall survival rate of only 5% or even less. Systemic
chemotherapy often fails in achieving a curative result
in the majority of cases and radiotherapy only plays a
palliative role in most cases.

Although only supported by retrospective trials,
surgical resection of pulmonary metastases yields a
clear survival benefit. The patients need to be care-
fully selected according to general guidelines before
undergoing lung metastasectomy (2, 4). These criteria
include achievable complete resection, controlled or
controllable primary tumour and extrapulmonary sites,
low operative risk and no other treatment options
available to achieve the same chance of cure or supe-
rior palliation.
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There is however an ongoing discussion for
patients undergoing surgical resection of lung metas-
tases regarding the type of preoperative imaging,
lymph node status, the optimal surgical approach, the
accepted maximum number of resectable lesions, and
the role of adjuvant therapy and/or re-operation for
recurrent disease.

Radiographic diagnosis and preoperative

imaging

Computed tomography (CT) is the standard imag-
ing modality for both detection and preoperative
imaging. With the rise of the fast high-resolution CT
(HRCT), it is now possible to detect pulmonary nod-
ules as small as 3 mm, which however results in a loss
of sensitivity. Both conventional CT and HRCT have
a sensitivity of 100% regarding nodules of 10 mm or
higher (5). When the nodule size is smaller than 6 mm,
the sensitivity of conventional CT drops to 63% and
HRCT between 48-69% (5, 6). Another way to increase
detection is decreasing the slice thickness. Reducing
the slice thickness from 5 mm to 3 mm results in a sig-
nificant increase in the detection of lesions (7). It could
be postulated that the identification of more lesions
would limit the usefulness of bimanual lung palpation
during operation, but with the decrease in sensitiv-
ity with smaller lesions, palpation may detect lesions
missed by preoperative CT. It should also be noted
that a pulmonary lesion found in a patient with a his-
tory of cancer could also represent a second primary
tumour requiring different treatment.

Because lesions are found earlier and some of
those may be benign, more studies have investigated
the tumour volume doubling time. In sarcoma patients
for example, small lesions on the lung CT may well be
benign. For lesions smaller than 5 mm a follow-up CT
scan is indicated after 2 months to evaluate tumour
growth. When the lesion starts growing, it is more likely
that this represents malignant disease (8). If the nodule
in sarcoma patients remains 5 mm or smaller, further
follow-up is needed. If the nodule remains under the
5 mm after 6 months of follow-up, the chance is very
high that this is a benign lesion (8).

In the preoperative staging of cancer patients, pos-
itron emission tomography or PET scan has become a
widely used tool. It has an overall sensitivity of 67.5%
in detection of pulmonary metastases (9). For lesions
larger than 10 mm, the sensitivity is even 87.8%.
However, this technique has a very low sensitivity of
29% for lesions smaller then 10 mm (9). When look-
ing at the histological type of the metastases, there is
also a difference in detection. In 93% of the lesions of
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squamous cell carcinoma a positive identification was
made with PET scan whereas this was only 44% for
sarcoma patients (9). This suggests that although PET
scan is very useful in the detection of extrathoracic
disease, it should not be used alone to select patients
for surgery but rather in combination with chest CT (9).

Pulmonary and mediastinal lymph node status

The need for lymph node sampling and/or involve-
ment remains controversial with pulmonary metasta-
ses. Lymph node dissection during pulmonary metas-
tasectomy is highly variable between surgeons and
institutions and nodal involvement is not always
reported in published series. In the International
Registry of Lung Metastases only 4.6% of the patients
underwent lymph node dissection (1). In a large study
of 708 lung metastasectomies, nodal dissection was
performed in 65% of the patients and in a recent
survey obtained from the members of the European
Society of Thoracic Surgeons (ESTS), only 55% of the
surgeons perform mediastinal lymph node sampling
during pulmonary metastasectomy whereas 33% per-
form no sampling or lymph node dissection at all (10,
11). No clear evidence exists about whether nodal
dissection influences survival but it certainly provides
a better intraoperative staging, which may determine
adjuvant treatment. In a study of 245 patients, a sys-
tematic lymph node dissection was performed during
lung metastasectomy for metastases from colorectal
carcinoma, renal cell carcinoma and sarcoma (12).
This study found more nodal involvement in patients
with renal cell carcinoma and colorectal carcinoma
than sarcoma lung metastases, 42.4%, 31.3% and
20.3% respectively. The presence of positive intratho-
racic lymph nodes resulted in a worse prognosis with
a median survival of 64 months for patients without
nodal involvement, whereas for patients with hilar and
mediastinal nodal disease, median survival was 33 and
21 months, respectively (12). This is supported by sev-
eral other studies showing a decreased survival when
hilar or mediastinal lymph nodes are involved (13-16).
Complete mediastinal nodal dissection prolongs surgi-
cal time by a median time of only 15 minutes and does
not result in increased morbidity and hospital stay, as
shown in a prospective study of the American College
of Surgeons Oncology Group (ACOSOG) in patients
with early-stage lung cancer undergoing major pul-
monary resections (17). Because of the low negative
impact of the action itself, this implies that a systemat-
ic nodal dissection needs to be performed during lung
metastasectomy to provide a better intraoperative
staging. Also, it will result in more consistency in the

reports of patients undergoing lung metastasectomy
making it easier to compare different studies.

The surgical approach

For the surgical treatment of lung metastases
there are 4 different approaches, 3 open and 1 thora-
coscopic, all having their advantages and disadvan-
tages. The first one is a median sternotomy resulting
in exposure of both lungs but it may be difficult to
palpate and resect lesions in the left lower lobe (18).
The second is a clamshell incision, bilateral anterior
thoracotomy in the 4*" intercostal space connected by
a transverse sternotomy, which provides a panoramic
view of mediastinum and both lungs including good
exposure of both hili and left lower lobe in comparison
to median sternotomy alone. The major disadvantage
of this technique is the higher postoperative morbidity.
The third is a lateral thoracotomy (classical posterolat-
eral or anterolateral muscle-sparing). This technique
allows a very good exposure of unilateral parenchymal
or hilar lesions. Both types of thoracotomy are per-
formed through the 4" or 5" intercostal space. In the
muscle-sparing anterolateral approach the serratus
anterior or latissimus dorsi muscles are preserved,
reducing postoperative muscle pain. If bilateral dis-
ease is present, a bilateral thoracotomy or a staged
unilateral thoracotomy can be performed. Because
lung metastases are a systemic disease, one may
argue that when lesions are found on one side, there
is a high probability there are also metastases on the
other side, although not visible on preoperative imag-
ing. In a study comparing bilateral thoracotomy for
bilateral and unilateral thoracotomy for unilateral lung
metastases, there was no difference in overall survival
between these two groups (19). This suggests that
there is no need to perform a bilateral approach for
unilateral disease and a contralateral approach can be
performed when lung metastases are found on that
side on radiographic follow-up (19).

Thoracoscopic resection (VATS) is a minimally inva-
sive surgical approach. It is primarily used for diag-
nostic purposes but more and more surgeons use it
to perform oncologic resections (20, 21). The major
advantage of VATS is the lower morbidity, shorter
hospital stay and decreased intrathoracic adhesions,
improving the feasibility of reoperation compared to
open procedures (22). Early studies showed that VATS
was inferior to open thoracotomy because of the loss of
tactile sensation and subsequently missing lesions that
did not show up on preoperative imaging (23). However,
with the improvement of preoperative imaging, more
recent studies indicate that VATS might result in similar
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survival compared to thoracotomy in selected patient
groups (21, 24-26). These studies were performed in
patients with 1 or 2 small peripherally located lesions
which are easily accessible with VATS. New techniques
have been developed, making it possible to mark the
lesion with a hook wire or dye, allowing resection of
deeper lesions with VATS (27, 28). Very small lesions
can still be missed on CT scan and subsequently dur-
ing VATS. There is, however, no evidence that resection
of a very small nodule between 1 to 3 mm, that is not
detected on CT scan and which is found by bimanual
manipulation, improves survival. Micrometastases that
are missed during the initial procedure can be resected
when they become detectable during follow-up without
affecting survival (19).

So far, no randomized trials have been published
that evaluate long-term survival after open surgery
compared to VATS. At the present time VATS may be
considered a valid approach for diagnosis as well as
treatment of pulmonary metastases if there is only a
single metastasis which is peripherally located. If there
are any discrepancies between the preoperative imag-
ing and the peroperative findings or uncertainty about
the surgical margins, conversion to a thoracotomy is
advised to perform the resection.

Repeated resection and extended resections

for pulmonary metastases

In selected patients repeated resection of pul-
monary metastases may be beneficial. In a study of
Jaklitsch et al. 54 patients underwent 2-6 sequen-
tial thoracic metastasectomies for different primary
tumours (29). This study showed that overall sur-
vival for patients who underwent repeated complete
resection was better compared to patients with unre-
sectable recurrent disease and was unrelated to the
number of previous metastasectomies. Depending
on the primary tumour, repeat complete metasta-
sectomy results in improved survival (vide infra). A
surgeon should keep in mind to the possibility of
performing a complete resection with the excision of
as little healthy lung tissue as possible but without
compromising the principles of oncologic resection.
The remaining lung volume will determine whether
the patient is able to undergo a subsequent resec-
tion. Because most pulmonary metastases are situ-
ated in the periphery of the lungs, they can be usu-
ally be excised by a non-anatomical wedge excision,
whereas anatomical resection is essential for primary
lung cancer. However, if the lung nodule is situated
more closely to the hilum or it grows into extrapul-
monary tissue, an extended resection is required.
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These resections range from segmentectomy to en
bloc resection of the metastases with the invaded
structures. Complete resection with negative margins
is the essential key during lung metastasectomy If
this can be achieved in order to obtain long-term sur-
vival and , a 5-year overall survival between 16-25%
is reported (30, 31). These studies as well as others
show an acceptable postoperative mortality and
morbidity, justifying extended resections in selected
cases of patients with lung metastases (1, 30-33).

Alternative techniques for preserving lung

parenchyma

Radiofrequency ablation (RFA), stereotactic body
radiation therapy (SBRT), laser-assisted resections,
microwave ablation and cryoablation are techniques
used to preserve lung parenchyma, allowing the patient
to undergo repeated procedures or treat patients that
are unable to undergo extended resections.

The group of Rolle et al. investigated laser resec-
tion of lung metastases with a 1318-nm Nd: YAG
laser during a surgical procedure performed in 328
patients (34, 35). They found an improved survival for
patients with complete resection compared to incom-
plete resection, and in 9% of their patients complete
resection of 20 or more lung metastases per patient
was achieved, which is often not possible with stapler
resection because of insufficient lung parenchyma
(85). These results suggest that laser resection of lung
metastases can be a good alternative compared to
stapler resections, especially in patients with multiple
lung metastases, because of the reduced parenchy-
mal loss allowing increased complete resection rates,
which may increase survival (35).

SBRT is a technique that allows high doses of
radiotherapy to be given to a very selective area,
allowing targeting of lung nodules without damag-
ing large areas of normal lung tissue around it as
with normal radiotherapy. This technique was initially
used for patients that were inoperable but more stud-
ies appeared using it for patients with both operable
and inoperable lung metastases of all kinds of pri-
mary tumours (36-39). It has shown to be a safe and
effective treatment, which may prolong survival and
improve local control in selected cases (36-39).

RFA is a percutanous technique which can be used
in high risk patients or patients that are medically inop-
erable. A probe is inserted under CT guidance into the
lesion with thermoablation of the lesion. Microwave
ablation and cryoablation are similar techniques which
were found to be effective in the treatment of lung
malignancies (40, 41). A downside of these tech-
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niques is local recurrences, especially if the tumour
is close to large blood vessels or other possible heat
sinks, resulting in insufficient treatment in that area.
However, microwave ablation and cryoablation are
supposed to be less influenced by these heat sinks.
When performing SBRT, RFA, microwave ablation or
cryoablation, no histological confirmation of malig-
nancy is present, there is no lymph node sampling and
no precise tumour staging. This results in an unclear
selection of patients for adjuvant therapy. Palpation
of the lung to ensure that no additional lesions are
present is not possible with these percutaneous
techniques. Although they may improve survival and
palliation, their use in operable patients remains con-
troversial (42). No randomized studies exist directly
comparing these techniques with classical surgical
resection. Because there is no clear definition of
complete resection with these techniques, their use
should presently be limited to inoperable patients until
randomized evidence becomes available resulting in
more general guidelines.

Lung metastasectomy for different histological

tumours

1. Breast cancer and testicular cancer

Chemotherapy is the primary treatment option
for patients with lung metastases from breast can-
cer, testicular tumours and germ cell cancer (43-46).
Metastatic disease of breast cancer responds very
well to systemic chemotherapy and/or antihormonal
therapy, resulting in an unclear role for surgical resec-
tion. Some studies report no benefit in overall survival
for patients undergoing complete metastasectomy for
breast cancer compared to systemic chemotherapy
or to patients undergoing an incomplete resection,
whereas others do find a survival benefit (47-51).
However, in selected cases, with a DFI of more than
36 months and complete resection, a long disease-free
and overall survival period may be obtained (52, 53).
However, not all lung nodules are metastatic lesions.
Rena et al. (54) showed that, in 50% of the patients
with a history of breast cancer and a newly diagnosed
lung nodule, primary lung cancer was found. Complete
surgical resection needs to be performed in this
patient group in order to have histological confirmation
and a real chance of cure when a primary lung cancer
is found (53, 54). Another study showed that there is a
reasonable chance that the hormonal receptor status
of the primary tumour is different from the lung metas-
tases, warranting histological evidence to plan further
treatment (50). In conclusion, although most studies
do not find a survival benefit, surgical resection of

lung metastases from breast cancer is warranted in
selected cases if complete resection can be achieved,
if there is suspicion of primary lung cancer and to plan
further treatment depending on the hormonal receptor
status of the metastases.

Surgical resection of lung metastases as well
as resection of lymph nodes has an adjuvant role
after chemotherapy in patients with testicular cancer.
Resection of the lung metastases may direct further
treatment. If histology only confirms necrosis, fibrosis
or teratoma, there is no indication for further treat-
ment. However, if viable tumour cells are found, the
patient requires additional chemotherapy. With the
current multimodality strategy, a 5-year survival rate of
up to 82% can be achieved (55). Multiple metastases,
elevated tumour marker levels of alpha-fetoprotein or
chorionic gonadotropin, or viable cells in the resected
metastases after chemotherapy, negatively influence
overall survival (12, 45, 46, 56). However, if needed,
repeat resections should be performed (45).

2. Colorectal cancer

Of all patients with a history of colorectal cancer,
around 10-20% will develop lung metastases, but only
2% will have metastases confined to the lung without
extrathoracic disease (57, 58). In a literature review of
reports of more than 40 patients from 1995 up to 2006,
an overall 5-year survival ranging between 38.3% and
63.7% was found (59). Positive hilar or mediastinal
lymph nodes or elevated carcinoembryonic antigen
negatively influence survival (59-63). It is suggested
that obtaining RO resection is important to achieve
long-term survival and that patients with only one lung
nodule tend to have a better survival than patients
with more metastases (59). Half of the patients with
colorectal disease will develop liver metastases (64). In
selected cases, resection of both pulmonary as well as
hepatic lesions may result in a good long-term survival
(65, 66). Some reports show no difference in survival
between patients with synchronous and metachronous
liver and lung metastases (67, 68). However, some
studies found a decreased survival if synchronous liver
and lung metastases were present (69-71). Neeff et al.
showed a decreased survival in patients having pri-
mary lung metastases and subsequently liver metas-
tases, whereas the study of Zabaleta et al. found that
patients with lung metastases and a history of liver
metastases have a decreased survival (69, 71). Shiono
et al. underlined the importance of tumour biology on
survival (72). They investigated histopathological vari-
ables such as bronchial, vascular and lymphatic inva-
sion. Patients without any of the investigated variables
had a 5-year overall survival of 93.3% (27). In conclu-
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sion, in selected patients, surgical resection and even
repeated resection, should be undertaken if complete
resection of colorectal lung metastases is achievable.
So far, the benefit of surgical resection of colorectal
metastases on survival is claimed by retrospective and
non-randomized trials only. Recently, the PulMiCC trial
has begun (73). This randomized study aims to exam-
ine whether or not surgical resection of colorectal lung
metastases influences survival as well as looking at
other factors like quality of life after surgery. Hopefully
this study will shed more light on surgical resection for
lung metastases from colorectal cancer.

3. Head and Neck tumours

Head and neck tumours are a large group of vari-
ous epithelial tumours like squamous cell carcinoma,
glandular cystic carcinoma and adenoid cystic car-
cinoma. They metastasize to local lymph nodes and
subsequently to more distant organs, mostly to the
lung (74-76). The 5-year overall survival after pul-
monary metastasectomy varies between 20.9% and
59% (75, 77-81). The survival varies depending on the
histological type of the tumour, with the best survival
for patients with adenoid cystic carcinoma and the
worst for the squamous cell carcinoma (78). Reported
positive prognostic factors are long DFI and complete
resection, negative ones are a DFI of less than 12
months and mediastinal lymph node invasion. Just as
in breast cancer, it is important to distinguish between
primary lung cancer and a metastasis, certainly for
squamous cell carcinoma, because the risk factors are
mostly the same as for primary lung cancer. For this
reason an aggressive approach with surgical resec-
tion of a single lung lesion in a patient with a history of
squamous cell carcinoma is warranted. For the other
types of head and neck cancer the benefit of surgical
resection is less clear because of the small number of
series published (76). The general consensus is that
surgical excision is advocated if the patient meets the
standard inclusion criteria for surgical resection.

4. Hepatocellular carcinoma

The lungs are the most common extrahepatic site
for metastases (82). Because the therapy for HCC is
benefitting from improved local control due to liver
resection, RFA, liver transplantation and other meth-
ods, the resection of lung metastases from HCC has
been increasingly reported during the last decade
with encouraging results (83, 84). The reported 5-year
overall survival after lung metastasectomy is 36%
(84). A DFI of more than 12 months and serum alpha-
fetoprotein lower than 500 ng/mL are required to
undergo pulmonary metastasectomy. Even after liver
transplantation, surgical resection of lung metastases
can be performed (85).
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5. Malignant melanoma

Malignant melanoma is able to disseminate widely
in the body. This results in a very small nhumber of
patients with isolated pulmonary metastases who are
eligible for surgical resection. For this reason, exci-
sion remains controversial. As soon as there is distant
disease in patients with melanoma, the median sur-
vival is around 6 months with a 5-year survival of less
than 5% (86, 87). However, when isolated pulmonary
metastases are present, resection may give rise to
an overall 5-year survival of up to 38% (88-92). In a
recent study, resectable lung metastases smaller than
2 cm had a positive effect on survival, even in patients
who had undergone previous complete resection of
extrathoracic disease (92). These studies show that
carefully selected patients with completely resectable
lung metastases, even with resectable extrapulmonary
disease, should be eligible to undergo a simultaneous
or staged resection, which might result in prolonged
survival.

6. Osteosarcoma

At the time of diagnosis of osteosarcoma, 10-20%
of patients already have pulmonary lesions and up to
70% will develop lung metastases (93-96). It is essen-
tial to control the thoracic disease because failing to do
so will result in a worse prognosis (43). When complete
resection can be achieved, even repetitively, a long
5-year survival can be obtained of up to 43% (96-98).
In most studies, complete resection is a very strong
prognostic factor. The data published about other fac-
tors like DFI, number and size of metastases, and age
are conflicting, making it difficult to define their prog-
nostic influence. Neo-adjuvant chemotherapy before
surgical resection of lung metastases might result in
a positive effect on survival, especially if there is a
histological response. If patients are treated with che-
motherapy alone the outcome is very poor, suggesting
that patients with lung metastases from osteosarcoma
need a multimodality treatment, of which complete
surgical resection is the most important factor (99).

7. Renal cell carcinoma

Around 25-30% of the patients with renal cell car-
cinoma (RCC) will develop metastatic disease and the
lung is the most common site for these metastases
(100, 101). Complete resection of lung metastases
from RCC results in a 5-year overall survival rate
between 31 and 53% whereas incomplete resection
results in only 22% (102-106). Prognostic factors
include complete resection, the number of metas-
tases (<5 nodules), hilar or mediastinal lymph node
metastases and long DFI. If complete resection can
be achieved, repeated resection is supported. With a
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10-year overall survival of 42%, complete metastasec-
tomy remains the best treatment option for resectable
lung metastases from RCC (107).

8. Soft tissue sarcoma

The group of the soft tissue sarcoma (STS) is very
heterogeneous with over 50 malignant subtypes (108).
The lung is the most common site of metastases from
STS, occurring in 20% of the patients. The reported
5-year overall survival after complete resection of
these metastases varies between 18 and 43% (109-
114). All these studies indicate complete surgical
resection as the most significant prognostic factor.
Other factors found by some studies but not sup-
ported by others, are the number of lung nodules and
thoracic lymph node metastases. However, a short
DFIl and sarcoma type seem to be prognostic in most
studies. Patients with a short DFI have a worse prog-
nosis. The same holds true for Ewing sarcoma, lipo-
sarcoma, and peripheral nerve sarcoma, in contrast to
other histological types such as malignant fibrous his-
tiocytoma, rhabdomyosarcoma, and synovial sarcoma
(110, 113, 115). When complete resection can be
achieved, repeated resections are indicated because
survival data for STS after chemotherapy remain dis-
appointing compared to osteosarcoma because STS
is less sensitive to chemotherapy. Therefore, complete
surgical resection, and even repeated resection, are
the best treatment options for selected patients with
STS to achieve long term survival.

International registry of lung metastases

The largest retrospective multicenter study of lung
metastasectomy published so far is performed by
Pastorino et al. with data of 5026 patients operated
between 1991 and 1995 (1). They included patients
with lung metastases from epithelial tumours (43%),
sarcomas (42%), germ cell tumours (7%), melanomas
(6%), and other types (2%). Eighty-eight percent of
the patients had complete surgical resection of these
lung metastases, with an overall mortality of 1.0%.
This study reported a median survival time (MST)
of 35 months for patients with complete resection
compared to a MST of 15 months for patients with

incomplete resection. After a second metastasec-
tomy for recurrent disease, a 5-year overall survival
rate of 44% was obtained. Data of the patient group
that underwent complete surgical resection were put
in a multivariate analysis which showed that primary
tumour type, disease-free interval and number of lung
metastases were significant prognostic factors (1).
With these factors they could define 4 different prog-
nostic groups (Table 1) with a significant difference in
survival. Depending on the primary tumour histology,
they discovered that patients who underwent com-
plete surgical resection had a very high intra thoracic
recurrence rate. For epithelial tumours, 44% of the
patients developed intrathoracic recurrences while this
rate was even 66% for the patients with metastatic
disease from sarcoma (1). Similar data were reported
from our own institution (116). It is suggested that this
high recurrence rate is due to micrometastases that
are not picked up during the initial work-up and pro-
cedure, and partially due to the inability of systemic
chemotherapy to reach a sufficiently high dose to
eliminate micrometastases. Although reoperation of
these new metastases is feasible and may improve
survival, it is limited by the remaining lung volume of
the patient. For this reason an improved local control
at the time of the initial resection may be obtained by
a combined modality treatment including surgery and
locoregional chemotherapy. The locoregional methods
to selectively deliver a high dose of chemotherapy to
the lung will be further discussed in this review.

The blood supply of the tumour

The blood supply of the tumour is very important
for the effect of the treatment. Several experimental,
autopsy and clinical studies have evaluated the blood
vessel distribution of primary lung tumours and lung
metastases. Already in 1967 Miller et al. (117) conclud-
ed that most metastases receive their blood supply
from the pulmonary artery. Milne et al. (118) showed in
1976 that primary lung tumours receive their primary
blood supply from the bronchial arteries, whereas
lung metastases are predominantly vascularised by
the pulmonary artery. In 48% of all lung metastases

Table 1. The prognostic groups according to the International Registry published by Pastorino et al. (1)

Resection Risk factors Characteristics MST (mos.)
Group | Complete No Single metastasis and DFI >35 mos. 61
Group I Complete 1 DFI >36 mos. or multiple metastases 34
Group Il Complete 2 DFI <36 mos. and multiple metastases 24
Group IV Incomplete, unresectable / / 14
MST: median survival time; mos: months; DFI: disease free survival time
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the pulmonary artery was the only supply, in 16% this
was the bronchial artery and in 36% there was a dual
vascularisation (118). These studies were supported
by Mochizuki et al. who used first-pass dynamic CT
imaging for solitary pulmonary nodules and concluded
that the pulmonary circulation supplies a significant
portion of pulmonary metastatic tumour vasculature
but that primary bronchogenic carcinoma is pre-
dominantly supplied by the bronchial arteries (119).
Therefore the pulmonary artery is the preferred route
to deliver chemotherapy to lung metastases, whereas
the bronchial arteries are the desired route for primary
bronchogenic carcinoma.

The rationale behind high-dose locoregional

therapy

During the last decades, there knowledge of cell
survivability pathways, drug resistance and genetics
has increased. The poor results of patients undergo-
ing lung metastasectomy for certain tumour types
followed by chemotherapy is probably because of the
drug resistance of these cells for the chemotherapeu-
tic agent and the already mentioned inability of these
chemotherapeutic agents to reach an effective drug
concentration in the tumour mass itself, also known
as first order targeting (120, 121). This means that, in
addition to surgery, a more effective delivery system
needs to be developed to introduce drugs inside the
lung together with better chemotherapeutic agents.
The biophysical methods resulting in increased drug
targeting in the lung parenchyma include embolic
trapping or chemo-embolisation, selective pulmonary
artery perfusion (SPAP) without control of the venous
effluent, lung suffusion and isolated lung perfusion
(ILuP) in which the lung circulation is completely
separated from the systemic circulation (121). These
are all promising techniques that can be used for the
treatment of lung metastases of tumours that do not
respond well to systemic chemotherapy (121).

Isolated lung perfusion

History

The first to report a method of pulmonary perfusion
was Creech in 1959 (122). He performed a perfusion
of both lungs simultaneously with divided circuits
for the systemic and pulmonary circulation. In 1968,
a co-worker of the paper of 1959 named Krementz,
commented on this report that 1 of the 4 patients had
a major clinical response to the perfusion; however 2
others died shortly after perfusion. This was the first
clinical report of lung perfusion for the treatment of
cancer (123). This technique remained dormant until
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1983, when Johnston et al. demonstrated that ILuP
was a reproducible and safe technique (124). In this
report he used a dog model to determine the dosage
of doxorubicin. He observed no systemic toxicity and
found that the local toxicity of ILUP was closely related
to the drug uptake in the lung and the drug concen-
tration in the perfusate (124). The dose-dependent
relations were also supported by Baciewicz et al. who
found similar toxicity at lower concentrations of doxo-
rubicin, but with the use of mild hyperthermic perfus-
ate, which may result in an increased uptake of the
drug into the lung tissue (125). Johnston also refined
simultaneous bilateral perfusion as lung metastases
may present bilaterally (126). With these good results,
the interest in ILUP has awoken again.

Technique

As mentioned above, Creech was the first to report
pulmonary perfusion in patients (122, 123). In order to
perfuse two lungs simultaneously, two extracorporeal
systems are needed. In most recent clinical phase
| studies, one-sided lung perfusions are performed
because these studies are designed to evaluate dose-
limiting toxicity (DLT) and maximal tolerated dose
(MTD). If the perfusion would be performed bilaterally
and pulmonary toxicity and oedema occurred, this
would result in a hazardous situation. So, in case of
bilateral lung metastatic disease, staged procedures
are currently preferred.

In general, a thoracotomy is performed with sub-
sequent cannulating of the pulmonary artery and both
pulmonary veins (Figure 1). After installing a perfusion
circuit, the vessels are centrally clamped resulting in a
closed circuit and the agent is injected into the perfu-
sion circuit. In addition, the lung is ventilated during

Satinksy clamp

FA clamp
\
PA -
1 I |
l |
| Left
I lung | 1 afrium
} ™
Heat >
exchanger Resanoir
Centrifugal
pumgp

Figure 1. Isolated lung perfusion
PA: pulmonary artery; PV: Pulmonary vein
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perfusion to allow a homogeneous distribution of drug
throughout the lung. The bronchus is gently snared
to block the bronchial arterial circulation. It may be
beneficial to use hyperthermic perfusion to increase
drug uptake in the lung parenchyma. The technique
that has been applied in our phase 1 trial for ILuP with
melphalan is described in more detail (127). We prefer
to resect metastatic disease after isolated lung perfu-
sion but we mark all metastases and any suspicious
nodules before the start of the perfusion because
possible lung oedema after the perfusion may render
identification of very small lesions difficult or impos-
sible. In this way, it is easier to obtain a homogeneous
distribution of drug throughout the procedure as well
as prevent any bleeding on the resection sites with
subsequent loss of chemotherapeutic agent from the
perfusion circuit because of the systemic hepariniza-
tion. This is in contrast to the study of Schréder et al.
who performed the metastasectomy before perfusion,
although his precise motivation is not mentioned (128).

Experimental studies of ILUP

In 1993, experimental research with ILUP got a
boost by the development of a rat model of ILUP pub-
lished by Weksler et al. from Memorial Sloan-Kettering
Hospital in New York (129). Rats only have one lobe on
the left side which can easily be isolated and perfused
when performing a thoracotomy. With this new model,
several chemotherapeutic drugs and biological agents
could be investigated in tumour models and some
were found to be effective in the treatment of lung
metastases of primary carcinomas or sarcomas (121).
At our own institution, the model of Weksler was modi-
fied by important changes of intubation technique,
anaesthesia and approach for catheterisation of the
pulmonary vessels, which resulted in a faster and safer
procedure (130). The experimental studies of ILUP are
summarised in Table 2.

1. Doxorubicin:

Doxorubicin belongs to the anthracycline antibiot-
ics group with a proven activity against several solid
tumours like breast and oesophageal carcinoma, as
well as osteosarcoma, soft-tissue sarcoma and non-
Hodgkin’s lymphoma (131). In a Fisher rat model of
methylcholanthrene-induced sarcoma lung metasta-
ses, ILuP with doxorubicin was an effective and safe
method, and superior to IV doxorubicin (132, 133). The
lung tissue levels of doxorubicin were 20-fold higher
compared to IV doxorubicin, were well tolerated by the
animals and did not result in the cardiac and haemoto-
logic toxicities which were found after IV doxorubicin
(132). After performing ILUP with doxorubicin, there

was an eradication of macroscopic and microscopic
sarcoma lung metastases, whereas the sham perfused
lungs had massive tumour growth (134). To improve
the activity of doxorubicin, several additional tech-
niques or drugs were tested such as buthionine sulf-
oximine, P-glycoprotein modulators like cyclosporine,
liposomal-encapsulated doxorubicin and intraopera-
tive low dose photodynamic therapy (135-142). These
additional techniques had various effects on the drug
uptake, as seen in Table 2. Mirdter et al. (143) per-
formed an ex vivo lung perfusion with doxorubicin on
resected human lungs after a pneumonectomy, result-
ing in an excellent model for preclinical evaluation.

2. Gemcitabine

ILuP with gemcitabine showed to be effective in
prolonging survival in a rodent model with pulmo-
nary adenocarcinoma metastases compared to IV
treatment (144). The combination of melphalan with
gemcitabine resulted in a beneficial effect prolonging
survival even more compared to single-therapy with
gemcitabine in the same model (145).

3. 5-Fluorodeoxyuridine (FUDR)

FUDR is very active against metastases from
colorectal carcinoma. This drug was investigated in a
dimethylhydrazine-induced carcinoma model, show-
ing a significant decrease of the number of tumour
nodules after ILUP with FUDR (146). The use of this
drug is however hampered by its dose-limiting toxicity.

4. Cisplatin

Cisplatin has been investigated in several pig
models. Significantly higher lung tissue concentra-
tions were obtained compared to systemic treatment
or pulmonary artery blood flow occlusion (147, 148).
Kaneda et al. (149) showed that ILUP with cisplatin
was pharmacokinetically superior to IV treatment in
a rodent model. When digitonin is added, the uptake
is even more enhanced as shown in a rodent model
(150). Also the use of hypertensive chemotherapy is
investigated (151). Before starting the ILUP, endothe-
lin was injected into the pulmonary artery resulting in
vasoconstriction. In a sarcoma bearing rodent model
there was limited pulmonary toxicity and an increased
uptake in the lung metastases (151). There was a
significant reduction of tumour volume and even 20%
treatment response in a rodent model with sarcoma
lung metastases after ILUP with cisplatin compared to
sham ILuP (152).

5. Tumour necrosis factor alpha (TNF-a)

TNF-a has a high anti-tumour potential when
delivered in a high dose during the ILUP procedure,
as confirmed by Weksler (153). After perfusion, about
5 times less tumour was observed compared to the
unperfused lung in this rodent model with sarcoma
lung metastases. However, when used in combination
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Table 2. The experimental studies of Isolated lung perfusion
Author Drug Model Effect comment
Weksler (132) Doxorubicin Rat Effective against sarcoma mets
Abolhoda (133) Doxorubicin Rat Effective against sarcoma mets
Port (135) Doxorubicin + BSO Rat More effective than doxorubicin alone
Krueger (168) Doxorubicin Pig High lung levels, heterogeneous distribution
Kuemmerle (136) Doxorubicin + Rat No additional effect on sarcoma mets compared to
P-glycoprotein modulator doxorubicin alone
Yan (141) Liposomal doxorubicin Rat Better distribution ratio but lower overall concentration in lung
parenchyma compared to ILuP with doxorubicin alone
Cheng (142) Liposomal doxorubicin + Rat Improved uptake in tumour tissue in comparison to liposomal
low dose photodynamic therapy doxorubicin alone but no higher overall concentration in lung
parenchyma compared to ILUP with doxorubicin alone
Murdter (143) Doxorubicin Ex vivo human Preclinical pharmacokinetic studies
lung perfusion
Van Putte (144) Gemcitabine Rat Effective against adenocarcinoma mets
Van Putte (145) Gemcitabine + melphalan Rat More effective than gemcitabine or melphalan alone against
adenocarcinoma mets
Ng (146) FUDR Rat Effective against carcinoma mets
Ratto (147) Cisplatin Pig High lung levels obtained
Kaneda (149) Cisplatin Rat High lung levels obtained
Tanaka (150) Cisplatin + digitonin Rat Higher lung levels than cisplatin alone
Matsuoka (151) Cisplatin + endothelin Rat Increased uptake in sarcoma mets compared to cisplatin alone
Li (152) Cisplatin Rat Effective against sarcoma mets
Weksler (153) TNF-a Rat Effective against sarcoma mets
Hendriks (154) Melphalan + TNF-a Rat No additional effect of TNF-
Schrump (155) Paclitaxel Sheep High lung levels obtained
Nawata (156) Melphalan Rat Effective against sarcoma mets
Den Hengst (157) Melphalan Rat High lung levels obtained, effective against sarcoma mets
Hendriks (154) Melphalan Rat Effective against adenocarcinoma mets
Van der Elst (159) Melphalan Pig Safe pharmacokinetic profile for ILuP
Mets: metastases, BSO: buthionine sulfoximine, ILUP: isolated lung perfusion, FUDR: 5-fluorodeoxyuridine, TNF-a: Tumour necrosis factor alpha

with melphalan, TNF-a showed no additional benefit
in a rodent model of adenocarcinoma lung metastases
(154). The lack of effect is probably due to the tumour
characteristics used in this rat model.

6. Paclitaxel

Paclitaxel has been investigated in a sheep model
with retrograde hyperthermic ILUP for 90 minutes (155).
In this study, no pulmonary toxicity was observed and
significantly higher lung tissue concentrations were
achieved compared to IV treatment.

7. Melphalan

Melphalan has been used for many years for isolat-
ed limb perfusion. Therefore, melphalan is also inves-
tigated in the setting of ILUP for both carcinoma and
sarcoma lung metastases. Nawata et al. showed in
1996 that melphalan was effective in eliminating sarco-
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ma lung metastases in a rodent model, but no survival
data were published (156). This effect was confirmed
by a study from our own institution in a rodent model
with metastatic rhabdomyosarcoma. In this study,
ILUP with melphalan was able to reach a much higher
concentration in the lung parenchyma, eliminate more
tumour nodules and improve survival compared to IV
melphalan (157). In the studies performed by Hendriks
et al, ILUP with melphalan resulted in a significant
reduction of the number of lung nodules in a carci-
noma bearing rodent model (154). Improved survival
was also observed when compared to IV treatment
(158). The combination therapy of melphalan with
TNF-a and with gemcitabine was also tested. As men-
tioned above, TNF-a had no additional benefit, but the
combination of melphalan with gemcitabine resulted
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in a superior result compared to single therapy with
one of these two drugs in the treatment of colorectal
carcinoma lung metastases (145). This is the first and
only reported study showing the additional effects of
two chemotherapeutic agents in the setting of ILuUP
and it is a promising tool for future phase | clinical
studies. The pharmacokinetic properties of ILuP with
melphalan have also been investigated in a pig model,
demonstrating its feasibility, safety and the absence of
any systemic toxicity (159).

Recent clinical studies of ILUP

Most chemotherapeutic drugs that were tested in
animal studies with good results were followed by a
clinical phase | trial. It is very difficult to extrapolate
the data found in those animal studies into a clinical
study. These phase | trials are needed to evaluate the
feasibility of ILUP for resectable or non-resectable lung
metastases and to determine the dose limiting toxicity
(DLT) and maximum tolerated dose (MTD). Because
these studies use incremental doses, MTD is defined
as one dose below the DLT. Table 3 summarizes the
clinical studies performed from 1995 until now.

1. Doxorubicin

After the insights gained from their experimental
studies, the group of Johnston performed a pilot clini-
cal trial of ILUP. In this trial, 4 patients were included
with unresectable metastatic sarcoma of the lung and
4 patients with diffuse bronchoalveolar carcinoma
(160). From these 8 patients, 6 were perfused with
doxorubicin and 2 with cisplatin (see section cisplatin
below). In this study, 3 patients underwent single lung
perfusion whereas 5 underwent total lung perfusion.
The perfusion time was between 40-60 minutes with
normothermic conditions except for 1 patient who
underwent perfusion with moderate hyperthermia of

40°C. During this study there were no intraoperative
complications. One patient developed pneumonia
followed by sternal dehiscence. All patients died of
progressive disease 23-151 days after perfusion with-
out any clinical response to the treatment. However,
this study clearly demonstrated that ILUP was well
tolerated and reproducible, with minimal systemic
leakage even with the higher perfusion doses (160). In
2000, a study with a phase | protocol was published
by Burt et al. (161) In this study, 8 patients with inop-
erable lung metastases from a sarcoma underwent
single lung perfusion with doxorubicin. During ILUP a
good separation between the perfusion and systemic
circuit was observed with minimal systemic levels
while a high concentration of doxorubicin was found
in the lung parenchyma. However, the concentration
in the tumour was lower than in the normal lung tis-
sue. In this study, an important chemical pneumonitis
developed in a patient with a dose of 80 mg/m? and
the MTD was defined at 40 mg/m2. There were no
perioperative deaths but there was also no partial or
complete response. There was a significant decrease
in forced expiratory volume in 1 second (FEV,) and a
trend towards a decrease in diffusion capacity in the 7
patients that underwent treatment with the MTD (161).

In 2002, Putnam et al. (162) reported a phase |
trial of single lung perfusion with doxorubicin in 16
patients with unresectable sarcoma lung metastases.
They also obtained a good separation of the perfu-
sion circuit from the systemic circulation. After perfu-
sion, 2 patients developed grade 4 lung toxicity after
a dose of 75 mg/m2, resulting in a MTD at 60 mg/
m? of doxorubicin. In this study there was an overall
operative mortality of 19%. One patient died due to a
paradoxical tumour embolus, one due to pneumonia 3
weeks postoperatively and 1 because of drug-related

Table 3. Clinical studies of isolated lung perfusion from 1995 on
Year Author Ref. Drug N Lung Perfusion Resectable MTD
temperature (°C) time (min) lung metastases
1995 Johnston (160) Doxorubicin/Cisplatin ~ 6/2 NA 45-60 No NA
1996 Pass (163) TNF-o and y-interferon 15 38-39.5 90 No 6 mg
1996 Ratto (148) Cisplatin 6 37 60 Yes 200 mg/m?a
2000 Burt (161) Doxorubicin 8 37 20 No 40 mg/m?
2002 Putnam (162) Doxorubicin 16 37 NA No 60 mg/m?
2002 Schréder (128) Cisplatin 4 4 21-40 Both 70 mg/m#
2004 Hendriks (127) Melphalan 16° 37,42 30 Yes 45mg - 42°C
2007 Grootenboers®  (164) Melphalan 79 37,42 30 Yes 45mg - 37°C°
n: number of patients; min: minutes; MTD: maximum tolerated dose; NA: Not available; TNF-a: Tumour necrosis factor alpha; Ref.: reference
3Fixed dose, °21 procedures (5 bilateral), °The extension trial of the study of Hendriks (127), the safe MTD was found to be 45 mg at 37 °C (see
text) 98 procedures (1 bilateral)
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lung injury. Only 1 major response occurred and the
reported median survival in this study was 19 months.
During the follow-up early morbidity was noted in 3
patients: a prolonged chest tube drainage, an air leak
longer than 7 days, and a grade 4 lung toxicity.

2. Cisplatin

As mentioned above, the group of Johnston per-
formed a clinical trial of ILuP with doxorubicin and
cisplatin. Two of the 8 patients were treated with
cisplatin with a total lung perfusion after installing a
systemic cardiopulmonary bypass (160). One patient,
with metastatic chondrosarcoma, underwent ILuP for
60 minutes with a dose of 20 pg/mL cisplatin with mod-
erate hyperthermia whereas the other patient, with dif-
fuse bronchioloalveolar carcinoma, was perfused for 50
minutes with a dose of 14 ug/mL under normothermic
conditions. One patient developed pneumonia followed
by empyema 4 days later, requiring reintubation, and
this patient died 81 days after perfusion (160).

In 1996, Ratto et al. (148) used the combination
of ILUP with cisplatin and metastasectomy of lung
metastases from soft tissue sarcomas. The major end-
points of this study were feasibility, toxicity and dis-
tribution of cisplatin in the normal and tumour tissue.
Because they used a fixed dose of cisplatin of 200 mg/
m?2 with a perfusion time of 60 minutes, the DLT could
not be determined. Perfusion temperature ranged from
37 to 37.5°C. During this study, no patient died during
or after the procedure but 2 patients developed inter-
stitial and alveolar lung oedema after 2 days, requir-
ing prolonged respiratory support for 1 patient. The
concentration of cisplatin in the lung exceeded more
than 40 times the systemic plasma concentration and
no systemic toxicity was noticed. No difference was
found in the concentration of cisplatin in the normal
and tumour tissue and there was no histological dam-
age of the lung specimens. After the perfusion there
was a decline in FEV, and carbon monoxide diffusion
capacity measured at 10 and 30 days postoperatively
but after 1 year there was improvement when reas-
sessed in 2 patients (148).

Schréder et al. (128) published a pilot study in 2002
including 2 patients with unilateral and 2 patients with
bilateral sarcoma lung metastases, which were con-
fined to a lobe or entire lung. First a metastasectomy
was performed followed by ILUP with cisplatin under
hyperthermic (41°C) conditions. The patients included
had at least 4 previous surgical metastasectomies,
controlled primary site, and no other effective treat-
ment options. Cisplatin was perfused at a fixed dose
of 70 mg/m? for 30 minutes. There was a good separa-
tion of the perfusion circuit from the systemic circula-
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tion with low systemic cisplatin plasma levels and no
drug-related systemic toxicity during perfusion. After
perfusion, all patients developed non-cardiogenic
lung oedema. After a mean follow-up of 12 months,
3 patients were still alive and disease-free while 1
patient died of cerebral metastases after 13 months
without any evidence of local recurrence in the lung at
autopsy (128).

The above mentioned reports of ILUP with cis-
platin differed profoundly. For instance, Johnston’s
group only included unresectable metastases where-
as Ratto and Schrdder investigated two different
patient groups: resectable lung metastases and
patients without any other treatment option left. Ratto
used 3 times greater cisplatin concentration com-
pared to Schréder without any additional histological
damage (128, 148, 160). These variations make it
very hard to draw any conclusions, especially on the
reported survival data.

3. Tumour necrosis factor alpha (TNF-o)and

y-interferon

The effect of TNF-a and y-interferon when used dur-
ing ILUP was investigated by Pass et al. (163). This is
the only clinical study performed until now with TNF-a.
In total, 20 patients were included but 5 did not receive
any lung perfusion. In the remaining 15 patients, 10
right-sided and 6 left sided perfusions were performed
as 1 patient underwent staged bilateral perfusion.
Primary tumours were colon adenocarcinoma, renal
cell carcinoma, adenoid cystic carcinoma, Ewing’s
sarcoma and soft-tissue sarcoma. The perfusion
was performed under mild hyperthermic conditions
for 90 minutes with increasing doses of TNF- and
y-interferon. There were no perioperative deaths and
there were no significant changes in cardiac output or
systemic blood pressure. During follow-up, 3 patients
had a short-term partial response but unfortunately,
had progressive disease after 6-9 months (163).

4. Melphalan

Until now only one phase | study was performed
regarding ILuP with melphalan for determining the MTD
(127). This study included 16 patients that underwent a
total of 21 procedures for resectable lung metastases,
11 unilateral and 5 bilateral staged procedures. There
were no technical difficulties and no systemic toxicity
was encountered. Operative mortality was 0%. The
MTD was determined at 45 mg melphalan for a perfu-
sion temperature of 42°C. In an extension trial follow-
ing this study, which included an additional 7 patients
(8 procedures) an increased toxicity was found when
perfusing at 42°C, resulting in an adjustment to a safe
MTD of 45 mg melphalan at 37°C (164). In the pharma-
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cokinetic studies of this trial, a significant correlation
was found between the perfused melphalan doses, the
perfusate area under the concentration-time curve and
the lung tissue melphalan concentration (165). In con-
trast, no correlation was found between the melphalan
dose and the melphalan concentration in the tumour
tissue. The peak concentration was 250 times higher
and the area under the curve of melphalan was 10
times higher compared to the concentration within the
systemic circulation. Recently, the long-term follow-up
of this trial was reported (166). After a median follow-up
of 62 months, 6 out of 23 patients were alive and free of
recurrent disease, while one patient died due to a non-
malignant cause. Sixteen patients developed recurrent
disease, of whom 11 died. Five of the 16 patients devel-
oped recurrent disease in the perfused lung, 3 in the
perfused lung only and 2 with locoregional metastases.
The overall 5-year survival rate was 54.8+10.6% with a
disease-free median survival time of 19 months (95%
confidence interval: 4-34). Since this is a phase | study
with different dose levels, the survival data need to be
interpreted carefully and cannot be generalised. Long-
term lung functional data showed that both lung func-
tion and diffusion capacity initially dropped 1 month
after perfusion, after which a slight improvement was
noted. Long-term radiographic follow-up with chest-CT
showed no long-term toxicity from ILuP (166).

Selective pulmonary artery perfusion

As mentioned above SPAP with BFO is an endo-
vascular technique in which a balloon catheter is
passed from the femoral vein into the pulmonary
artery (Figure 2). Subsequently, a chemotherapeutic
agent is injected and a balloon is inflated, allowing
the chemotherapeutic agent to slowly diffuse into
the lung tissue but no control of the venous efflu-
ent is present. Advantages include its percutaneous
nature avoiding a thoracotomy which is necessary
for ILUP, and its potential for repetitive application.

The reported experimental studies are displayed in
Table 4. Several studies investigated this endovas-
cular technique with doxorubicin in a pig model and
found the same pharmacokinetic advantages as ILUP
but with lower systemic concentrations compared to
IV treatment (167, 168). With a tracer study, Demmy
et al. proved that 75% of the tracer would remain in
the lung after 30 min of indwelling time (169). In a pig
study of SPAP, Brown et al. found a 6.9 times higher
concentration of cisplatin in the lung tissue compared
to IV treatment (170). SPAP with gemcitabine was
shown to be effective and resulted in a high initial
uptake in the lung parenchyma in a rodent model,
with complete saturation of the lung after 20 minutes.
Levels obtained were significantly higher than after
systemic treatment (171). Further research of SPAP
with BFO in a pig model with gemcitabine, carbopla-
tin or the combination of both showed a significantly
improved drug uptake in the lung compared to IV
treatment, and the mediastinal lymph node concen-
trations were comparable with IV treatment or even
higher for SPAP with carboplatin (172).
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Figure 2. Selective pulmonary artery perfusion
PA: pulmonary artery; PV: Pulmonary vein

Table 4. The experimental studies of selective pulmonary artery perfusion with blood flow occlusion

Author Drug Model Effect comment

Furrer (167) Doxorubicin Pig Similar lung levels as ILuP

Krueger (168) Doxorubicin Pig Similar lung levels as ILUP

Demmy (169) - Dog High tracer uptake in the lung

Brown (170) Cisplatin Pig High lung levels obtained

Van Putte (171) Gemcitabine Rat High uptake in lung tissue

Van Putte (172) Gemcitabine, carboplatin Pig High lung levels obtained, comparable to higher concentration
or both in mediastinal lymph nodes compared to IV treatment

Den Hengst (157) Melphalan Rat Equally effective against sarcoma mets as ILuP

ILuP: isolated lung perfusion; IV: intravenous; mets: metastases
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SPAP with BFO was shown to be equally effective
as ILuUP in the treatment of sarcoma lung metastases
in a rodent model with melphalan (157). In this study,
SPAP resulted in the same levels of melphalan in the
lung parenchyma as ILuP, which were significantly
higher than following IV treatment. Systemic levels
were equal to IV treatment. SPAP with melphalan was
equally effective as ILUP in reducing the number of
lung nodules as well as prolonging survival (157). So
far, no clinical studies have been reported on SPAP
with BFO.

Chemo-embolisation (embolic trapping)

Embolic trapping is the use of microspheres loaded
with chemotherapy which are blocked in the lung
parenchyma and release the chemotherapy locally
(Figure 3). The experimental and clinical studies are
displayed in Table 5.

Schneider et al. (173) described this technique using
starch microspheres with carboplatin in a rat model. This
study showed that embolisation was reversible without
any early toxicity. Baylatry et al. (174) showed in a sheep
model that drug eluting beads loaded with irinotecan

used chemo-embolisation with palliative intention in
52 patients with unresectable lung metastases from
2001-2005. The tumour-feeding pulmonary arteries
were selectively injected with lipiodol, mitomycin C
and Spherex microspheres under the guidance of a
pulmonary artery balloon catheter. Patients received
repetitive treatment ranging from 2 to10 sessions.
Treatment was well tolerated without any major side
effects or complications. Partial response was found
in 16 cases, stable disease in 11 and progressive in
25 cases (177). No follow-up studies have as yet been
reported regarding this technique.

Other locoregional techniques

Lung suffusion is a technique combining SPAP
with BFO and video-assisted thoracic surgery (VATS).
In this technique, a balloon catheter is introduced in
the femoral vein and brought up into the pulmonary
artery (Figure 4). After installing single-lung ventila-
tion a VATS procedure is used for isolation of the
pulmonary veins. The balloon catheter is inflated and
the pulmonary veins are snared, which isolates the

resulted in lower systemic exposure compared to Balloon _
direct injection of irinotecan into the pulmonary artery. catheter  Microspheres
In a rat model of adenocarcinoma lung metastases, - PV
chemo-embolisation was compared with ILUP and IV FA _ N
treatment with carboplatin (175). Chemo-embolisation ‘ l-"' \
and ILuP resulted in significantly higher lung paren- ol
chymal concentrations compared to IV treatment. J ' lung Le!'t
However, the tumour concentration of carboplatin was | atrium
significantly higher for the chemo-embolisation group | .
compared to the ILUP group (175). This same group \ )
also investigated the use of carboplatin-loaded starch . -
microspheres in a pig model to evaluate safety before
utilizing it in clinical studies. There were only mild
hemodynamic acute effects and no long-term toxicity
was found 6 months after treatment, rendering this  Figure 3. Chemo-embolisation
technique feasible in humans (176). Vogl et al. (177) PA: pumonary artery; PV: Pulmonary vein
Table 5. The experimental and clinical studies of chemo-embolisation
Auhor Drug Model Effect comment
Schneider (173) Carboplatin + Rat Equally effective as ILuP
microspheres
Baylatry (174) Irinotecan + drug Sheep Lower systemic exposure
eluting beads
Pohlen (175) Carboplatin + microspheres Rat Equal lung parenchyma concentrations as ILuP;
Higher tumour concentration as ILUP
Pohlen (176) Carboplatin + microspheres Pig Safe pharmacokinetic profile
Vogl (177) Lipiodol, mitomycin C Human, unresectable 2-10 treatments/patient; 52 patients;

and Spherex microspheres

lung metastases

16 partial response; 11 stable disease; well tolerated

ILuP: isolated lung perfusion
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lung from the systemic circulation except for inflow
from the bronchial arteries. Blood from the pulmonary
artery is withdrawn to create volume for injection of
the chemotherapeutic agent. The lung is inflated and
the drug is injected. After 30 minutes of indwelling
time under pulmonary artery guidance, the snares
are released and the balloon is deflated. The group of
Demmy et al. (178) reported a clinical trial in 2009 with
4 patients with stage IV non-small cell lung cancer
receiving suffusion treatment with cisplatin followed
by systemic chemotherapy. There was a reported
reduction of 14-96% of the tumour volume, with no
pulmonary toxicity and a mild reduction of overall
diffusion capacity (178). No further studies were
reported by this group.

In 2005 Jinbo et al. (179) described a hybrid tech-
nique in a canine model with an endovascular part
similar to SPAP and lung suffusion, but with a VATS
guided introduction of a pulmonary vein catheter
through the left auricular appendage (Figure 5). A
closed circuit could be achieved with minimal system-
ic leakage, resulting in the same pharmacokinetic pro-
file as ILUP. No clinical data have been reported so far.

Future developments and conclusion

With the extensive research carried out around
ILUP, this technique has proven to be safe, well toler-
ated and reproducible. ILUP results in a significantly
higher drug level in the pulmonary metastases without
systemic exposure, preventing systemic toxicity. All
this offers a valid clinical model for further investiga-
tion of a combined treatment of surgery and chemo-
therapy for patients with lung metastases. Until now,
only phase | studies have been published on ILuP
performed in a heterogeneous group of patients,
defining the MTD of the drugs studied. However, to
further determine the effect of ILUP on local recur-
rence, long-term toxicity, lung function and survival,
phase Il and Il trials are needed. A phase Il study
is currently running at our institution in collaboration
with 3 centres in the Netherlands (Leiden, Nieuwegein,
Rotterdam) investigating ILuUP with 45 mg melphalan at
37°C for the treatment of patients with resectable lung
metastases from colorectal adenocarcinoma, soft tis-
sue sarcoma and osteosarcoma. The aim of this trial is
to include 100 patients and to study progression-free
survival and overall survival as well as lung function
and pharmacokinetic data.

With the results obtained from ILUP studies, more
and more investigators are trying to find an alterna-
tive and less invasive technique. SPAP with BFO and
chemo-embolisation are techniques that require only
a percutaneously inserted pulmonary catheter, mak-
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Figure 5. Hybrid technique

PA: pulmonary artery; PV: Pulmonary vein

ing repeated application possible. These less invasive
techniques can be used for induction or adjuvant
treatment, not only for lung metastases but also for
primary bronchogenic carcinoma.

Hopefully, these new technical developments in
locoregional high-dose chemotherapy together with
surgical resection will result in a better outcome for our
patients with lung metastases.

REFERENCES

1. Long-term results of lung metastasectomy: prognostic
analyses based on 5206 cases. The International Reg-
istry of Lung Metastases. J Thorac Cardiovasc Surg
1997;113:37-49. [CrossRef]

2. Downey RJ. Surgical treatment of pulmonary metastases.
Surg Oncol Clin N Am 1999;8:341.

3. Van Schil PE. Surgical treatment for pulmonary metasta-
ses. Acta Clin Belg 2002;57:333-9.

199


http://dx.doi.org/10.1016/S0022-5223(97)70397-0

LUNG METASTATIC DISEASE: SURGICAL RESECTION AND LOCOREGIONAL CHEMOTHERAPY

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Sculier JP. The interdisciplinary treatment of pulmonary
metastases. Monaldi Arch Chest Dis 1995;50:134-9.
Margaritora S, Porziella V, D’Andrilli A, Cesario A, Galetta
D, Macis G, Granone P: Pulmonary metastases: can accu-
rate radiological evaluation avoid thoracotomic approach?
Eur J Cardiothorac Surg 2002;21:1111-4. [CrossRef]
Diederich S, Semik M, Lentschig MG, et al. Helical CT
of pulmonary nodules in patients with extrathoracic ma-
lignancy: CT-surgical correlation. AJR Am J Roentgenol
1999;172:353-60.

Pfannschmidt J, Bischoff M, Muley T, et al. Diagnosis of pul-
monary metastases with helical CT: the effect of imaging tech-
niques. Thorac Cardiovasc Surg 2008;56:471-5. [CrossRef]
Nakamura T, Matsumine A, Niimi R, et al. Management
of small pulmonary nodules in patients with sarcoma. Clin
Exp Metastasis 2009;26:713-8. [CrossRef]

Fortes DL, Allen MS, Lowe VJ, et al. The sensitivity of 18F-
fluorodeoxyglucose positron emission tomography in the
evaluation of metastatic pulmonary nodules. Eur J Cardio-
thorac Surg 2008;34:1223-7. [CrossRef]

Casiraghi M, De PT, Maisonneuve P, et al. A 10-year sin-
gle-center experience on 708 lung metastasectomies: the
evidence of the “international registry of lung metastases”.
J Thorac Oncol 2011;6:1373-8. [CrossRef]

Internullo E, Cassivi SD, Van RD, et al. Puimonary metas-
tasectomy: a survey of current practice amongst members
of the European Society of Thoracic Surgeons. J Thorac
Oncol 2008;3:1257-66. [CrossRef]

Pfannschmidt J, Klode J, Muley T, et al. Nodal involvement
at the time of pulmonary metastasectomy: experiences in
245 patients. Ann Thorac Surg 2006;81:448-54. [CrossRef]
Ercan S, Nichols FC, Trastek VF, et al. Prognostic signifi-
cance of lymph node metastasis found during pulmonary
metastasectomy for extrapulmonary carcinoma. Ann Tho-
rac Surg 2004;77:1786-91. [CrossRef]

Saito Y, Omiya H, Kohno K, Kobayashi T, Itoi K, Teramachi
M, Sasaki M, Suzuki H, Takao H, Nakade M: Pulmonary
metastasectomy for 165 patients with colorectal carcino-
ma: A prognostic assessment. J Thorac Cardiovasc Surg
2002;124:1007-1013. [CrossRef]

Welter S, Jacobs J, Krbek T, et al. Prognostic impact of lymph
node involvement in pulmonary metastases from colorectal
cancer. Eur J Cardiothorac Surg 2007;31:167-72. [CrossRef]
Veronesi G, Petrella F, Leo F, et al. Prognostic role of
lymph node involvement in lung metastasectomy. J Tho-
rac Cardiovasc Surg 2007;133:967-72. [CrossRef]

Allen MS, Darling GE, Pechet TT, et al. Morbidity and
mortality of major pulmonary resections in patients with
early-stage lung cancer: initial results of the random-
ized, prospective ACOSOG Z0030 trial. Ann Thorac Surg
2006;81:1013-9. [CrossRef]

Pogrebniak HW, Pass HI. Initial and reoperative pulmonary
metastasectomy: indications, technique, and results. Se-
min Surg Oncol 1993;9:142-9. [CrossRef]

Younes RN, Gross JL, Deheinzelin D. Surgical resection of
unilateral lung metastases: is bilateral thoracotomy neces-
sary? World J Surg 2002;26:1112-6. [CrossRef]

Van SP, Van MJ, Vanmaele R, Eyskens E. Role of thora-
coscopy (VATS) in pleural and pulmonary pathology. Acta
Chir Belg 1996;96:23-7.

Mutsaerts EL, Zoetmulder FA, Meijer S, et al. Outcome
of thoracoscopic pulmonary metastasectomy evaluated

200

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

by confirmatory thoracotomy. Ann Thorac Surg 2001;72:
230-3. [CrossRef]

Ludwig C, Cerinza J, Passlick B, Stoelben E. Comparison of
the number of pre-, intra- and postoperative lung metasta-
ses. Eur J Cardiothorac Surg 2008;33:470-2. [CrossRef]
McCormack PM, Ginsberg KB, Bains MS, et al. Accuracy
of lung imaging in metastases with implications for the
role of thoracoscopy. Ann Thorac Surg 1993;56:863-5.
[CrossRef]

Landreneau RJ, De GT, Mack MJ, et al. Therapeutic vid-
eo-assisted thoracoscopic surgical resection of colorec-
tal pulmonary metastases. Eur J Cardiothorac Surg
2000;18:671-6. [CrossRef]

Mutsaerts EL, Zoetmulder FA, Meijer S, et al. Long term
survival of thoracoscopic metastasectomy vs metastasec-
tomy by thoracotomy in patients with a solitary pulmonary
lesion. Eur J Surg Oncol 2002;28:864-8. [CrossRef]
Gossot D, Radu C, Girard P, et al. Resection of pulmonary
metastases from sarcoma: can some patients benefit from
a less invasive approach? Ann Thorac Surg 2009;87:238-
43. [CrossRef]

Dendo S, Kanazawa S, Ando A, et al. Preoperative local-
ization of small pulmonary lesions with a short hook wire
and suture system: experience with 168 procedures. Ra-
diology 2002;225:511-8. [CrossRef]

Grogan EL, Jones DR, Kozower BD, et al. Identification of
small lung nodules: technique of radiotracer-guided thoraco-
scopic biopsy. Ann Thorac Surg 2008;85:772-7. [CrossRef]
Jaklitsch MT, Mery CM, Lukanich JM, et al. Sequential
thoracic metastasectomy prolongs survival by re-estab-
lishing local control within the chest. J Thorac Cardiovasc
Surg 2001;121:657-67. [CrossRef]

Putnam JB, Suell DM, Natarajan G, Roth JA. Extended re-
section of pulmonary metastases: is the risk justified? Ann
Thorac Surg 1993;55:1440-6. [CrossRef]

Tanju S, Ziyade S, Erus S, et al. Extended resection: is
it feasible for pulmonary metastases? Ann Surg Oncol
2010;17:1912-6. [CrossRef]

Koong HN, Pastorino U, Ginsberg RJ. Is there a role
for pneumonectomy in pulmonary metastases? Inter-
national Registry of Lung Metastases. Ann Thorac Surg
1999;68:2039-43. [CrossRef]

Burt BM, Ocejo S, Mery CM, et al. Repeated and aggressive
pulmonary resections for leiomyosarcoma metastases ex-
tends survival. Ann Thorac Surg 2011;92:1202-7. [CrossRef]
Rolle A, Pereszlenyi A, Koch R, et al. Laser resection tech-
nique and results of multiple lung metastasectomies using
a new 1,318 nm Nd:YAG laser system. Lasers Surg Med
2006;38:26-32. [CrossRef]

Rolle A, Pereszlenyi A, Koch R, et al. Is surgery for mul-
tiple lung metastases reasonable? A total of 328 consecu-
tive patients with multiple-laser metastasectomies with a
new 1318-nm Nd:YAG laser. J Thorac Cardiovasc Surg
2006;131:1236-42. [CrossRef]

Ricardi U, Filippi AR, Guarneri A, et al. Stereotactic body
radiation therapy for lung metastases. Lung Cancer
2012;75:77-81. [CrossRef]

Dhakal S, Corbin KS, Milano MT, et al. Stereotactic body
radiotherapy for pulmonary metastases from soft-tissue
sarcomas: excellent local lesion control and improved pa-
tient survival. Int J Radiat Oncol Biol Phys 2012;82:940-5.
[CrossRef]


http://dx.doi.org/10.1016/S1010-7940(02)00119-7
http://dx.doi.org/10.1055/s-2008-1038887
http://dx.doi.org/10.1007/s10585-009-9270-y
http://dx.doi.org/10.1016/j.ejcts.2008.09.007
http://dx.doi.org/10.1097/JTO.0b013e3182208e58
http://dx.doi.org/10.1097/JTO.0b013e31818bd9da
http://dx.doi.org/10.1016/j.athoracsur.2005.08.049
http://dx.doi.org/10.1016/S0003-4975(03)01200-1
http://dx.doi.org/10.1067/mtc.2002.125165
http://dx.doi.org/10.1016/j.ejcts.2006.11.004
http://dx.doi.org/10.1016/j.jtcvs.2006.09.104
http://dx.doi.org/10.1016/j.athoracsur.2005.06.066
http://dx.doi.org/10.1002/ssu.2980090213
http://dx.doi.org/10.1007/s00268-002-6209-8
 http://dx.doi.org/10.1016/S0003-4975(01)02629-7 
http://dx.doi.org/10.1016/j.ejcts.2007.10.028
http://dx.doi.org/10.1016/0003-4975(93)90344-H
http://dx.doi.org/10.1016/S1010-7940(00)00580-7
 http://dx.doi.org/10.1053/ejso.2002.1284 
http://dx.doi.org/10.1016/j.athoracsur.2008.09.036
http://dx.doi.org/10.1148/radiol.2252011025
http://dx.doi.org/10.1016/j.athoracsur.2007.10.105
http://dx.doi.org/10.1067/mtc.2001.112822
http://dx.doi.org/10.1016/0003-4975(93)91085-2
http://dx.doi.org/10.1245/s10434-010-0960-0
 http://dx.doi.org/10.1016/S0003-4975(99)01151-0 
http://dx.doi.org/10.1016/j.athoracsur.2011.05.052
http://dx.doi.org/10.1002/lsm.20259
http://dx.doi.org/10.1016/j.jtcvs.2005.11.053
http://dx.doi.org/10.1016/j.lungcan.2011.04.021
http://dx.doi.org/10.1016/j.ijrobp.2010.11.052

LUNG METASTATIC DISEASE: SURGICAL RESECTION AND LOCOREGIONAL CHEMOTHERAPY

38.

39.

40.

41,

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54,

55.

56.

Takeda A, Kunieda E, Ohashi T, et al. Stereotactic body radio-
therapy (SBRT) for oligometastatic lung tumors from colorectal
cancer and other primary cancers in comparison with primary
lung cancer. Radiother Oncol 2011;101:255-9. [CrossRef]
Siva S, MacManus M, Ball D. Stereotactic radiotherapy for
pulmonary oligometastases: a systematic review. J Thorac
Oncol 2010;5:1091-9.

Pennathur A, Abbas G, Gooding WE, et al. Image-guided
radiofrequency ablation of lung neoplasm in 100 consecu-
tive patients by a thoracic surgical service. Ann Thorac
Surg 2009;88:1601-6. [CrossRef]

Wolf FJ, Grand DJ, Machan JT, et al. Microwave ablation
of lung malignancies: effectiveness, CT findings, and safe-
ty in 50 patients. Radiology 2008;247:871-9. [CrossRef]
Van Schil PE. Salvage surgery after stereotactic radio-
therapy: a new challenge for thoracic surgeons. J Thorac
Oncol 2010;5:1881-2. [CrossRef]

Sternberg DI, Sonett JR. Surgical therapy of lung metasta-
ses. Semin Oncol 2007;34:186-96. [CrossRef]

Yano T, Shoji F, Maehara Y. Current status of pulmonary
metastasectomy from primary epithelial tumors. Surg To-
day 2009;39:91-97. [CrossRef]

Kesler KA, Wilson JL, Cosgrove JA, et al. Surgical salvage
therapy for malignant intrathoracic metastases from non-
seminomatous germ cell cancer of testicular origin: analy-
sis of a single-institution experience. J Thorac Cardiovasc
Surg 2005;130:408-15. [CrossRef]

Kesler KA, Brooks JA, Rieger KM, et al. Mediastinal me-
tastases from testicular nonseminomatous germ cell tu-
mors: patterns of dissemination and predictors of long-
term survival with surgery. J Thorac Cardiovasc Surg
2003;125:913-23. [CrossRef]

Tanaka F, Li M, Hanaoka N, et al. Surgery for pulmo-
nary nodules in breast cancer patients. Ann Thorac Surg
2005;79:1711-4. [CrossRef]

McDonald ML, Deschamps C, listrup DM, et al. Pulmonary
resection for metastatic breast cancer. Ann Thorac Surg
1994;58:1599-602. [CrossRef]

Planchard D, Soria JC, Michiels S, et al. Uncertain benefit
from surgery in patients with lung metastases from breast
carcinoma. Cancer 2004;100:28-35. [CrossRef]

Welter S, Jacobs J, Krbek T, et al. Pulmonary metastases
of breast cancer. When is resection indicated? Eur J Car-
diothorac Surg 2008;34:1228-34. [CrossRef]

Staren ED, Salerno C, Rongione A, et al. Pulmonary
resection for metastatic breast cancer. Arch Surg
1992;127:1282-84. [CrossRef]

Kycler W, Laski P. Surgical approach to pulmonary metasta-
ses from breast cancer. Breast J 2012;18:52-7. [CrossRef]
Friedel G, Pastorino U, Ginsberg RJ, et al. Results of lung
metastasectomy from breast cancer: prognostic criteria
on the basis of 467 cases of the International Registry
of Lung Metastases. Eur J Cardiothorac Surg 2002;22:
335-44. [CrossRef]

Rena O, Papalia E, Ruffini E, et al. The role of surgery in the
management of solitary pulmonary nodule in breast cancer
patients. Eur J Surg Oncol 2007;33:546-50. [CrossRef]

Liu D, Abolhoda A, Burt ME, et al. Pulmonary metastasec-
tomy for testicular germ cell tumors: a 28-year experience.
Ann Thorac Surg 1998;66:1709-14. [CrossRef]

Bajorin DF, Herr H, Motzer RJ, Bosl GJ. Current perspec-
tives on the role of adjunctive surgery in combined mo-

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

dality treatment for patients with germ cell tumors. Semin
Oncol 1992;19:148-58.

August DA, Ottow RT, Sugarbaker PH. Clinical perspec-
tive of human colorectal cancer metastasis. Cancer Me-
tastasis Rev 1984;3:303-24. [CrossRef]

McCormack PM, Burt ME, Bains MS, et al. Lung resec-
tion for colorectal metastases. 10-year results. Arch Surg
1992;127:1403-6. [CrossRef]

Pfannschmidt J, Dienemann H, Hoffmann H. Surgical re-
section of pulmonary metastases from colorectal cancer:
a systematic review of published series. Ann Thorac Surg
2007;84:324-38. [CrossRef]

Kanemitsu Y, Kato T, Hirai T, Yasui K. Preoperative proba-
bility model for predicting overall survival after resection of
pulmonary metastases from colorectal cancer. Br J Surg
2004;91:112-20. [CrossRef]

lizasa T, Suzuki M, Yoshida S, et al. Prediction of progno-
sis and surgical indications for pulmonary metastasecto-
my from colorectal cancer. Ann Thorac Surg 2006;82:254-
60. [CrossRef]

Sakamoto T, Tsubota N, lwanaga K, et al. Pulmonary
resection for metastases from colorectal cancer. Chest
2001;119:1069-72. [CrossRef]

Welter S, Jacobs J, Krbek T, et al. Long-term survival after
repeated resection of pulmonary metastases from colorec-
tal cancer. Ann Thorac Surg 2007;84:203-10. [CrossRef]
Geoghegan JG, Scheele J. Treatment of colorectal liver
metastases. Br J Surg 1999;86:158-69. [CrossRef]
Headrick JR, Miller DL, Nagorney DM, et al. Surgical treat-
ment of hepatic and pulmonary metastases from colon
cancer. Ann Thorac Surg 2001;71:975-9. [CrossRef]
Kobayashi K, Kawamura M, Ishihara T. Surgical treatment
for both pulmonary and hepatic metastases from colorec-
tal cancer. J Thorac Cardiovasc Surg 1999;118:1090-6.
[CrossRef]

Robinson BJ, Rice TW, Strong SA, et al. Is resection of
pulmonary and hepatic metastases warranted in pa-
tients with colorectal cancer? J Thorac Cardiovasc Surg
1999;117:66-75. [CrossRef]

Shah SA, Haddad R, Al-Sukhni W, et al. Surgical resec-
tion of hepatic and pulmonary metastases from colorectal
carcinoma. J Am Coll Surg 2006;202:468-75. [CrossRef]
Neeff H, Horth W, Makowiec F, et al. Outcome after re-
section of hepatic and pulmonary metastases of colorectal
cancer. J Gastrointest Surg 2009;13:1813-20. [CrossRef]
Nagakura S, Shirai Y, Yamato Y, et al. Simultaneous de-
tection of colorectal carcinoma liver and lung metastases
does not warrant resection. J Am Coll Surg 2001;193:153-
60. [CrossRef]

Zabaleta J, Aguinagalde B, Fuentes MG, et al. Survival af-
ter lung metastasectomy for colorectal cancer: importance
of previous liver metastasis as a prognostic factor. Eur J
Surg Oncol 2011;37:786-90. [CrossRef]

Shiono S, Ishii G, Nagai K, et al. Histopathologic prog-
nostic factors in resected colorectal lung metastases. Ann
Thorac Surg 2005;79:278-82. [CrossRef]

Treasure T, Fallowfield L, Lees B. Pulmonary metastasec-
tomy in colorectal cancer: the PulMiCC trial. J Thorac On-
col 2010;5:203-6. [CrossRef]

Calhoun KH, Fulmer P, Weiss R, Hokanson JA. Distant
metastases from head and neck squamous cell carcino-
mas. Laryngoscope 1994;104:1199-205. [CrossRef]

201


http://dx.doi.org/10.1016/j.radonc.2011.05.033
http://dx.doi.org/10.1016/j.athoracsur.2009.05.012
http://dx.doi.org/10.1148/radiol.2473070996
http://dx.doi.org/10.1097/JTO.0b013e3181fad91a
http://dx.doi.org/10.1053/j.seminoncol.2007.03.004
http://dx.doi.org/10.1007/s00595-008-3820-9
http://dx.doi.org/10.1016/j.jtcvs.2004.10.015
http://dx.doi.org/10.1067/mtc.2003.407
http://dx.doi.org/10.1016/j.athoracsur.2004.10.033
http://dx.doi.org/10.1016/0003-4975(94)91639-X
http://dx.doi.org/10.1002/cncr.11881
http://dx.doi.org/10.1016/j.ejcts.2008.07.063
http://dx.doi.org/10.1001/archsurg.1992.01420110024006
http://dx.doi.org/10.1111/j.1524-4741.2011.01176.x
http://dx.doi.org/10.1016/S1010-7940(02)00331-7
http://dx.doi.org/10.1016/j.ejso.2006.12.015
http://dx.doi.org/10.1016/S0003-4975(98)00940-0
http://dx.doi.org/10.1007/BF00051457
http://dx.doi.org/10.1001/archsurg.1992.01420120037006
http://dx.doi.org/10.1016/j.athoracsur.2007.02.093
 http://dx.doi.org/10.1002/bjs.4370 
http://dx.doi.org/10.1016/j.athoracsur.2006.02.027
http://dx.doi.org/10.1378/chest.119.4.1069
http://dx.doi.org/10.1016/j.athoracsur.2007.03.028
http://dx.doi.org/10.1046/j.1365-2168.1999.01013.x
http://dx.doi.org/10.1016/S0003-4975(00)02522-4
http://dx.doi.org/10.1016/S0022-5223(99)70106-6
 http://dx.doi.org/10.1016/S0022-5223(99)70470-8 
http://dx.doi.org/10.1016/j.jamcollsurg.2005.11.008
http://dx.doi.org/10.1007/s11605-009-0960-1
http://dx.doi.org/10.1016/S1072-7515(01)00970-X
http://dx.doi.org/10.1016/j.ejso.2011.05.014
http://dx.doi.org/10.1016/j.athoracsur.2004.06.096
http://dx.doi.org/10.1097/JTO.0b013e3181dca239
http://dx.doi.org/10.1288/00005537-199410000-00003

LUNG METASTATIC DISEASE: SURGICAL RESECTION AND LOCOREGIONAL CHEMOTHERAPY

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

Wedman J, Balm AJ, Hart AA, et al. Value of resection of
pulmonary metastases in head and neck cancer patients.
Head Neck 1996;18:311-6. [CrossRef]

Locati LD, Guzzo M, Bossi P, et al. Lung metastasectomy
in adenoid cystic carcinoma (ACC) of salivary gland. Oral
Oncol 2005;41:890-4. [CrossRef]

Mazer TM, Robbins KT, McMurtrey MJ, Byers RM. Resection
of pulmonary metastases from squamous carcinoma of the
head and neck. Am J Surg 1988;156:238-42. [CrossRef]

Liu D, Labow DM, Dang N, et al. Pulmonary metasta-
sectomy for head and neck cancers. Ann Surg Oncol
1999;6:572-8. [CrossRef]

Chen F, Sonobe M, Sato K, et al. Pulmonary resec-
tion for metastatic head and neck cancer. World J Surg
2008;32:1657-62. [CrossRef]

Winter H, Meimarakis G, Hoffmann G, et al. Does surgical re-
section of pulmonary metastases of head and neck cancer im-
prove survival? Ann Surg Oncol 2008;15:2915-26. [CrossRef]
Finley RK, Verazin GT, Driscoll DL, et al. Results of surgical re-
section of pulmonary metastases of squamous cell carcinoma
of the head and neck. Am J Surg 1992;164:594-8. [CrossRef]
Ikai I, Arii S, Kojiro M, et al. Reevaluation of prognostic
factors for survival after liver resection in patients with he-
patocellular carcinoma in a Japanese nationwide survey.
Cancer 15-8-2004;101:796-802.

Tomimaru Y, Sasaki Y, Yamada T, et al. The significance of
surgical resection for pulmonary metastasis from hepatocel-
lular carcinoma. Am J Surg 2006;192:46-51. [CrossRef]
Nakagawa T, Kamiyama T, Nakanishi K, et al. Pulmonary
resection for metastases from hepatocellular carcinoma:
factors influencing prognosis. J Thorac Cardiovasc Surg
2006;131:1248-54. [CrossRef]

Bates MJ, Farkas E, Taylor D, McFadden PM. Pulmonary
resection of metastatic hepatocellular carcinoma after
liver transplantation. Ann Thorac Surg 2008;85:412-5.
[CrossRef]

Balch CM, Soong SJ, Atkins MB, et al. An evidence-based
staging system for cutaneous melanoma. CA Cancer J
Clin 2004;54:131-49. [CrossRef]

Lee ML, Tomsu K, Von Eschen KB. Duration of survival
for disseminated malignant melanoma: results of a meta-
analysis. Melanoma Res 2000;10:81-92.

Dalrymple-Hay MJ, Rome PD, Kennedy C, et al. Pulmo-
nary metastatic melanoma -- the survival benefit associ-
ated with positron emission tomography scanning. Eur J
Cardiothorac Surg 2002;21:611-4. [CrossRef]

Leo F, Cagini L, Rocmans P, et al. Lung metastases from
melanoma: when is surgical treatment warranted? Br J
Cancer 2000;83:569-72. [CrossRef]

Petersen RP, Hanish SI, Haney JC, et al. Improved sur-
vival with pulmonary metastasectomy: an analysis of 1720
patients with pulmonary metastatic melanoma. J Thorac
Cardiovasc Surg 2007;133:104-10. [CrossRef]

Neuman HB, Patel A, Hanlon C, et al. Stage-IV melanoma
and pulmonary metastases: factors predictive of survival.
Ann Surg Oncol 2007;14:2847-53. [CrossRef]

Chua TC, Scolyer RA, Kennedy CW, et al. Surgical man-
agement of melanoma lung metastasis: an analysis of
survival outcomes in 292 consecutive patients. Ann Surg
Oncol 2012;19:1774-81. [CrossRef]

Goorin AM, Shuster JJ, Baker A, et al. Changing pattern
of pulmonary metastases with adjuvant chemotherapy in

202

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

patients with osteosarcoma: results from the multiinstitu-
tional osteosarcoma study. J Clin Oncol 1991;9:600-5.
Huth JF, Eilber FR. Patterns of recurrence after resection
of osteosarcoma of the extremity. Strategies for treatment
of metastases. Arch Surg 1989;124:122-6. [CrossRef]
Meyers PA, Heller G, Healey JH, et al. Osteogenic sarco-
ma with clinically detectable metastasis at initial presenta-
tion. J Clin Oncol 1993;11:449-53.

Kager L, Zoubek A, Potschger U, et al. Primary metastat-
ic osteosarcoma: presentation and outcome of patients
treated on neoadjuvant Cooperative Osteosarcoma Study
Group protocols. J Clin Oncol 2003;21:2011-8. [CrossRef]
Tsuchiya H, Kanazawa Y, bdel-Wanis ME, et al. Ef-
fect of timing of pulmonary metastases identification on
prognosis of patients with osteosarcoma: the Japanese
Musculoskeletal Oncology Group study. J Clin Oncol
2002;20:3470-7. [CrossRef]

Suzuki M, lwata T, Ando S, et al. Predictors of long-term
survival with pulmonary metastasectomy for osteosarco-
mas and soft tissue sarcomas. J Cardiovasc Surg (Torino)
2006;47:603-8.

Bacci G, Briccoli A, Longhi A, et al. Treatment and out-
come of recurrent osteosarcoma: experience at Rizzoli in
235 patients initially treated with neoadjuvant chemother-
apy. Acta Oncol 2005;44:748-55. [CrossRef]

Hofmann HS, Neef H, Krohe K, et al. Prognostic factors
and survival after pulmonary resection of metastatic renal
cell carcinoma. Eur Urol 2005;48:77-81. [CrossRef]
Saitoh H. Distant metastasis of renal adenocarcinoma.
Cancer 1981;48:1487-91. [CrossRef]

Piltz S, Meimarakis G, Wichmann MW, et al. Long-term re-
sults after pulmonary resection of renal cell carcinoma me-
tastases. Ann Thorac Surg 2002;73:1082-7. [CrossRef]
Murthy SC, Kim K, Rice TW, et al. Can we predict long-term
survival after pulmonary metastasectomy for renal cell car-
cinoma? Ann Thorac Surg 2005;79:996-1003. [CrossRef]
Marulli G, Sartori F, Bassi PF, et al. Long-term results of
surgical management of pulmonary metastases from renal
cell carcinoma. Thorac Cardiovasc Surg 2006;54:544-47.
[CrossRef]

Pogrebniak HW, Haas G, Linehan WM, et al. Renal cell
carcinoma: resection of solitary and multiple metastases.
Ann Thorac Surg 1992;54:33-8. [CrossRef]
Pfannschmidt J, Hoffmann H, Muley T, et al. Prognostic
factors for survival after pulmonary resection of metastatic
renal cell carcinoma. Ann Thorac Surg 2002;74:1653-7.
[CrossRef]

Chen F, Fujinaga T, Shoji T, et al. Pulmonary resection for
metastasis from renal cell carcinoma. Interact Cardiovasc
Thorac Surg 2008;7:825-8. [CrossRef]

van VM, Kliffen M, Krestin GP, van Dijke CF. Soft tissue
sarcomas at a glance: clinical, histological, and MR imag-
ing features of malignant extremity soft tissue tumors. Eur
Radiol 2009;19:1499-511. [CrossRef]

van Geel AN, van CF, Blankensteijn JD, et al. Surgical
treatment of pulmonary metastases from soft tissue sar-
comas: a retrospective study in The Netherlands. J Surg
Oncol 1994;56:172-7. [CrossRef]

Billingsley KG, Burt ME, Jara E, et al. Pulmonary me-
tastases from soft tissue sarcoma: analysis of pat-
terns of diseases and postmetastasis survival. Ann Surg
1999;229:602-10. [CrossRef]


http://dx.doi.org/10.1002/(SICI)1097-0347(199607/08)18:4<311::AID-HED1>3.0.CO;2-0
http://dx.doi.org/10.1016/j.oraloncology.2005.04.014
http://dx.doi.org/10.1016/S0002-9610(88)80282-4
http://dx.doi.org/10.1007/s10434-999-0572-8
http://dx.doi.org/10.1007/s00268-008-9631-8
http://dx.doi.org/10.1245/s10434-008-0001-4
http://dx.doi.org/10.1016/S0002-9610(05)80714-7
http://dx.doi.org/10.1016/j.amjsurg.2005.12.006
http://dx.doi.org/10.1016/j.jtcvs.2006.02.009
http://dx.doi.org/10.1016/j.athoracsur.2007.10.065
http://dx.doi.org/10.3322/canjclin.54.3.131
http://dx.doi.org/10.1016/S1010-7940(02)00026-X
http://dx.doi.org/10.1054/bjoc.2000.1335
http://dx.doi.org/10.1016/j.jtcvs.2006.08.065
http://dx.doi.org/10.1245/s10434-007-9448-y
 http://dx.doi.org/10.1245/s10434-011-2197-y 
http://dx.doi.org/10.1001/archsurg.1989.01410010132026
http://dx.doi.org/10.1200/JCO.2003.08.132
http://dx.doi.org/10.1200/JCO.2002.11.028
http://dx.doi.org/10.1080/02841860500327503
http://dx.doi.org/10.1016/j.eururo.2005.03.004
http://dx.doi.org/10.1002/1097-0142(19810915)48:6<1487::AID-CNCR2820480635>3.0.CO;2-9
http://dx.doi.org/10.1016/S0003-4975(01)03602-5
http://dx.doi.org/10.1016/j.athoracsur.2004.08.034
http://dx.doi.org/10.1055/s-2006-924414
http://dx.doi.org/10.1016/0003-4975(92)91136-W
http://dx.doi.org/10.1016/S0003-4975(02)03803-1
http://dx.doi.org/10.1510/icvts.2008.180778
http://dx.doi.org/10.1007/s00330-008-1292-3
http://dx.doi.org/10.1002/jso.2930560310
http://dx.doi.org/10.1097/00000658-199905000-00002

LUNG METASTATIC DISEASE: SURGICAL RESECTION AND LOCOREGIONAL CHEMOTHERAPY

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

Chen F, Fujinaga T, Sato K, et al. Significance of tumor
recurrence before pulmonary metastasis in pulmonary
metastasectomy for soft tissue sarcoma. Eur J Surg Oncol
2009;35:660-5. [CrossRef]

Pfannschmidt J, Klode J, Muley T, et al. Pulmonary me-
tastasectomy in patients with soft tissue sarcomas:
experiences in 50 patients. Thorac Cardiovasc Surg
2006;54:489-92. [CrossRef]

Garcia Franco CE, Algarra SM, Ezcurra AT, et al. Long-
term results after resection for soft tissue sarcoma pul-
monary metastases. Interact Cardiovasc Thorac Surg
2009;9:223-6. [CrossRef]

Smith R, Pak Y, Kraybill W, Kane JM. Factors associ-
ated with actual long-term survival following soft tissue
sarcoma pulmonary metastasectomy. Eur J Surg Oncol
2009;35:356-61. [CrossRef]

Casson AG, Putnam JB, Natarajan G, et al. Five-year sur-
vival after pulmonary metastasectomy for adult soft tissue
sarcoma. Cancer 1992;69:662-8. [CrossRef]

Hendriks JM, Romijn S, Van PB, et al. Long-term results
of surgical resection of lung metastases. Acta Chir Belg
2001;101:267-72.

Miller BJ, Rosenbaum AS. The vascular supply to
metastatic tumors of the lung. Surg Gynecol Obstet
1967;125:1009-12.

Milne EN. Pulmonary metastases: vascular supply and
diagnosis. Int J Radiat Oncol Biol Phys 1976;1:739-42.
[CrossRef]

Mochizuki A, Kurihara Y, Yokote K, et al. Discrimination
of solitary pulmonary nodules based on vascular sup-
ply patterns with firstpass dynamic CT. Lung Cancer
2000;29(suppl 1):242 (abstract 824). [CrossRef]

Ranney DF. Drug targeting to the lungs. Biochem Pharma-
col 1986;35:1063-9. [CrossRef]

Hendriks JM, Van Putte BP, Grootenboers M, et al. Isolat-
ed lung perfusion for pulmonary metastases. Thorac Surg
Clin 2006;16:185-98. [CrossRef]

Creech O, Krementz ET, Ryan RF, et al. Experiences with
isolation-perfusion technics in the treatment of cancer.
Ann Surg 1959;149:627-40. [CrossRef]

Krementz ET. Lucy Wortham James lecture. Regional
perfusion. Current sophistication, what next? Cancer
1986;57:416-32. [CrossRef]

Johnston MR, Minchin R, Shull JH, et al. Isolated lung
perfusion with Adriamycin. A preclinical study. Cancer
1983;52:404-9. [CrossRef]

Baciewicz FA, Arredondo M, Chaudhuri B, et al. Pharma-
cokinetics and toxicity of isolated perfusion of lung with
doxorubicin. J Surg Res 1991;50:124-8. [CrossRef]
Johnston MR, Christensen CW, Minchin RF, et al. Isolated
total lung perfusion as a means to deliver organ-specific
chemotherapy: long-term studies in animals. Surgery
1985;98:35-44.

Hendriks JM, Grootenboers MJ, Schramel FM, et al. Iso-
lated lung perfusion with melphalan for resectable lung
metastases: a phase | clinical trial. Ann Thorac Surg
2004;78:1919-26. [CrossRef]

Schroder C, Fisher S, Pieck AC, et al. Technique and re-
sults of hyperthermic (41 degrees C) isolated lung perfu-
sion with high-doses of cisplatin for the treatment of surgi-
cally relapsing or unresectable lung sarcoma metastasis.
Eur J Cardiothorac Surg 2002;22:41-6. [CrossRef]

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

Weksler B, Schneider A, Ng B, Burt M. Isolated single lung
perfusion in the rat: an experimental model. J Appl Physiol
1993;74:2736-9.

Hendriks JM, Van Schil PE, Eyskens EJ. Modified tech-
nique of isolated left lung perfusion in the rat. Eur Surg Res
1999;31:93-6. [CrossRef]

Gewirtz DA. A critical evaluation of the mechanisms of
action proposed for the antitumor effects of the anthra-
cycline antibiotics adriamycin and daunorubicin. Biochem
Pharmacol 1999;57:727-41. [CrossRef]

Weksler B, Ng B, Lenert JT, Burt ME. Isolated single-lung perfu-
sion with doxorubicin is pharmacokinetically superior to intrave-
nous injection. Ann Thorac Surg 1993;56:209-14. [CrossRef]
Abolhoda A, Brooks A, Nawata S, et al. Isolated lung per-
fusion with doxorubicin prolongs survival in a rodent mod-
el of pulmonary metastases. Ann Thorac Surg 1997;64:
181-4. [CrossRef]

Weksler B, Lenert J, Ng B, Burt M. Isolated single lung
perfusion with doxorubicin is effective in eradicating soft
tissue sarcoma lung metastases in a rat model. J Thorac
Cardiovasc Surg 1994;107:50-4.

Port JL, Hochwald SN, Wang HY, Burt ME. Buthionine
sulfoximine pretreatment potentiates the effect of iso-
lated lung perfusion with doxorubicin. Ann Thorac Surg
1995;60:239-43. [CrossRef]

Kuemmerle A, Yan H, Krueger T, et al. P-glycoprotein
modulation by valspodar and cyclosporin does not in-
crease tumor uptake of doxorubicin administered via iso-
lated lung perfusion to rats bearing sarcoma lung metas-
tases. Anticancer Res 2011;31:2121-8.

Papahadjopoulos D, Allen TM, Gabizon A, et al. Sterically
stabilized liposomes: improvements in pharmacokinetics
and antitumor therapeutic efficacy. Proc Natl Acad Sci U
S A 1991;88:11460-4. [CrossRef]

Gabizon AA. Selective tumor localization and improved
therapeutic index of anthracyclines encapsulated in long-
circulating liposomes. Cancer Res 1992;52:891-6.

Lyass O, Uziely B, Ben-Yosef R, Tzemach D, Heshing NI,
Lotem M, Brufman G, Gabizon A: Correlation of toxic-
ity with pharmacokinetics of pegylated liposomal doxo-
rubicin (Doxil) in metastatic breast carcinoma. Cancer
2000;89:1037-47. [CrossRef]

Harrington KJ, Mohammadtaghi S, Uster PS, et al. Effec-
tive targeting of solid tumors in patients with locally ad-
vanced cancers by radiolabeled pegylated liposomes. Clin
Cancer Res 2001;7:243-54.

Yan H, Cheng C, Haouala A, et al. Distribution of free and li-
posomal doxorubicin after isolated lung perfusion in a sarco-
ma model. Ann Thorac Surg 2008;85:1225-32. [CrossRef]
Cheng C, Wang Y, Haouala A, et al. Photodynamic thera-
py enhances liposomal doxorubicin distribution in tumors
during isolated perfusion of rodent lungs. Eur Surg Res
2011;47:196-204. [CrossRef]

Murdter TE, Friedel G, Backman JT, et al. Dose optimi-
zation of a doxorubicin prodrug (HMR 1826) in isolated
perfused human lungs: low tumor pH promotes prodrug
activation by beta-glucuronidase. J Pharmacol Exp Ther
2002;301:223-8. [CrossRef]

Van Putte BP, Hendriks JM, Romijn S, et al. Toxicity and
efficacy of isolated lung perfusion with gemcitabine in a rat
model of pulmonary metastases. Thorac Cardiovasc Surg
2006;54:129-33. [CrossRef]

203


 http://dx.doi.org/10.1016/j.ejso.2008.07.015 
http://dx.doi.org/10.1055/s-2006-924248
http://dx.doi.org/10.1510/icvts.2009.204818
http://dx.doi.org/10.1016/j.ejso.2008.01.004
http://dx.doi.org/10.1002/1097-0142(19920201)69:3<662::AID-CNCR2820690311>3.0.CO;2-I
http://dx.doi.org/10.1016/0360-3016(76)90159-0
http://dx.doi.org/10.1016/S0169-5002(00)80824-7
http://dx.doi.org/10.1016/0006-2952(86)90140-1
http://dx.doi.org/10.1016/j.thorsurg.2005.11.003
http://dx.doi.org/10.1097/00000658-195905000-00003
http://dx.doi.org/10.1002/1097-0142(19860201)57:3<416::AID-CNCR2820570304>3.0.CO;2-M
http://dx.doi.org/10.1002/1097-0142(19830801)52:3<404::AID-CNCR2820520304>3.0.CO;2-J
http://dx.doi.org/10.1016/0022-4804(91)90234-D
http://dx.doi.org/10.1016/j.athoracsur.2004.05.058
http://dx.doi.org/10.1016/S1010-7940(02)00216-6
http://dx.doi.org/10.1159/000008625
http://dx.doi.org/10.1016/S0006-2952(98)00307-4
http://dx.doi.org/10.1016/0003-4975(93)91149-H
http://dx.doi.org/10.1016/S0003-4975(97)00450-5
http://dx.doi.org/10.1016/0003-4975(95)00362-O
http://dx.doi.org/10.1073/pnas.88.24.11460
http://dx.doi.org/10.1002/1097-0142(20000901)89:5<1037::AID-CNCR13>3.0.CO;2-Z
http://dx.doi.org/10.1016/j.athoracsur.2007.12.028
http://dx.doi.org/10.1159/000330744
http://dx.doi.org/10.1124/jpet.301.1.223
http://dx.doi.org/10.1055/s-2005-872868

LUNG METASTATIC DISEASE: SURGICAL RESECTION AND LOCOREGIONAL CHEMOTHERAPY

145.

146.

147.

148.

149.

150.

151.

152.

158.

154.

155.

156.

157.

158.

159.

160.

161.

Van Putte BP, Hendriks JM, Romijn S, et al. Combination
chemotherapy with gemcitabine with isolated lung perfu-
sion for the treatment of pulmonary metastases. J Thorac
Cardiovasc Surg 2005;130:125-30. [CrossRef]

Ng B, Lenert JT, Weksler B, et al. Isolated lung perfusion
with FUDR is an effective treatment for colorectal ad-
enocarcinoma lung metastases in rats. Ann Thorac Surg
1995;59:205-8. [CrossRef]

Ratto GB, Esposito M, Leprini A, et al. In situ lung per-
fusion with cisplatin. An experimental study. Cancer
1993;71:2962-70. [CrossRef]

Ratto GB, Toma S, Civalleri D, et al. Isolated lung perfu-
sion with platinum in the treatment of pulmonary metasta-
ses from soft tissue sarcomas. J Thorac Cardiovasc Surg
1996;112:614-22. [CrossRef]

Kaneda Y, Liu D, Brooks A, et al. Toxicity and pharmaco-
kinetics of isolated lung perfusion with cisplatin in rat. Jpn
J Thorac Cardiovasc Surg 2001;49:443-8. [CrossRef]
Tanaka T, Kaneda Y, Li TS, et al. Digitonin enhances the
antitumor effect of cisplatin during isolated lung perfusion.
Ann Thorac Surg 2001;72:1173-8. [CrossRef]

Matsuoka T, Kaneda Y, Li TS, et al. Increasing drug con-
centration in a rat lung tumor model by combining isolated
lung perfusion with hypertensive chemotherapy. Antican-
cer Res 2001;21:1219-23.

Li TS, Sugi K, Ueda K, et al. Isolated lung perfusion with
cisplatin in a rat lung solitary tumor nodule model. Antican-
cer Res 1998;18:4171-6.

Weksler B, Blumberg D, Lenert JT, et al. Isolated single-lung
perfusion with TNF-alpha in a rat sarcoma lung metastases
model. Ann Thorac Surg 1994;58:328-31. [CrossRef]
Hendriks JM, Van Schil PE, De BG, et al. Isolated lung
perfusion with melphalan and tumor necrosis factor for
metastatic pulmonary adenocarcinoma. Ann Thorac Surg
1998;66:1719-25. [CrossRef]

Schrump DS, Zhai S, Nguyen DM, et al. Pharmacokinet-
ics of paclitaxel administered by hyperthermic retrograde
isolated lung perfusion techniques. J Thorac Cardiovasc
Surg 2002;123:686-94. [CrossRef]

Nawata S, Abecasis N, Ross HM, et al. Isolated lung perfu-
sion with melphalan for the treatment of metastatic pulmo-
nary sarcoma. J Thorac Cardiovasc Surg 1996;112:1542-
7 .[CrossRef]

Den Hengst WA, Hendriks JM, Van HT, et al. Selective pul-
monary artery perfusion with melphalan is equal to isolated
lung perfusion but superior to intravenous melphalan for the
treatment of sarcoma lung metastases in a rodent model.
Eur J Cardiothorac Surg 2012;42:341-7. [CrossRef]
Hendriks JM, Van Schil PE, Van Oosterom AA, Kuppen PJ,
Van ME, Eyskens E: Isolated lung perfusion with melphalan
prolongs survival in a rat model of metastatic pulmonary ad-
enocarcinoma. Eur Surg Res 1999;31:267-271. [CrossRef]
van der EA, Oosterling SJ, Paul MA, et al. Isolated lung
perfusion with melphalan: pharmacokinetics and toxicity
in a pig model. J Surg Oncol 2006;93:410-6. [CrossRef]
Johnston MR, Minchen RF, Dawson CA. Lung perfusion with
chemotherapy in patients with unresectable metastatic sar-
coma to the lung or diffuse bronchioloalveolar carcinoma. J
Thorac Cardiovasc Surg 1995;110:368-73. [CrossRef]

Burt ME, Liu D, Abolhoda A, et al. Isolated lung perfusion
for patients with unresectable metastases from sarcoma: a
phase | trial. Ann Thorac Surg 2000;69:1542-9. [CrossRef]

204

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

Putnam JB. New and evolving treatment methods for
pulmonary metastases. Semin Thorac Cardiovasc Surg
2002;14:49-56. [CrossRef]

Pass HI, Mew DJ, Kranda KC, et al. Isolated lung perfusion
with tumor necrosis factor for pulmonary metastases. Ann
Thorac Surg 1996;61:1609-17. [CrossRef]

Grootenboers MJ, Schramel FM, Van Boven WJ, et al. Re-
evaluation of toxicity and long-term follow-up of isolated
lung perfusion with melphalan in patients with resectable
pulmonary metastases: a phase | and extension trial. Ann
Thorac Surg 2007;83:1235-6. [CrossRef]

Grootenboers MJ, Hendriks JM, Van Boven WJ, et al.
Pharmacokinetics of isolated lung perfusion with melpha-
lan for resectable pulmonary metastases, a phase | and
extension trial. J Surg Oncol 2007;96:583-9. [CrossRef]
Den Hengst WA, Van Putte BP, Hendriks JM, et al. Long-
term survival of a phase | clinical trial of isolated lung per-
fusion with melphalan for resectable lung metastases. Eur
J Cardiothorac Surg 2010;38:621-7. [CrossRef]

Furrer M, Lardinois D, Thormann W, et al. Cytostatic lung
perfusion by use of an endovascular blood flow occlusion
technique. Ann Thorac Surg 1998;65:1523-8. [CrossRef]
Krueger T, Kuemmerle A, Kosinski M, et al. Cytostatic lung
perfusion results in heterogeneous spatial regional blood
flow and drug distribution: evaluation of different cytostat-
ic lung perfusion techniques in a porcine model. J Thorac
Cardiovasc Surg 2006;132:304-11. [CrossRef]

Demmy TL, Wagner-Mann C, Allen A. Isolated lung chemo-
therapeutic infusions for treatment of pulmonary metasta-
ses: a pilot study. J Biomed Sci 2002;9:334-8. [CrossRef]
Brown DB, Ma MK, Battafarano RJ, et al. Endovascu-
lar lung perfusion using high-dose cisplatin: uptake and
DNA adduct formation in an animal model. Oncol Rep
2004;11:237-43.

Van Putte BP, Hendriks JM, Romijn S, et al. Pharmacoki-
netics after pulmonary artery perfusion with gemcitabine.
Ann Thorac Surg 2003;76:1036-40. [CrossRef]

Van Putte BP, Grootenboers M, Van Boven WJ, et al. Se-
lective pulmonary artery perfusion for the treatment of pri-
mary lung cancer: Improved drug exposure of the lung.
Lung Cancer 2009;65:208-13. [CrossRef]

Schneider P, Foitzik T, Pohlen U, et al. Temporary uni-
lateral microembolization of the lung-a new approach to
regional chemotherapy for pulmonary metastases. J Surg
Res 2002;107:159-66. [CrossRef]

Baylatry MT, Pelage JP, Wassef M, et al. Pulmonary artery che-
moembolization in a sheep model: Evaluation of performance
and safety of irinotecan eluting beads (DEB-IRI). J Biomed Ma-
ter Res B Appl Biomater 2011;98:351-9. [CrossRef]

Pohlen U, Rieger H, Meyer BT, et al. Chemoembolization
of lung metastases--pharmacokinetic behaviour of carbo-
platin in a rat model. Anticancer Res 2007;27:809-15.
Pohlen U, Rieger H, Albrecht T, et al. Chemoembolization
with carboplatin of the lung. Feasibility and toxicity in a pig
model. Anticancer Res 2007;27:1503-8.

Vogl TJ, Lehnert T, Zangos S, et al. Transpulmonary che-
moembolization (TPCE) as a treatment for unresectable
lung metastases. Eur Radiol 2008;18:2449-55. [CrossRef]
Demmy TL, Tomaszewski G, Dy GK, et al. Thoracoscopic
organ suffusion for regional lung chemotherapy (preliminary
results). Ann Thorac Surg 2009;88:385-90. [CrossRef]
Jinbo M, Ueda K, Kaneda Y, et al. Video-assisted trans-
catheter lung perfusion regional chemotherapy. Eur J Car-
diothorac Surg 2005;27:1079-82. [CrossRef]


http://dx.doi.org/10.1016/j.jtcvs.2004.07.045
http://dx.doi.org/10.1016/0003-4975(94)00774-2
http://dx.doi.org/10.1002/1097-0142(19930515)71:10<2962::AID-CNCR2820711013>3.0.CO;2-F
 http://dx.doi.org/10.1016/S0022-5223(96)70043-0 
http://dx.doi.org/10.1007/BF02913910
http://dx.doi.org/10.1016/S0003-4975(01)03054-5
http://dx.doi.org/10.1016/0003-4975(94)92202-0
http://dx.doi.org/10.1016/S0003-4975(98)00990-4
http://dx.doi.org/10.1067/mtc.2002.120713
http://dx.doi.org/10.1016/S0022-5223(96)70013-2
http://dx.doi.org/10.1093/ejcts/ezs017
http://dx.doi.org/10.1159/000008702
http://dx.doi.org/10.1002/jso.20498
http://dx.doi.org/10.1016/S0022-5223(95)70232-6
http://dx.doi.org/10.1016/S0003-4975(00)01131-0
http://dx.doi.org/10.1053/stcs.2002.32069
http://dx.doi.org/10.1016/0003-4975(96)00166-X
http://dx.doi.org/10.1016/j.athoracsur.2006.09.061
http://dx.doi.org/10.1002/jso.20838
http://dx.doi.org/10.1016/j.ejcts.2010.03.048
http://dx.doi.org/10.1016/S0003-4975(98)00235-5
http://dx.doi.org/10.1016/j.jtcvs.2005.12.072
http://dx.doi.org/10.1007/BF02256589
http://dx.doi.org/10.1016/S0003-4975(03)00839-7
http://dx.doi.org/10.1016/j.lungcan.2008.11.004
http://dx.doi.org/10.1006/jsre.2002.6511
http://dx.doi.org/10.1002/jbm.b.31858
http://dx.doi.org/10.1007/s00330-008-1056-0
http://dx.doi.org/10.1016/j.athoracsur.2009.04.101
http://dx.doi.org/10.1016/j.ejcts.2005.03.009



