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Despite recent progress in surgical technique and
improved perioperative care, prolonged air leak
remains a frequent complication after pulmonary
resection. Several studies have shown that air leak
and ingeneralchest tubemanagement are the major
factors influencing duration of hospital stay and
postoperative costs.

This issue of Thoracic Surgery Clinics is devoted
to the prevention and management of air leak after
pulmonary surgery. A preliminary overview of the
physics and dynamics of the pleural space is
provided in the first article to put in context all
the preventative measures or treatments dis-
cussed in the following articles. In particular, the
relationships between intrapleural pressure, intra-
pulmonary and pleural fluid filtration, and lung re-
expansion are discussed in detail. The concept
of passive suction versus active suction applied
to chest tubes is also introduced to explain the
negative pressure exerted by gravity in contrast
to the one applied by external pumps.

The next article focuses on risk factors of pro-
longed air leak. Different risk scores are provided
that can assist clinicians and researchers to stratify
the risk of prolonged air leak in lung resection candi-
dates. The subsequent articles discuss different
measures that can be used to prevent or treat this
complication: surgical techniques, such as the fis-
sureless lobectomy; intraoperative measures, such
as pleural tent or pneumoperitoneum; use of
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sealants or buttressing material; and postoperative
rescue strategies, such as blood patching, chemical
pleurodesis, or use of endobronchial valves.

The second part of the volume is dedicated to
the postoperative management of chest tube,
with a particular emphasis on the use of new digi-
talized systems and portable devices that have the
potential to streamline and standardize postopera-
tive practice and facilitate fast-track policies. One
article is dedicated to the occurrence and
management of air leak in special situations,
such as patients with end-stage emphysema
submitted to lung volume reduction surgery or
those mechanically ventilated. The final article
appropriately wraps up this issue of Thoracic
Surgery Clinics summarizing in an evidence-based
format the different treatment options in the
management of air leak.

I hope the outstanding contributions collected in
this issue will be valuable information that can be
used in daily clinical practice and form the basis
of future investigations.
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Respiratory
Mechanics and Fluid
Dynamics After Lung
Resection Surgery

Giuseppe Miserocchi, MD*, Egidio Beretta, MD, PhD,
Ilaria Rivolta, BD, PhD
KEYWORDS

� Lung edema � Hydrothorax � Air leak
� Lung interstitial pressure � Overdistension
PROLOGUE: ACTIVE AND PASSIVE DRAINAGE
OF THE PLEURAL CAVITY

Postoperative thoracic surgery poses the problem
of draining the pleural cavity after closure of the
thorax. Two phases in the draining process can
be identified. Immediately after closure of the
chest, there is a need to drain air to allow lung
expansion and volume oscillation during the
breathing cycle. Gas drainage ought to be per-
formed by having the tip of the chest tube where
the gas bubble is going to collect during the
suction process, namely in the less dependent
portion of the chest (the retrosternal region in
supine posture). As discussed further in the text,
complete gas removal is a major cause of over
distension for the remaining lung and, in turn, this
may represent the pathophysiologic basis
common to the 3 main postoperative respiratory
complications: air leak, hydrothorax and lung
edema. The risk of over distension increases, of
course, with increasing the amount of resected
lung volume. To prevent the risk of over distension
an analysis is presented to provide indications on
which suction pressure can be recommended to
set a transpulmonary pressure comparable with
the preoperative one. This analysis is strongly
based on the knowledge of the preoperative
elastic characteristics of the patient’s lung.
Studies reported in this review have been sponsored by f
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Another indication is that, to avoid over distension,
a gas bubble has to remain in the chest in the
immediate postoperative period.

After the initial gas drainage, the pressure in the
bubble tends to decrease and gas will be progres-
sively replaced by pleural fluid. The amount of
pleural fluid being produced reflects the surgical
insult and/or an increase in permeability of the
mesothelial membranes. Therefore, in this second
phase, hydrothorax can develop, which again
poses the question of an adequate draining
strategy. Because hydrothorax collects in the
lowermost part of the pleural space, namely the
costodiaphragmatic sinus,1,2 now the chest tube
should drain from the lowermost site of the pleural
space. The pressure of the pleural fluid in the cost-
odiaphragmatic sinus is around zero in physiologic
conditions, and may become positive with
increasing liquid pooling.

Fig. 1 schematically depicts passive methods to
drain the hydrothorax through a chest tube simply
sealed under water. By aid of the syringe and a 3-
way stopcock, the tube can be filled with fluid
(saline solution) to siphon fluid from the chest to
the reservoir. Note that the tip of the tube within
the chest and the level of the water in the flask
are at exactly the same height. Because the pres-
sure acting on the water in the flask is atmo-
spheric, fluid automatically drains into the
unding from Italian Ministry of University, University
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Fig. 1. Model of passive pleural fluid drainage from
the chest tube placed in the lowermost site of the
costodiaphragmatic sinus. By aid of the syringe and
a three-way stopcock, the tubing is filled with saline
solution to siphon fluid from the chest to the reser-
voir. The tip of the tube within the chest and the level
of the water in the flask are at exactly the same
height. Because the pressure acting on the water in
the flask is atmospheric, fluid automatically drains
into the reservoir whenever the pressure in the hydro-
thorax exceeds atmospheric pressure. A one-way valve
on the tube avoids suction of liquid/air back into the
pleural cavity when a subatmospheric pressure is
developed on inspiration.

Fig. 2. Model of active pleural fluid drainage.
Lowering the collecting flask below the tip of the
tube (in this case 60 cm), generates a subatmospheric
pressure in the chest equal to �60 cm H2O. In this
case, pleural fluid is being drained out actively
through an increased pressure gradient. No one-way
valve is needed for such a negative pressure. Any
suction pressure can be generated by adjusting the
height of the flask relative to the tip of the chest tube.
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reservoir whenever the pressure in the hydro-
thorax exceeds atmospheric pressure. A one-
way valve on the tube avoids suction of liquid/air
back into the pleural cavity when a subatmo-
spheric pressure is developed on inspiration.

Fig. 2 depicts the concept of active drainage. In
a fluid-filled system, lowering the collecting flask
below the tip of the tube, in this case 60 cm, by
putting the flask on the floor with the patient lying
in bed, will generate a subatmospheric pressure
in the chest of �60 cm H2O. In this case, pleural
fluid is being actively drained out down an
increased pressure gradient. No one-way valve is
needed for such a negative pressure. Any suction
pressure can therefore be generated by adjusting
the height of the flask relative to the tip of the chest
tube. A similar fluid dynamic condition can be
maintained by a suitable suction device where
setting of the suction pressure is possible.

An active drainage setting of a subatmospheric
pressure in the lowermost site of the chest (where
the physiologic liquid pressure is basically zero)
definitely results in an increase in pleural liquid
filtration rate. In this respect, a suction pressure
of �60 cm H2O seems incredibly high. Note that
the volume of the hydrothorax reflects, over time,
the balance between chest drainage and
increased pleural filtration rate; shortly after
applying the suction pressure, the volume of the
hydrothorax might decrease although it keeps
increasing again at a later time because of
increased fluid filtration into the pleural cavity. The
final volume of the postoperative residual pleural
space is determined by the absorption pressure
of the pleural lymphatics; this stresses the impor-
tance of applying an adequate draining strategy.
MECHANICS

Thoracic surgery that requires resection of
a portion of lung or of a whole lung profoundly
alters the mechanical and fluid dynamic setting
of the lung-chest wall coupling, as well as the
water balance in the pleural space and in the re-
maining lung. The most frequent postoperative
complications are of a respiratory nature, and their
incidence increases the more the preoperative
respiratory condition seems compromised.3 There
is an obvious need to identify risk factors concern-
ing mainly the respiratory function, without ne-
glecting the importance of other comorbidities,
such as coronary disease. At present, however,
a satisfactory predictor of postoperative cardio-
pulmonary complications is still lacking, consid-
ering that postoperative morbidity and mortality
have remained unchanged in the last 10 years.

The aim of this review is to provide a pathophys-
iologic interpretation of the main respiratory
complications by relying on new concepts relating
to lung fluid dynamics and mechanics. New
parameters are proposed to improve the evalua-
tion of the respiratory function from pre- to the
early postoperative period when most of the
complications occur.
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How Lung Expansion is Maintained in the
Chest in Physiologic Conditions

It is a common sense to say that a subatmospheric
pleural pressure (Ppl) at functional residual
capacity results from lung and chest wall exerting
a recoil pressure in the opposite direction.
Although this statement is correct, it does not
say anything about the mechanism responsible
for keeping the pleural space free of fluid and
gas. Knowledge of this mechanism and its opera-
tional features is important to understand how
a new equilibrium in the lung-chest wall coupling
is being reached after lung resection. The subat-
mospheric pressure of the pleural fluid reflects
the dynamic equilibrium established between the
powerful draining action of lymphatics in the face
of a low permeability of the filtering mesothelium.4

This pressure is actually more subatmospheric
than the opposite recoil pressure exerted by the
lung and chest wall and therefore keeps the
visceral and the parietal pleura in close apposition
with virtually negligible volume of pleural fluid (0.2
mL/kg).5,6 Yet, the parietal and visceral pleura do
not reciprocally touch (Fig. 3) because of repulsive
forces acting between polar phospholipids ad-
sorbed on the opposing visceral and parietal
membranes.7 This biochemical setting also guar-
antees an efficient lubrication system7 for the
reciprocal movement of the pleurae, estimated at
about 25,000 km in a life time.

The lymphatic draining system originates at the
level of the stomata of the parietal pleura; these
are openings 0.3 to 40 mm in diameter, either single
or in clusters, directly connecting the pleural space
with the submesothelial lymphatic network,8 they
Fig. 3. Model of reciprocal pleural sliding: repulsive
forces between several layers of phospholipids ad-
sorbed on mesothelial surfaces carrying charges of
the same sign prevent actual touching between
opposing pleurae and represent an efficient lubrica-
tion system. (Modified from Miserocchi G. Mecha-
nisms controlling the volume of pleural fluid and
extravascular lung water. Eur Respir Rev
2009;18:244–52; with permission from European
Respiratory Society Journals Ltd.)
are particularly developed on the diaphragmatic
and mediastinal surface. The whole turnover of
pleural fluid, w0.2 mL/(kg � h),9 is fully regulated
at the parietal level as lymphatic absorption sets
a liquid pressure causing fluid filtration across
the parietal pleura. The visceral pleura is essen-
tially excluded from pleural fluid turnover in physi-
ologic conditions because its permeability is at
least 10-fold lower compared with that of the pari-
etal pleura.10,11 Complete renewal of pleural fluid
occurs in about 1 h.

There is an intrapleural liquid circulation (Fig. 4)
from filtration sites, mostly located in the less
dependent portions of the cavity, to the draining
regions, mostly located on the diaphragmatic
and on the mediastinal surfaces.4 Pleural fluid
protein concentration averages w1.5 g/dL, indi-
cating a low permeability of the mesothelium for
plasma proteins.
intrapleural fluxes

lymphatic drainage

diaphragmatic
 surfa

ce

filtration

Fig. 4. Polarization of filtration/drainage processes
and of intrapleural fluxes in the pleural cavity. (Modi-
fied from Miserocchi G. Mechanisms controlling the
volume of pleural fluid and extravascular lung water.
Eur Respir Rev 2009;18:244–52; with permission from
European Respiratory Society Journals Ltd.)
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Lymphatics also act as an efficient negative
feedback system to regulate pleural fluid
dynamics as they can markedly increase draining
flow in response to increased filtration.5

Pleural liquid pressure varies with height and
location within the pleural cavity, as a result of
the effect of gravity and intrapleural fluid
circulation.4
How Lung Expansion is Altered by
Thoracotomy and Lung Resection: the
Emphysematous and the Fibrotic Lung

The pleural liquid layer represents a rigid link
between chest wall and lung so that changes in
chest volume imposed by the action of respiratory
muscles are faithfully followed by the lung.

Fig. 5A shows the volume-pressure relation-
ships of the lung and chest wall in physiologic
conditions and point E, at the crossing between
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H, I). It is assumed that thoracotomy does not change chest
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VC.
the 2 curves, corresponds to functional residual
capacity (FRC): at this volume, the lung and chest
wall exert a recoil pressure equal, but opposite in
sign, resulting in a pleural pressure of approxi-
mately �6.5 cm H2O. In this plot (Campbell
diagram), lung recoil pressure is presented as
a negative value, which allows respiratory
mechanics to be discussed considering only
pleural pressures.

Since the time when Hector was hit in the thorax
by Achilles, it is known that, on opening the chest,
pneumothorax occurs; as a result, the chest wall
expands up to a volume indicated by A (resting
point of the chest) and the lung collapses down
to minimum volume (resting point of the lung, point
B). To save Hector from acute respiratory failure,
his chest should have been sutured and a drain
placed to clear the pleural cavity from gas; looking
at Fig. 5A, complete removal of the gas bubble
occurs when the distending pressure of the lung
P
H

Y
S

I
O

L
O

G
I
C

A
L

 

C
O

M
P

L
I
A

N
C

E
E

M
P

H
Y

S
E

M
A

F
I
B

R
O

S
I
S

0

20

40

60

80

100

0

20

40

60

80

100

0

20

40

60

80

100

0

20

40

60

80

100

0

20

40

60

80

100

0

20

40

60

80

100

0 5 -15 -10 -5 0 5

0 5 -15 -10 -5 0 5

0 5 -15 -10 -5 0 5

C

F

I

Gas

bubble

~10%

Hmc ,erusserpO
2
O

O

Hmc ,erusserpO
2
O

pressure, cmH
2
O

AA

B B

E

E

E

C

C C

C

D

D

D

A

B

A

B

A

B

A

B

Gas

bubble

~20%

Gas

bubble

~12%

Gas

bubble

~25%

Gas

bubble

~7%

Gas

bubble

~14%

20

40

60

80

100

20

40

60

80

100

20

40

60

80

100

%VCpost

%VCpost

%VCpost

%VCpre

%VCpre

%VCpre

%VCpre

%VCpre

%VCpre

5% VC) PNEUMONECTOMY (-50% VC)

r lobectomy and pneumonectomy for physiologic lung
a, D, E, F) and decreased lung compliance (fibrosis, G,
wall compliance and lobectomy and pneumonectomy

. The ordinates on the right refer to lung volumes ex-
refer to lung volumes expressed as % of postoperative



Lung Mechanics and Fluid Balance 349
(Ppl at midheart level) is brought to approximately
�6.5 cm H2O (point E). The situation is more
complex when lung excision is performed, and
the 3 rows in Fig. 5 show how chest wall-lung
mechanical coupling is altered, relative to preoper-
ative conditions, for a lung displaying physiologic
compliance (top row), increased lung compliance
(emphysema, middle row) and decreased lung
compliance (fibrosis, lower row). The cases of
lobectomy and pneumonectomy, causing 25%
and 50% decrease in vital capacity (VC), respec-
tively, are discussed. Note that the ordinate on
the right refers to lung volumes expressed as %
of preoperative VC; the ordinate on the left refers
to lung volumes expressed as % of postoperative
VC. We ignore the elastic properties of the chest
wall after thoracotomy, as well as those of
a deformed lung, as data are not available in the
literature.

Fig. 5B refers to lobectomy with physiologic
lung compliance; setting drainage to bring Ppl to
approximately �6.5 cm H2O clearly implies that
the volume of the chest (point C) remains higher
than the volume of the lung (point D); the difference
C�D represents the volume occupied by gas in
the pleural cavity. Decreasing Ppl to about �7.5
cm H2O would allow complete drainage of the
gas bubble and close apposition of lung to chest
(point E); this implies some over distension of the
remaining lung as its FRC would increase to 45%
of postoperative VC.

Fig. 5C shows the case of pneumonectomy with
physiologic lung compliance. Again, points C and
D allow estimation of the entity of the gas bubble
for a Ppl equal to approximately �6.5 cm H2O.
Further drainage to reduce the gas bubble to
zero (hypothetical point E) to adapt the remaining
lung to the whole available volume, would imply
major lung deformations, which have never been
evaluated. In the hypothetical case of reaching
point E, the new FRC would increase to 60% of
postoperative VC, a condition clearly representing
marked over distension of the remaining lung (Ppl
about �12 cm H2O).

In Fig. 5D presents the case of an emphysema-
tous lung with low recoil pressure (Ppl about �2.5
cm H2O); FRC is now increased (w50% of VC)
relative to a lung with normal compliance. After
lobectomy (Fig. 5E), only a mild suction can bring
the remaining lung to the preoperative Ppl (about
�2.5 cm H2O); furthermore, complete gas
drainage (point E) may be obtained by decreasing
Ppl to approximately �3.5 cm H2O, implying,
however, over distension of the remaining lung
as postoperative FRC is greater than 60% of post-
operative VC. Fig. 5F shows that, in case of pneu-
monectomy, for a Ppl equal to the preoperative
value (about �2.5 cm H2O) the volume of the gas
bubble would be doubled and its complete
removal would cause extreme over distension
and deformation of the remaining lung as postop-
erative FRC would approach w80% of postopera-
tive VC, with a mild subatmospheric Ppl value.

Fig. 5G shows that in a fibrotic lung, FRC is
decreased down to 30% of VC, caused by
increased lung recoil (about �10 cm H2O). Setting
this preoperative Ppl after lobectomy and pneu-
monectomy (see Fig. 5H, I, respectively), would
imply a smaller gas bubble. In the case of pneumo-
nectomy, the volume of the lung is reduced to
become equal to that of the gas bubble. In general,
over distension of the remaining lung does not
occur in the case of fibrosis.
How the Work of Breathing is Modified
After Lung Resection

Chest wall and lung possess elastic properties,
therefore pressure has to be exerted by respiratory
muscles on inspiration. The respiratory work may
be obtained as:

W 5
1

C
V 2

T�f

where C is lung compliance, VT is the tidal volume
and f is the respiratory frequency. Graphically,
respiratory work can be depicted on the volume-
pressure curve of the lung by drawing the
volume-pressure loops derived from volume-
pleural (esophageal) pressure data gathered
during the breathing cycle. Fig. 6A–C present
hypothetical volume-pressure loops. One can
appreciate that, for a VT equal to that in physio-
logic conditions (20% of preoperative VC), respira-
tory work increases, as a result of the decrease in
lung compliance after lobectomy and pneumonec-
tomy; furthermore, as more subatmospheric Ppl
values are generated at end inspiration, this
increases the risk of over distension of the remain-
ing lung, the risk being highest after pneumonec-
tomy in emphysematous lung.12

The pattern of breathing is actually controlled to
minimize its energy cost and this can explain why,
particularly after pneumonectomy, the respiratory
pattern shows a decrease in tidal volume with
a corresponding increase in frequency.13 Consid-
erations concerning the work of breathing become
important when evaluating the postoperative
working capacity of the patient. Lobectomy has
little effect on maximum workload, whereas pneu-
monectomy results in a 25% decrease.14 Respira-
tory and leg fatigue sensation (estimated with the
Borg scale) were found to be greater, for the
same workload, after pneumonectomy.14 There
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Fig. 6. Hypothetical volume-pressure loops to depict
respiratory work on the volume-pressure relationships
of the preoperative lung, after lobectomy and pneu-
monectomy for physiologic (A), increased (emphy-
sema, B) and decreased (fibrosis, C) lung compliance.
Inspiratory and expiratory pressures are indicated by
upward and downward directed arrows, respectively.

Fig. 7. The physiologic fluid turnover in the lung inter-
stitium. A subatmospheric interstitial pressure results
from the balance between the absorption pressure of
lymphatics and microvascular filtration through a low
permeability endothelial barrier. Some important
molecules of the extracellular matrix are indicated.
(From Miserocchi G. Lung interstitial pressure and struc-
ture in acute hypoxia. In: Roach R, Wagner PD, Hackett
P, editors. Hypoxia and the circulation. Advances in
experimental medicine and biology, vol. 618. New
York: Springer; 2007. p. 141–57, Fig. 4; with kind permis-
sion of Springer Science and Business Media.)
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are indications that after lobectomy, exercise
capacity is, like in healthy people, limited by leg
fatigue, whereas after pneumonectomy it is limited
by respiratory fatigue and dyspnea.13
LUNG WATER BALANCE
Lung Fluid Balance and Tissue Mechanics
in Physiologic Conditions

The pressure existing in the interstitial space of the
lung is subatmospheric,15 about �10 cm H2O, re-
flecting, as much as for the pleural space, a strong
draining lymphatic action, in the face of a low
permeability of the capillary endothelium providing
fluid filtration (Fig. 7). A subatmospheric interstitial
pressure keeps the endothelium well glued to the
epithelium, and in this way the volume of the extra-
vascular water is kept at a minimum so that the
overall thickness of the air-blood barrier is approx-
imately 0.5 mm. The lung strongly resists conditions
that cause an increase in microvascular filtration,
potentially causing edema,16 as several mecha-
nisms cooperate to allow minimal variations in the
volume of the extravascular water. A key role is
played by proteoglycans, a family of compounds
that act as link molecules within the extracellular
matrix and between the capillary and the alveolar
walls. Proteoglycans, through their glycosamino-
glycan chains, can bind excess water in the intersti-
tial space to form gel-like structures. Furthermore,
through their macromolecular assembly, they
confer low compliance to the interstitial compart-
ment; as shown in Fig. 8, in response to increased
filtration, a minor increase in extravascular water
(w10%) causes an increase in interstitial pressure
by about 15 cm H2O (from �10 to 5 cm H2O,
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a continuous line from point A to B)16: the marked
increase in interstitial pressure buffers further filtra-
tion (so-called tissue safety factor).

How Lung Fluid Balance may be Altered by
Lung Resection: the Idiopathic Lung Edema

Pulmonary complications represent the most
frequent cause of morbidity and mortality in the
postoperative period. Despite different clinical
manifestation identified as edema, acute lung
injury, atelectasis, acute respiratory distress
syndrome, the common physiopathologic mecha-
nism underlying these complications is a severe
perturbation in lung water balance. In spite of
a remarkable resistance of the lung to developing
edema, several cofactors may acutely induce an
increase in microvascular filtration16 following
lung resection. The sequence of events leading
to the increase in extravascular lung water are
important.16 There is experimental proof that
severe lung edema develops acutely when the
lung interstitial pressure decreases, as indicated
by C in Fig. 8; this restores a pressure gradient
to cause unopposed fluid filtration from the capil-
laries toward the interstitial compartment and the
alveoli. The reason for the decrease in interstitial
pressure is the loss of integrity of the native archi-
tecture of the proteoglycans of the interstitial
matrix and of the basement membrane16 leading
to an increase in tissue compliance and in micro-
vascular permeability. Beyond a critical threshold
in the process of fragmentation, the combination
of these 2 effects leads to the accelerated phase
of development of severe lung edema.16 The
causes for a loss of integrity of the proteoglycan
matrix include weakening of their linking noncova-
lent chemical bonds caused by hydration,
increase in parenchymal stresses, and activation
of tissue metalloproteases.16 These pathophysio-
logic mechanisms are common to all forms of
lung edema, the only difference being the
sequence of proteoglycans fragmentation. In the
so-called hydraulic edema (as in left heart failure)
the fragmentation process initially involves the
large matrix proteoglycans of the matrix; in the
permeability type of edema (as in acute pancrea-
titis) there is a major initial degradation of proteo-
glycans of the basement membrane. Tissue
hypoxia is another known cause of lung edema
with features that are intermediate between the
hydraulic and the permeability type.17 Thus, there
may be a variable contribution to edema formation
due either to the loss of tissue safety factor or to an
increase in microvascular permeability. In general,
interstitial lung edema ought to be considered as
a sharp edge between tissue repair and manifesta-
tion of a severe disease. Tissue remodeling was
triggered in response to increased microvascular
filtration by signaling transduction initiated within
3 hours in endothelial and epithelial cells during
interstitial lung edema.18–21 Matrix turnover
reflects the critical balance between fragmentation
and deposition and it is therefore important to
review the conditions favoring edema formation,
as they may coexist in the early postoperative
period:
� After lung resection the same cardiac
output flows through a decreased vascular
bed. Because a minor increase in pulmo-
nary artery pressure has been reported,
this suggests that pulmonary capillary
recruitment has occurred, thus increasing
the overall microvascular filtration surface
area favoring lung edema.
� An increase in blood volume and flow

velocity in the lung microcirculation
increases the endothelial shear stress,22
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an important cofactor leading to increase in
microvascular permeability. A pathophysio-
logic mechanism leading to lung edema
based on over perfusion explains the
finding that inhaled NO, proposed to
prevent postpneumonectomy pulmonary
edema, actually worsened the case.23

� Local hypoxia17,24 may occur in a postoper-
ative diseased lung. A PO2 falling below
about 40 mm Hg was shown to trigger the
activation of tissue metalloproteases that
cause fragmentation of proteoglycans.16,17

Hypoxia is known to cause precapillary
vasoconstriction. Although the specific
role of this response is not fully understood,
it is suggested that this avoids an increase
in capillary pressure in a condition of
increased microvascular filtration. So, on
the one hand, local hypoxia favors edema
formation by triggering extravascular matrix
degradation; on the other hand it limits
microvascular filtration avoiding an increase
in capillary perfusion pressure. The balance
between these 2 effects is difficult to
predict. A fully oxygenated blood (possibly
hyperoxic) after lung resection would
certainly cause full recruitment of the micro-
vascular bed that, per se, is a cause of
increased microvascular filtration. Possibly,
this condition might be buffered through
a mild degree of blood de-oxygenation
sufficient to evoke precapillary vasocon-
striction without triggering the action of
metalloproteases.
� Fragmentation of the extracellular matrix

and lack of clearance of the fragments is
involved in neutrophil activation.25 Neutro-
phil activation leads to production of reac-
tive oxygen species causing a major
increase in microvascular permeability,
diffuse alveolar damage, and inhibition of
the active alveolar fluid reabsorption.26

There is evidence that removal of matrix
fragments is critical for successful repair27;
in particular failure to clear hyaluronan frag-
ments leads to unremitting inflammation.28
Other important cofactors that favor postpneu-
monectomy idiopathic lung edema formation are:
� Over inflation caused by aggressive
drainage to force the apposition between
lung and chest or caused by prolonged
mechanical ventilation with excessive tidal
volume29: retrospective studies have
recognized these conditions as cofactors
of lung edema.30–32 The underlying
physiologic mechanism in both cases is
exactly the same: stretching of lung paren-
chyma results in a marked subatmospheric
interstitial pressure, that, in turn, favors
microvascular filtration,30 the first step
toward the development of edema.
� Large amounts of intraoperative fluid

administered as originally reported by Zel-
din and colleagues33 and recently resumed
by Slinger34: there are considerable interin-
dividual differences in the resistance of the
lung to edema formation.
CLINICAL CONSIDERATIONS
The Postoperative Residual Pleural Space

As described in the analysis of Fig. 5, complete
gas removal is a major cause of lung over disten-
sion that in turn leads to the 3 main postoperative
respiratory complications: air leak, hydrothorax,
and lung edema. To avoid over distension, a gas
bubble has to remain in the chest in the immediate
postoperative period after placing a suction tube.
Gas is slowly reabsorbed (w1%/d) from the chest;
washing the cavity with oxygen would speed up
the reabsorption process. Within the gas bubble,
pressure tends to decrease as a result of equilibra-
tion of atmospheric oxygen with its partial pres-
sure in the venous blood; this, in turn, causes an
increase in pleural fluid filtration so that, with
time, liquid will replace gas. The absorption pres-
sure of the pleural lymphatics determines the
volume of the postoperative residual pleural space
and the transpulmonary pressure of the deformed
remaining lung. The volume of the postoperative
residual pleural space is occupied in part by
pleural fluid, in part by the remaining lung under-
going partial deformation, in part by the displace-
ment of the diaphragm (upward) and of the
mediastinum (toward the site of lung resection).
A postoperative residual pleural space was diag-
nosed in more than 90% of the cases of lobec-
tomy35 and, as detailed in the analysis of Fig. 5,
the preoperative lung compliance is an important
determinant of its final volume. When considering
the postoperative residual pleural space:
� in emphysema, lobectomy and pneumo-
nectomy result in over distension of the re-
maining lung, with low subatmospheric
pleural pressures, thus implying a greater
risk of air leak.
� in fibrosis, pleural pressures become

remarkably subatmospheric exceeding the
draining pressure of lymphatics, implying
a greater risk for persistency of the gas
bubble (potentially misinterpreted as air
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leak), and formation of hydrothorax caused
by increased fluid filtration.
The Management of the Chest Tube

An important issue to be considered at this point is
that the volume of the postoperative residual
pleural space cannot be imposed by the suction
pressure, which should actually serve only to
help in reaching the new mechanical and fluid
dynamic equilibrium at pleural level. The first
problem the surgeon faces after closure of the
chest is the need to clear gas from the cavity to
allow lung expansion and volume oscillation during
the breathing cycle. This is probably the most crit-
ical part to avoid lung over distension (with the
exception of lobectomy in a lung with physiologic
compliance). Apparently, no definite protocols
are available concerning the initial gas drainage.
The analysis of Fig. 5 might provide useful indica-
tions, but implies a more thorough preoperative
pneumologic evaluation. A high FRC with a poorly
subatmospheric pleural pressure, as measured by
an eosphageal balloon (less negative than �6.5
cm H2O) indicates emphysema, whereas
a decrease in FRC with a subatmospheric pres-
sure substantially more negative than �6.5 cm
H2O indicates fibrosis. Setting a suction pressure
on the chest tube that restores the preoperative
transpulmonary pressure (points C and D in the
graphs) certainly avoids over distension; setting
a transpulmonary pressure corresponding to point
E certainly implies over distension. To monitor
transpulmonary pressure after closure of the chest
requires the measurement of esophageal pressure
(no such data are available in the literature).

An appreciable draining strategy is based on
a balanced suction device36,37 that implies the
placement of 2 intrathoracic catheters, one (sealed
with water) placed at the base of the lung to drain
fluid, the other placed in the apical region to allow
air to enter the chest whenever intrapleural pres-
sures generated during inspiration are lower than
a preset value (usually �10 to �15 cm H2O). This
strategy assumes that a gas bubble remains in
the chest to avoid over distension of the lung.
The use of a balanced suction device was reported
to reduce the risk of pulmonary edema.35 To
a physiologist, this setting seems fully justified;
although, on a clinical level, the use of 2 chest
tubes seems more complicated and implies more
postoperative pain.38 Another alternative is to
insert in the lower chest only 1 tube with 2 open-
ings, 1 at the tip to reach the gas in the less depen-
dent portion of the cavity, the other at some
distance to drain fluid from the bottom of the
cavity.38 This setting allows some recirculation of
pleural fluid; whenever the pressure in the gas
bubble becomes markedly subatmospheric on
inspiration, fluid might be sucked up from the
lowermost part of the chest and outflow from the
top opening. This method decreases the volume
of fluid drained from the cavity and postoperative
pain.38

The air leak
A persistent air leak following pulmonary resection
may represent a common problem39 and may
arise from a major airway (bronchopleural fistula)
or from the most peripheral airways (bronchoal-
veolar-pleural fistula) because of failure to obtain
a perfect intraoperative seal. It has been reported
that the surgical approach is not predictive of
a persistent air leak. As discussed earlier, the risk
of over distension is higher after pneumonecotmy
in an emphysematous patient in whom recoil pres-
sure is markedly decreased. It can be hypothe-
sized that the suction pressure of pleural
lymphatics may be such as to force the lung
against the chest wall, thus considerably reducing
the postoperative residual pleural space.

Over distention of the lung is favored at end
inspiration; de-stretching of the lung parenchyma
during expiration temporarily seals the lung. The
risk of air leak on inspiration is greater for the
emphysematous lung and, potentially, also for
the fibrotic lung as transpulmonary pressures
generated are more subatmospheric.

The hydrothorax
A recent paper38 proposes the right question con-
cerning the pleural fluid dynamic situation after
lung resection: ‘‘Is it really necessary to drain all
the fluid in pleural space by chest tube or can the
pleura absorb this excess fluid physiologically?’’
On studying experimental hydrothorax6 the answer
is that pleural lymphatics can generate a pressure
to bring the lung close to the chest with minimal
residual pleural liquid volume. After lung resection
this statement still holds true, but the postoperative
residual pleural space, as discussed earlier,
reflects the complex balance between fluid filtra-
tion/lymphatic absorption and chest/lung recoil
pressure. Hydrothorax is favored by aggressive
management of the chest tube because an exces-
sive subatmospheric pressure may cause an
increase in fluid filtration. This condition character-
istically occurs if the fluid collecting flask is placed
on the floor (see Fig. 2). Another cause of hydro-
thorax is an increase in microvascular permeability
of either the parietal or the visceral pleura as a result
of postoperative inflammation. Full recovery from
pleural effusion caused by increased permeability
is a long process even though the lymphatic
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mechanism is quite adaptive (flow rate can
increase by 20/30 times); the time course of this
process is critically dependent on restoring a phys-
iologically low mesothelial permeability. Recovery
times range from weeks (after myocardial infarction
and coronary artery by pass) to months (this is the
case for tuberculosis and asbestosis).40 There is
a suggestion that the chest tube should be
removed when 450 mL are recovered.41

Preoperative Versus Postoperative
Assessment: FEV1, DLCO, VO2max

In the presence of some degree of preoperative
respiratory deficiency, there is an obvious concern
that postoperative impairment of respiratory func-
tion might become acutely critical for survival.

The complimentary use of spirometry and lung
diffusing capacity have been extensively reviewed
in recent articles,29,42 therefore the authors only
refer to specific pathophysiologic issues. In
general, these parameters can predict postopera-
tive conditions at 3 to 6 months. However, they do
not allow prediction of severe complications that
occur in the early postoperative period. Postoper-
ative predicted values largely underestimate the
actual decrease observed in this critical period.

Concerning FEV1 measurements, the recog-
nized drawbacks for preoperative risk stratifica-
tion42 are:
� preoperative absolute cutoff values, rather
than percentage, ignoring differences in
gender, age, and body size
� preoperative FEV1 values can lead to inap-

propriate exclusion of patients43 and
cannot be related to the surgical outcome44

� FEV1 is a poor predictor of change in exer-
cise capacity after lung resection.14
DLCO measurement was highly recommended
as an independent strong predictor of postopera-
tive mortality and pulmonary morbidity in patients
with or without chronic obstructive pulmonary
disease.45 There is a recommendation to measure
DLCO routinely as a preoperative evaluation,
regardless of the outcome of the spirometric eval-
uation29; a predictive postoperative DLCO of less
than 40% was proposed as a cutoff for normal
and high-risk patients.29 Poor correlation was
found between DLCO and FEV1.46

Cardiopulmonary exercise testing together with
DLCO are the best methods to evaluate the effi-
ciency of the whole chain of oxygen delivery.
Vo2max was obviously decreased after lung
resection although the reduction was not in
proportion to the volume of lung resected.47 The
decrease in VO2max was found, on average, to
be much greater than the decrease in DLCO,48 sug-
gesting an additional cardiovascular or metabolic
impairment. The use of near-infrared spectros-
copy (NIRS)49 on exercising muscles identifies
potential metabolic limitations of the working
muscles. NIRS is a noninvasive approach that
uses the differential absorption properties of
hemoglobin to evaluate skeletal muscle deoxy-
genated hemoglobin during work, which reflects
the metabolic capacity of the muscle.

The decrease in VO2max was accompanied by
a decrease in cardiac output, an increase in
pulmonary artery pressure and in pulmonary
vascular resistance.47
The Need for Early Postoperative Assessment

Most of the respiratory complications occur in the
early postoperative period.50 Predicted postoper-
ative values of FEV1 and DLCO are not valid predic-
tors of respiratory complications in the immediate
postoperative period.42 Furthermore, available
conventional models, based on the number of
lung segments removed, underestimate the loss
of FEV1 and DLCO that occur in the early postoper-
ative period. KCO was found to increase on the
first postoperative day, the increase being signifi-
cantly greater after pneumonectomy compared
with lobectomy (15% compared with 2.6%,
respectively). This finding requires careful interpre-
tation, particularly because it correlated with a low
preoperative DLCO. The increase in KCO could be
explained by a remarkable increase in pulmonary
capillary blood volume (commonly referred to as
Vc, a subcomponent of DLCO). The increase in Vc
is compatible with over perfusion of the remaining
lung, which is of greater entity after pneumonec-
tomy. As discussed earlier, pulmonary congestion
and over distension are two important comorbidity
factors leading to increased microvascular filtra-
tion. Under these conditions, adequate clearance
of the interstitial fluid is a potent factor preventing
lung edema and respiratory movements help the
lymphatics in this important draining process.4 In
agreement with this interpretation is the important
report48 that epidural anesthesia, which allows
a normal pattern of breathing, reduces postopera-
tive respiratory complications by one-third.
SUGGESTIONS: HOW TO IMPROVE PRE- TO
EARLY POSTOPERATIVE EVALUATION

Because surgeons are attaining considerable
technical refinement,42 there is an obvious need
to also refine the identification of risk factors for
respiratory distress to reduce morbidity and
mortality. The postoperative period seems to be



Lung Mechanics and Fluid Balance 355
the most critical period, when cofactors of respira-
tory morbidity may be present.

To prevent over distension, knowledge of the
elastic properties of the lung would be useful. To
follow the time evolution of the lung fluid balance,
2 methods can be suggested. The first is to
measure lung reactance by forced oscillatory tech-
nique (FOT) using a frequency of 4 to 5 Hz. This
parameter was shown to decrease progressively
and significantly with increasing extravascular
water volume not exceeding 10%, representing
an early and sensitive marker of development of
lung edema, before any change in lung compliance
can be detected.51 The method is simple, noninva-
sive, and does not require the collaboration of the
patient. No reference values are provided for the
population, therefore, each patient will be their
own control from the pre- to postoperative period.

The other method to reveal early perturbation of
lung fluid balance is to detect lung comets by chest
sonography ultrasound.52 A lung comet is defined
as an echogenic, coherent, wedge-shaped signal
with a narrow origin from the hyperechoic pleural
line. The total number of comets yields the comet
score, which quantifies the increase in extravas-
cular water. This technique has become increas-
ingly popular and is sensitive for detecting the
early phase of developing lung edema.

Surgery, mechanical ventilation, and edema
formation might decrease surfactant activity53 at
the alveolar level, as indicated by the occurrence
of atelectasis. Intratracheal instillation of surfac-
tant is a further possibility.

SUMMARY
Respiratory Mechanics
� In emphysema, lobectomy and pneumo-
nectomy result in over distension of the re-
maining lung, thus implying a greater risk
of air leak.
� In fibrosis, pleural pressures become

remarkably subatmospheric implying
a greater risk for persistence of the gas
bubble (potentially misinterpreted as air
leak) and formation of hydrothorax.
� Respiratory work increases after lobectomy

and pneumonectomy, because lung
compliance decreases in inverse proportion
to the volume resected.
� The increase in respiratory work after pneu-

monectomy elicits dyspnea, which limits
exercise capacity.
Lung Fluid Balance
� The common pathophysiologic mechanism
underlying the postoperative respiratory
complications is a severe perturbation in
lung water balance leading to edema.
� Microvascular filtration is increased in the

remaining lung by capillary recruitment
and by a marked subatmospheric interstitial
pressure resulting from stretching of lung
parenchyma caused by over distension
(due to aggressive drainage or prolonged
mechanical ventilation).
Clinical Considerations
� Complete postoperative gas removal is
a major cause of lung over distension that
leads to the 3 main respiratory complica-
tions: air leak, hydrothorax, and lung
edema.
� The postoperative residual pleural space is

set by the absorption pressure of the pleural
lymphatics; its volume is occupied by
pleural fluid, the remaining lung, the
displacement of the diaphragm and of the
mediastinum.
� Air leak and hydrothorax are favored by an

excessive subatmospheric pressure app-
lied to the chest tube.
Suggestions
� Knowledge of the elastic properties of the
lung would be useful to set a pleural pres-
sure that prevents over distension.
� Sensitive markers of developing lung

edema in the immediate postoperative
phase are the measurement of lung reac-
tance by FOT and detection of lung comets
by chest sonography ultrasound.
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Air leaks remain a frequent and bothersome
complication after pulmonary resection. Their inci-
dence is dependent on many factors, including the
physiologic and anatomic characteristics of the
patients at the time of surgery and their definition.

Up to 30% to 50% of patients may show
evidence of air leak from the chest drain after
lobectomy either immediately after the operation
or during the first postoperative day.1–4 This inci-
dence progressively decreases in the subsequent
postoperative days. Approximately 8% to 15% of
patients ultimately will have what is, by current
convention, regarded as a prolonged air leak
(PAL).5,6 It has been shown that PAL may prolong
the hospital stay, negatively impacting hospitaliza-
tion costs,7–10 increasing the risk of empyema,10

as well as other possible cardiopulmonary compli-
cations.1,9 Predicting the risk of PAL therefore may
assist in adopting prophylactic or therapeutic
measures aimed at reducing the occurrence of
this complication. During preoperative counseling,
patients should be informed about their expected
PAL risk and be prepared for the possibility of
being discharged from hospital following surgery
with a portable chest drainage unit to minimize
their length of hospitalization.

Finally, developing reliable risk models that can
stratify the risk of PAL may permit selection of
patients to be included in prospective randomized
trials testing the efficacy of new intraoperative or
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postoperative devices or technologies aimed at
reducing the incidence of PAL.
DEFINITION OF PAL

Traditionally, air leaks were defined as prolonged if
they persisted longer than 7 days.6 Current
opinion, however, has evolved to consider an air
leak as prolonged when it increases length of an
otherwise uncomplicated postoperative hospitali-
zation. Accordingly, PAL most recently has been
defined as an air leak persisting more than five
days (the current median hospital stay of a lobec-
tomy). The databases of the Society of Thoracic
Surgeons and European Society of Thoracic
Surgeons have both adopted this definition of
PAL. To facilitate comparison between different
centers and investigations, future studies on air
leak should adopt this definition as a reference
and perform their analyses accordingly. This
would provide consistency in the interpretation
and reporting of results and allow for more gener-
alizable comparisons among studies.
RISK FACTORS

Several studies have attempted to identify risk
factors for PAL after pulmonary resection. A recent
review has summarized the different risk factors
that have been found in the literature.4 The most
ital, Ospedali Riuniti, Ancona 60020, Italy
First Street SW, Rochester, MN 55905, USA
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consistently reported risk factors are reduced
pulmonary function,6,7,11–13 indicativeofa damaged
and fragile lung parenchyma, the use of steroids,14

the performance of an upper lobectomy,6,13 and
presence of pleural adhesions.6

The main purpose of this article is, however, to
combine these risk factors in models or scores
that could be used in the clinical practice or for
research purposes to stratify the risk of PAL.
Based on their clinical prospective database, the
authors used different methods to develop and
validate these systems.

PAL LOGISTIC RISK MODEL
Objective

The objective of this analysis was to develop
a logistic regression equation to predict the risk
of an air leak longer than 5 days after pulmonary
lobectomy.

Patients and Methods

An observational analysis was performed on
a prospective electronic database. All pulmonary
lobectomies operated on at the authors’ institution
from January 2000 through September 2009 were
included. Patients undergoing complex resections
including chest wall or diaphragm, or those
needing postoperative mechanical ventilation at
any time were not included in this series. As
a rule, pulmonary lobectomies were performed
through a muscle-sparing, nerve-sparing antero-
lateral thoracotomy by board-certified general
thoracic surgeons. No pleural tents, sealants, but-
tressing material, or pneumoperitoneum were
used in any of these patients. Mechanical staplers
were used to close the bronchus in all patients and
to complete partially or completely fused fissures
in 80% of patients. Twenty percent of patients
had complete or filmy fissures that did not require
the use of staplers. Systematic lymphadenectomy
was performed in all cases at the end of the proce-
dures. At the completion of the operation, the
presence of air leak was checked by submerging
the lung parenchyma in sterile saline and by rein-
flating the lung up to a sustained pressure of 25
to 30 cm H2O. If any significant air leak was de-
tected, an attempt was made to eradicate the
leak with closure by sutures. Two tubes (until
June 2007) or only one chest tube (since July
2007) were positioned in the chest at the comple-
tion of the procedure. Chest tubes were left on
suction (-15 cm H2O) until the morning after
surgery and then managed by using an alternate
suction regimen (passive suction or water-seal/
gravity mode during the day, active suction during
the night, as per institutional protocol).15
As a rule all patients were extubated in the oper-
ating room and cared for on a specialized thoracic
surgical ward. In the rare circumstances in which
a patient required intensive care assistance or pro-
longed mechanical ventilation for major cardiopul-
monary complications, the patient was excluded
from this analysis to avoid potential confounding
factors influencing the duration or assessment of
air leak. Thoracotomy chest pain was assessed
at least twice during daily rounds and was
controlled by using an intravenous continuous infu-
sion of non-opiate drugs titrated to achieve a pain
score below 4 (Likert 0 to 10 scale) during the first
72 postoperative hours. Physical rehabilitation
and chest physiotherapy were performed in all
patients starting on the first postoperative day.

After a chest x-ray was obtained to show satis-
factory lung expansion, chest tubes were removed
if no air leak was detectable in the chest drain unit
and the pleural drainage was less than 400 mL
over the preceding 24 hours. When the presence
of an air leak was in question, a provocative chest
tube clamping was performed for 12 hours. If no
symptoms of dyspnea, oxygen desaturation or
subcutaneous emphysema ensued, the chest
tube was then removed.

Statistical Analysis

A series of individual risk factors were tested for
possible association with PAL greater than 5
days. Variables were initially screened by univar-
iate analysis. Normal distribution of continuous
variables was tested by using the Shapiro-Wilk
normality test. The numeric variables with a normal
distribution were compared by using the unpaired
Student’s t-test. Those with non-normal distribu-
tion were tested by using the Mann Whitney test.
Categorical variables were compared by using
the Chi-square test or Fisher’s exact test as
appropriate. All variables with P<.1 at univariate
analysis were used as independent predictors in
a stepwise logistic regression analysis (dependent
variable: presence of air leak longer than 5 days).
To avoid multicollinearity, only one variable in
a set of variables with a correlation coefficient
greater than 0.5 was selected (by bootstrap) for
use in the logistic regression analysis. Bootstrap
resampling was used to assess reliability and
stability of the significant predictors. Statistical
analysis was performed by using Stata 9.0 statis-
tical software. All tests were two-tailed with
a significance level of 0.05.

Results

A total of 777 pulmonary lobectomies were
included in the analysis. The mortality rate was
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1% (9 patients). Of the 768 patients surviving the
operation, 102 had PAL (13%). Univariate analysis
showed that the following factors were associated
with PAL: forced expiratory volume in the first
second of expiration (FEV1) (P 5 .002), FEV1/FVC
ratio (P<.0001), residual volume to total lung
capacity ratio (P 5 .08), carbon monoxide lung dif-
fusion capacity (DLCO) (P 5 .001), smoking pack-
years (P 5 .08), presence of pleural adhesions
(defined as diffuse dense adhesions involving an
entire lobe or more than 30% of the lung surface)
(P<.0001), use of systemic steroids (P 5 .09).

The authors were not able to find any associa-
tion between PAL and age, body mass index
(BMI), length of stapled parenchyma, right versus
left side, location of resected lobe, and induction
chemotherapy.

Stepwise logistic regression analysis showed
that FEV1 (bootstrap frequency 57%, P 5 .008,
odds ratio [OR] 0.98, standard error [SE] 0.97 to
0.99) and presence of adhesions (bootstrap
frequency 98%, P<.0001, OR 2.42, SE 1.6 to 3.8)
were the only significant and reliable predictors
independently associated with PAL. The following
regression equation estimating the risk of PAL was
thus generated:

Ln (R/R-1) 5 -0.8 -0.016� FEV1 10.887� pres-
ence of adhesions (Hosmer Lemeshow goodness
of fit test 9.9, P 5 .3; c-index 0.66).

PAL AGGREGATE RISK SCORE
Objective

Several studies have tested the efficacy of
different preventative air leak measures.16 The
interpretation of their results, however, often is
complicated by the inclusion of heterogeneous
populations and possible selection biases. A
system to classify the degree of risk of developing
air leak would be desirable in this setting and
would make patient selection consistent across
different investigators. Thus, the objective of this
analysis was to develop a ready-to-use aggregate
risk score to stratify the risk of PAL following
pulmonary lobectomy.

Patients and Methods

An observational multicenter analysis was per-
formed using prospective electronic databases.
All consecutive pulmonary lobectomies operated
on from January 2000 through April 2008 in center
A were used as the derivation set to develop the
scoring system predicting the risk of PAL greater
than 5 days. The risk score was then validated
on a sample of patients operated on in another
center (center B) from 2006 to 2008. Patients
undergoing complex resections including chest
wall or diaphragm, or those needing postoperative
mechanical ventilation at any time after the opera-
tion were not included in this series. All patients in
both centers were operated on by board-certified
general thoracic surgeons through a muscle-
sparing anterolateral thoracotomy. Mechanical
staplers were used to close the bronchus in all
patients and to complete partially or completely
fused fissures in 80% of patients. Twenty percent
of patients had complete or filmy fissures that did
not require the use of staplers. No pleural tents,
sealants, buttressing material, or pneumoperito-
neum were used in any patients. Systematic lym-
phadenectomy was performed in all cases the
end of the operation. At completion of the opera-
tion, the presence of an air leak was assessed by
submerging the lung parenchyma in sterile saline
and by reinflating the lung up to a sustained pres-
sure of 25 to 30 cm H2O. If any significant air leak
was detected, an attempt was made to eradicate
the leak with closure by sutures. Up to two chest
tubes were used to drain the pleural space at the
end of the operation. Chest tubes were left on
suction (-15/-20 cm H2O) until the morning of the
first postoperative day and then managed by using
an alternate suction regimen (passive suction
during the day, active suction during the night, as
per institutional protocol).15

In both centers, standardized pathways of care
were followed. Patients usually were extubated in
the operating room and admitted to a specialized
dedicated thoracic ward. Postoperative chest
pain was assessed at least twice a day during
morning and evening rounds. Treatment was
titrated to achieve a pain score below 4 (range
0 to 10) during the first 72 postoperative hours
by means of epidurals or continuous intravenous
infusion of nonopioid analgesics. Physical rehabil-
itation and chest physiotherapy were performed in
all patients starting from on the first postoperative
day. Chest tubes were removed if no air leak was
detectable in the chest drain unit and the pleural
effusion was less than 400 mL in the preceding
24 hours, as long as a chest radiograph demon-
strated satisfactory lung expansion.
Statistical Analysis

The derivation set consisted of 658 consecutive
patients who underwent pulmonary lobectomy in
center A. This sample was used to develop the
risk-adjusted score predicting the incidence of
PAL (>5 days). Initially a series of factors was
screened by univariate analysis for possible asso-
ciation with PAL. For the purpose of this analysis
and to build the aggregate score, significant
numeric variables were dichotomized by using



Table 1
Examples of estimated risk of PAL based
on different combinations of the predictors
in the logistic risk model

Case FEV1%
Pleural
Adhesions

Risk of
PAL

1 80 No 11%

2 60 No 15%

3 50 No 17%

4 40 No 19%

5 80 Yes 23%

6 60 Yes 29%

7 50 Yes 33%

8 40 Yes 37%
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receiver operating characteristics (ROC) analysis
(identifying the best cut-off). Significant variables
at univariate analysis then were used as indepen-
dent predictors in a stepwise logistic regression
analysis (dependent variable: presence of PAL
>5 days). The reliability of the predictors finally as-
sessed was by using a bootstrap resampling tech-
nique. Only significant and reliable (bootstrap
frequency >50% in 1000 simulated samples)
predictors were used to construct the aggregate
score. The scoring system was developed by
proportional weighting of the significant predictors
estimates, assigning a value of 1 to the smallest
coefficient. The score was generated by summing
each factor score in each patient, and patients
then were grouped in classes of incremental risk
according to their score.

The risk score then was validated on patients
operated on in center B (external validation set),
and the risk of PAL was verified in each class in
this external population. Moreover, to further
assess the stability of the score across different
external populations, bootstrap was used to
generate 1000 simulated external samples
drawn with replacement from the center B pop-
ulation. The proportion of patients with PAL then
was verified for each class in each of these new
samples.
Results

The incidence of PAL in the derivation set was
13% (87 of 658 cases). After ROC analysis was
used to categorize the numeric variables, stepwise
logistic regression identified the following signifi-
cant and reliable predictors of PAL: age greater
than 65 years (coefficient 0.558), presence of
pleural adhesions (0.616), FEV1 les than 80% of
predicted (0.795), and BMI less than 25.5 (1.03).
Based on their coefficients, the individual factor
scores were the following: age greater than 65, 1
point; presence of adhesions, 1 point; FEV1 less
than 80%, 1.5 points; BMI less than 25.5, 2 points.
To obtain a cumulative score, the individual points
were summed in each patient to obtain a range
from 0 to 5.5. As an example, a 70-year-old patient
with an FEV1 of 60%, BMI of 23, and with pleural
adhesions would have the maximum score of 5.5
points. Patients then were grouped into four risk
classes according to their aggregate scores,
which were significantly associated with incre-
mental risk of PAL in the validation set of 233
patients (Tables 1 and 2).

When the risk classes were assessed in 1000
bootstrapped samples from center B, the authors
found that in class A, 37% of samples had a PAL
risk less than 1%, and 98% had a risk less than 5%.
Class B had a risk less than 10% in 99% of
samples. On the other hand, class C had a risk
greater than 10% in 91% of samples (although in
no cases >20%), and class D had a PAL risk
greater than 20% in 99% of samples (in 36% of
samples >30%).

DIGITAL PAL RISK SCORE
Objective

New digital chest drainage systems quantify air
leak flow and intrapleural pressure in real time
and throughout the duration of the chest tube
drainage. The objective of this prospective obser-
vational study was to evaluate the association
between the air flow and intrapleural pressures
measured during the immediate postoperative
period after lobectomy and the risk of PAL.

Population

A retrospective analysis was performed on
prospectively collected data from 145 consecutive
patients undergoing pulmonary lobectomy in two
centers. For the purpose of this analysis, patients
undergoing lung resection associated with chest
wall or diaphragm resections or needing postoper-
ative ventilator assistance were not included.

All patients were operated on by board-certified
general thoracic surgeons. Partially complete or
fused fissures were completed by means of
mechanical staplers. The bronchus was stapled in
most cases. As a rule, up to two chest tubes were
positioned at the end of the operation. Chest tubes
were left on suction (-20 cm H2O) until the morning
of the first postoperative day and then managed by
using an alternate suction regimen (passive suction
during the day, active suction during the night, as
per institutional protocol) or passive suction,
according to individual institutional policies.15



Table 2
Incidence of PAL greater than 5 days in derivation and validation sets

PAL Score Class Derivation Set (658 patients) Validation Set (233 patients)

Class A (score 0) 1.4% 0

Class B (score 1) 5% 6.7%

Class C (score 1.5–3) 12.5% 10.9%

Class D (score > 3) 29% 25.7%

Chi2, p value <0.0001 0.003

C-index 0.71 (95% confidence limit [CL] 0.65-0.77) 0.69 (95% CL 0.59.0.77)
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Measurements of the air flow and maximum and
minimum intrapleural pressures were recorded
during the sixth postoperative hour (with all patients
on active suction) using a Digivent-MEMS tech-
nology (Medela, Switzerland) and averaged for
the analysis. For the purpose of this study, a PAL
was defined as an air leak lasting longer than 72
hours. For the purpose of this investigation, cessa-
tion of air leak was defined as an air flow lower than
10 mL/min during 6 consecutive hours.

Statistical Analysis

Univariate analysis was first used to screen several
perioperative factors (age gender, side and site of
operation, FEV1, DLCO, air flow at the sixth hour,
differential pressure maximum minus minimum in-
trapleural pressure at the sixth hour) for possible
association with PAL. Significant factors then
were used as independent predictors in a stepwise
logistic regression analysis (dependent variable:
presence of PAL), which was in turn validated by
bootstrap resampling technique using 1000
samples.

Results

Twenty-six patients had an air leak lasting longer
than 72 hours (18%). The average air leak flow,
maximum and minimum pleural pressures at the
sixth postoperative hour were 86 mL/min (range:
0 to 1100), -11.4 cm H2O and -21.9 cm H2O,
respectively. Logistic regression showed that the
mean air leak flow (regression coefficient 0.003,
P 5 .007, bootstrap frequency 82%) and the
mean differential pleural pressure (DeltaP:
maximum–minimum intrapleural pressure) (regres-
sion coefficient 0.05, P 5 .02, bootstrap frequency
67%) measured during the sixth postoperative
hour were significant predictors of PAL, indepen-
dent of age, FEV1, chronic obstructive pulmonary
disease [COPD] status, DLCO, and side and site
of lobectomy. ROC analysis was used to find the
best cut-offs for air leak flow (50 mL/min) and differ-
ential pleural pressure (10 cm H2O). The following
four combinations of cutoffs obtained by ROC
analysis showed incremental risk of PAL: a. DeltaP
less than 101Flow less than 50: 4% (3 of 73) b. Del-
taP greater than 101Flow less than 50: 15% (5 of
33) c. DeltaP less than 101Flow greater than 50:
36% (5 of 14) d. DeltaP greater than 101Flow
greater than 50: 52% (13 of 25). Of the patients
with flow less than 50 mL/min, those who had a Del-
taP greater than 10 cmH2O had close to a fourfold
higher risk of PAL. For patients with a flow greater
than 50 mL/min and a deltaP greater than 10 cm
H2O (group D), the risk of air leak was 13-fold
higher than for patients in group A.
SUMMARY

The authors have tried to develop practical risk
models that could be used for clinical and scien-
tific purposes. These scores may be used during
the preoperative patients’ counseling phase, by
providing reliable information about the risk of
developing PAL and the possibility of being dis-
charged with a portable chest drainage unit
according to institutional fast track policies. Risk
models or risk scores also can be used to identify
patients at higher risk for PAL who may benefit the
most from the use of preventative measures such
as the use of sealants, buttressed staple lines, or
pleural tents. Furthermore, they may assist in stan-
dardizing inclusion criteria for future randomized
clinical trials testing the efficacy of these new tech-
nologies, and in doing so make the interpretation
of results across different centers and studies
more comparable. The clinical use of digital chest
drainage units that permit quantitative measure-
ment and recording of air leak flow and intrapleural
pressure appears to add to the prediction and
management of air leak after pulmonary resection.
The use of risk scores based on these digital
measures may set the stage for future investiga-
tions of active pleural management aimed at treat-
ing air leak by tailoring the level of intrapleural
pressure to the needs of individual patients.
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to Avoid Parenchymal
Injury During Lung
Resection (Fissureless
Lobectomy)
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Video-assisted thoracic surgery (VATS), also
called thoracoscopic surgery, refers to minimally
invasive chest surgery that avoids rib spreading
and rib resection and relies entirely on cameras
and video technology for visualization. Although
popularized in the last decade, it traces its roots
back to the early part of the last century when
the use of a cystoscope to lyse adhesions in the
treatment of tuberculosis was described.1

With the advent of laparoscopic surgery for
many complicated abdominal procedures, the
use of similar technology for thoracic procedures
gained popularity. Evidence suggests that thora-
coscopic lobectomy can be performed with
similar, if not reduced, morbidity and equivalent
oncologic outcomes compared with open lobec-
tomy.2–5 Despite the potential advantages of mini-
mally invasive surgery, only 20% of pulmonary
resections are completed using the thoracoscopic
technique at present.6 There are still several
potential barriers to adoption of thoracoscopic
lobectomy. The belief that pulmonary artery
bleeding would be uncontrollable thoracoscopi-
cally is an obstacle that is likely to dissuade
surgeons from considering learning thoracoscopic
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lobectomy. Most practicing thoracic surgeons in
Europe and North America completed their
training before the advent of thoracoscopic lobec-
tomy, and postgraduate training is an extensive
process. It is probable that most training programs
in thoracic surgery provide exposure to thoraco-
scopic lobectomy, but the actual operative experi-
ence of residents and fellows is unknown.

Recently, single and multi-institutional studies
have shown thoracoscopic lobectomy to be an
accepted oncologic procedure for patients with
early stage lung cancer.2–5 Thoracoscopic lobec-
tomy has been shown to decrease morbidity,
including shorter length of stay, shorter chest
tube duration, decreased postoperative pain,
improved preservation of pulmonary function,
reduced inflammatory response, and shorter
recovery time, compared with conventional thora-
cotomy.6–9 In addition, it has been shown that
thoracoscopic lobectomy is safer than lobectomy
by thoracotomy, because it is associated with
fewer postoperative complications.3,4,10

The indications for thoracoscopic lobectomy
are similar to those for lobectomy using an
open approach. Absolute contraindications to
r, Durham, NC 27710, USA
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thoracoscopic lobectomy include inability to
achieve complete resection with lobectomy, active
N2 or N3 disease, and inability to maintain single
lung ventilation. Relative contraindications include
tumor size, which may preclude a minimally inva-
sive approach to extraction, previous thoracic irra-
diation and previous thoracotomy.

Several surgical strategies have been used to
perform an anatomic lobectomy using a variety
of incisions to facilitate dissection. The authors
believe that the method described in the following
sections provides equivalent oncologic results and
minimizes peri- and postoperative complications.
BASIC PRINCIPLES

Single lung ventilation is required and may be
achieved with a dual-lumen endotracheal tube or
a bronchial blocker. The patient is placed in the
lateral decubitus position. It is helpful to limit
the tidal volume to increase the space within the
thorax. Most thoracoscopic lobectomies may be
performed via 2 or 3 incisions, and the over-
whelming majority in the authors’ experience
have been performed with only 2 incisions.

In general, the port positions are the same
whether an upper, lower, or middle lobectomy is
performed. The first port, placed in the seventh in-
nerspace in the midaxillary line, is used predomi-
nantly for camera placement and, ultimately,
chest tube placement. The second port is placed
in the fifth or sixth intercostal space in the anterior
axillary line. This site is chosen, in part, to allow
easy access to hilar structures and to allow for
extraction of the specimen (Fig. 1).

Perhaps the greatest adjustment for a surgeon
transitioning from open lobectomy to thoraco-
scopic lobectomy is the sequence of dissection
required to minimize air leaks. Whereas most sur-
geons perform open lobectomy using dissection
Fig. 1. Port placement.
through the fissures, thoracoscopic lobectomy is
usually performed by addressing the hilar struc-
tures first, and by completing the fissure with
a stapling device last.11 The avoidance of surgical
dissection in the fissure is believed to minimize the
risk of air leaks.2

Instrumentation is critically important when per-
forming thoracoscopic surgery. This procedure
requires a 30� videoscope and long, curved instru-
ments to allow for ease of retraction and dissec-
tion. High-definition video equipment improves
visualization for difficult dissections. Linear
staplers are used to control and divide lung paren-
chyma, vessels, and bronchus (Fig. 2).

Once access to the chest has been achieved,
thoracoscopic examination is undertaken. The
lung parenchyma is assessed for the presence of
a mass, additional disease, metastatic disease,
and adhesions. For each anatomic lobectomy
(described in detail in the following sections), the
specific pulmonary vein is the first structure to be
divided. Another advantage of the hilar dissection
technique is minimization of back and forth retrac-
tion; dissection for an upper lobe, for example,
begins anteriorly and progresses in the posterior
direction only. Most of the hilar dissection may be
performed bluntly, with either a dissecting instru-
ment or a thoracoscopic suction device, which
also keeps the field dry during dissection. At the
conclusion of the dissection, the fissure is
completed with the stapling device and the
specimen is removed using a protective bag. Medi-
astinal lymphadenectomy is subsequently per-
formed, although this may be done before hilar
dissection at the surgeon’s discretion.

In addition to the dissection strategy, which varies
according to the lobe being resected, the surgeon
should have a planned strategy for conversion if
bleeding is encountered or if there is failure to prog-
ress with the dissection thoracoscopically. Most of
Fig. 2. Instruments.
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the bleeding encountered can be controlled with
direct pressure using a sponge stick; conversion
need not be performed emergently.
RIGHT UPPER LOBECTOMY

Once the right side of the chest has been entered,
the lung is retracted medially and dissection along
the posterior pleura is performed at the level of the
bronchial bifurcation, which facilitates bronchial
dissection later from the anterior approach. The
lung is then reflected posteriorly and the pulmo-
nary veins are identified. Dissection is performed
to identify the bifurcation of the upper and middle
lobe veins. Once the upper lobe vein has been
clearly identified, it is circumferentially dissected
free and divided with a vascular stapler. This
procedure reveals the underlying pulmonary
artery. In a similar manner, the pulmonary arteries
to the upper lobe are mobilized and divided,
beginning with the truncus anterior (Fig. 3). The
last structure to be dissected is usually the bron-
chus; however, occasionally the bronchus is
divided before dissection of the posterior
ascending artery. After dividing the bronchus, the
fissures are developed and divided using stapling
devices, and the specimen is extracted from the
chest in a protective bag.11
LEFT UPPER LOBECTOMY

Thoracoscopic left upper lobectomy is performed
in a manner similar to that performed on the right
side.11 Posterior dissection is undertaken first to
divide the pleural reflection and to identify the
posterior artery; as with the right upper lobe, this
posterior dissection greatly facilitates the comple-
tion from the anterior approach. With the lung
retracted posteriorly, dissection is used to identify
Fig. 3. Hilar anatomy of the upper lobe of the right
lung.
both pulmonary veins (to ascertain that a common
pulmonary vein is not present). The superior
pulmonary vein is then encircled and divided,
revealing the underlying pulmonary artery and
upper lobe bronchus (Fig. 4). Dissection of the
lymph nodes between the cephalad aspect of
the bronchus and the arterial trunk (to the anterior
and apical segments) facilitates the ultimate arte-
rial dissection. The branches of the arterial trunk
can now be individually exposed and divided, fol-
lowed by division of the posterior branch. Bron-
chial dissection and division is now easily
accomplished, and is followed by division of the
lingular artery. The major fissure is divided with
the stapling device (Fig. 5).

LEFT AND RIGHT LOWER LOBECTOMY

There are 2 basic strategies for lower lobectomy,
both of which begin with division of the inferior
pulmonary ligament, followed by dissection and
division of the inferior pulmonary vein. The
preferred method does not involve dissection
within the fissure (which is stapled last, as with
upper lobectomy).11 After dividing the vein, atten-
tion is directed to the bronchus by retracting the
lobe cranially, a perspective not obtained via
thoracotomy. A plane is created between the
bronchus and the artery by dissecting close to
the bronchus, which is then divided. For right lower
lobectomy, this dissection is begun at the bifurca-
tion with the middle lobe bronchus, which must be
preserved. The arterial trunk is then encircled and
divided, although it is sometimes easier to divide
the branches to the superior and basilar segments
individually. Ultimately, the fissure is divided, and
the specimen removed.
Fig. 4. Hilar anatomy of the upper lobe of the left
lung.



Fig. 5. Completion of the horizontal and oblique fissures with the stapler. (A) The stapler is engaged across the
horizontal fissure. (B) By retracting the lung by the bronchial stump (arrow), the completion of the fissure is opti-
mized at the hilar level.
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ADVANCED TECHNIQUES

As comfort and facility with thoracoscopic lobec-
tomy increases, it is being more readily applied
to more complex cases and surgical interventions,
including sleeve lobectomy12 and segmentec-
tomy.13–15 Although there have been no studies
demonstrating the advantages of these thoraco-
scopic techniques compared with the conven-
tional procedures, it is probable that the
avoidance of rib spreading and the use of modern
thoracoscopic techniques confers similar advan-
tages, such as less pain, fewer air leaks, shorter
length of stay, and a lower rate of complications.
OUTCOMES

Using a prospective database, the outcomes of
patients who underwent lobectomy at Duke
University Medical Center from 1999 to 2009
were analyzed with respect to postoperative
complications.3 Propensity-matched groups
were analyzed, based on preoperative variables
and stage. Of the 1079 patients in the study, 697
underwent thoracoscopic lobectomy and 382
underwent lobectomy by thoracotomy. In the
overall analysis, thoracoscopic lobectomy was
associated with a lower incidence of prolonged
air leak (P 5 .0004), atrial fibrillation (P 5 .01), atel-
ectasis (P 5 .0001), transfusion (P 5 .0001), pneu-
monia (P 5 .001), sepsis (P 5 .008), renal failure
(P 5 .003), and death (P 5 .003). In the propen-
sity-matched analysis based on preoperative vari-
ables, comparing 284 patients in each group, 196
patients (69%) who underwent thoracoscopic
lobectomy had no complications compared with
144 patients (51%) who underwent thoracotomy
(P 5 .0001). In addition, thoracoscopic lobectomy
was associated with fewer prolonged air leaks
(13% vs 19%; P 5 .05), a lower incidence of atrial
fibrillation (13% vs 21%; P 5 .01), less atelectasis
(5% vs 12%; P 5 .006), fewer transfusions (4% vs
13%; P 5 .002), less pneumonia (5% vs 10%; P 5
.05), less renal failure (1.4% vs 5%; P 5 .02), short-
er chest tube duration (median 3 vs 4 days;
P<.0001), and shorter length of hospital stay
(median 4 vs 5 days; P<.0001).3

Similar results were obtained when the Society of
Thoracic Surgeons (STS) database was analyzed
by Paul and colleagues.4 All patients undergoing
lobectomy as the primary procedure via thoraco-
scopy or thoracotomy from 2002 to 2007 were
identified in the STS database. After exclusions,
6323 patients were identified: 5042 underwent
thoracotomy, 1281 thoracoscopy. A propensity
analysis was performed, incorporating preopera-
tive variables, and the incidence of postoperative
complications was compared. Matching based on
propensity scores produced 1281 patients in
each group for analysis of postoperative outcomes.
After VATS lobectomy, 945 patients (73.8%) had no
complications, compared with 847 patients
(65.3%) who had lobectomy via thoracotomy
(P<.0001). Compared with open lobectomy, VATS
lobectomy was associated with a lower incidence
of arrhythmias (n 5 93 [7.3%] vs n 5 147 [11.5%];
P 5 .0004), reintubation (n 5 18 [1.4%] vs n 5 40
[3.1%]; P 5 .0046), and blood transfusion (n 5 31
[2.4%] vs n 5 60 [4.7%]; P 5 .0028), as well as
a shorter length of stay (4.0 vs 6.0 days; P<.0001)
and shorter chest tube duration (3.0 vs 4.0 days;
P<.0001). There was no difference in operative
mortality between the 2 groups.4

Berry and colleagues16 reported a recent analysis
of high-risk patients aged older than70 years. During
the study period, 338 patients older than 70 years
(mean age 75.7�0.2 years) underwent lobectomy
(219 thoracoscopy, 119 thoracotomy). Operative
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mortality was 3.8% (13 patients) and morbidity was
47%(159patients). Patientswithat least 1complica-
tion had increased length of stay (8.3� 0.6 vs 3.8�
0.1 days; P<.0001) and mortality (6.9% [11 of 159] vs
1.1% [2 of 179]; P 5 .008). Significant predictors of
morbidity by multivariable analysis included age
(odds ratio 1.09; P 5 .01) and thoracotomy as
surgical approach (odds ratio 2.21; P 5 .004). Thora-
cotomy remained a significant predictor of morbidity
when the propensity to undergo thoracoscopy was
considered (odds ratio 4.9; P 5 .002).16

FISSURELESS LOBECTOMY BY
THORACOTOMY

The hilar technique to achieve lobectomy is not
limited to the use of minimally invasive surgery,
and this strategy may limit air leaks when per-
formed in thoracotomy as well.17,18 A recent study,
comparing the hilar dissection technique to the
more traditional transfissure dissection technique
demonstrated that the incidence of postoperative
air leak and the length of hospital stay were higher
with the traditional approach.17

SUMMARY

Thoracoscopic lobectomy has become an
accepted, safe, and oncologically sound proce-
dure compared with open lobectomy. Several
studies have reported that it reduces the length
of stay, postoperative pain, and postoperative
complications, including air leaks. Although there
are specific technical considerations that must
be taken into account, it is increasingly becoming
the preferred method of anatomic lobectomy.
Surgeons should be encouraged to embrace the
minimally invasive strategy, which may be learned
in courses using novel simulation techniques.19

Future directions suggest that this technique will
be expanded to address even the most chal-
lenging thoracic procedures.
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Intraoperative Measures
for Preventing Residual
Air Spaces
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If the hill will not come to Mahomet [Mo-
hammed], Mahomet will go to the hill.

Francis Bacon (1561–1626)
Essays, Of Boldness1

Residual space after subtotal pulmonary resection
is an underestimated complication that at times
can lead to a cascade of untoward events, difficult
postoperative scenarios, and major morbidity.
Conversely, in a significant proportion of patients,
persistent air spaces may not be of functional
detriment, representing only a disturbing radiolog-
ical finding. In these circumstances, close obser-
vation of the clinical picture is suggested,
summarized in the old adage: ‘‘We treat patients,
not chest x-rays.’’ Our current knowledge is
derived directly from the lessons learned from
the surgical management of tuberculosis (see
Further reading suggestions). The used and at
times abused sentence, ‘‘We stand on the shoul-
ders of giants,’’ has never been so true as when
dealing with residual spaces.

A major factor in determining residual spaces is
the degree of awareness and the versatility of the
surgeon in preventing air leaks, usually a direct
function of the experience and expertise obtained
from years of clinical practice.2 Two determinants
of a residual space can be identified according to
the presence of an active air escape from the
parenchymal surface or from reduced lung compli-
ance that may impair postoperative reexpansion.
In the former situation, intrapleural pressure
becomes increasingly positive and the degree of
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lung collapse strictly depends on the completeness
of air evacuation through the drainage system.
When loss of parenchymal elastic recoil is the
predominant factor causing incomplete reexpan-
sion of the lung, the intrapleural pressure remains
stagnant and the application of suction may only
induce a temporary volume gain with no functional
benefit. Postoperative residual spaces often result
from a combination of active air leakage and
reduced lung compliance appearing simulta-
neously or sequentially and contributing to incom-
plete lung reexpansion. According to the principles
mentioned earlier, the surgeon should be aware of
three potential types of residual spaces:

1. Physiologic residual space, by definition limited
in size and duration, occurs after closure of the
chest cavity when air at atmospheric pressure
remains trapped in the pleural space. In the
presence of adequate lung compliance, the
evacuation of this residual air pocket depends
primarily on the efficacy of chest drainage in
the presence of an airtight chest wound closure.

2. Residual space caused by persistent, active air
leakage, which maintains a positive intrapleural
pressure by continuous escape of air from the
lung (ie, stapled fissures, parenchymal tears,
or neglected blebs) thereby leading to its partial
collapse.

3. Residual space caused by deficient lung compli-
ancebecauseofageandunderlying lungorpleural
conditions. This is often the case with pulmonary
resections for postprimary tuberculosis, complex
gery and Oncology, National Cancer Institute, Pascale
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mycetomas, and bronchiectases. Fibrotic intersti-
tial changes may also lead to restrictive damage.
Concomitant pleural infections may induce
a significant thickening of the visceral pleura with
the attendant entrapment of the lung.

Preventive intraoperative measures tend to
address all three potential causes of residual
spaces, which can develop alone or in combina-
tion. The need for a meticulous surgical technique
associated with a carefully devised lung resection
strategy, resorting to sealants and chest drain
management, are addressed in detail by D’Amico
T and Rice TW elsewhere in this issue. The
management of the often catastrophic clinical
scenario resulting from the presence of a broncho-
pleural fistula on the main stem or lobar bronchial
stump is beyond the scope of this article. The
current discussion revolves around intraoperative
measures that to obliterate space by reducing
the volume of the chest cavity through geometric
remodeling of the anatomic boundaries of the
lung (Table 1).
THE PARIETAL PLEURA

The creation of a pleural tent to compartmentalize
the chest cavity by reducing the volume of apex
of the chest, facilitating lung reexpansion after
upper lobectomies or lung volume reduction
surgery, is a well-known technique that rightfully
belongs to the routine thoracic surgical armamen-
tarium.1,3,4 Brunelli and colleagues5 have
confirmed the usefulness of this procedure in
a prospective randomized study on 200 patients
subjected to upper lobectomy. The addition of
Table 1
Possible options to intraoperatively manage residua

Anatomic Structure Intraoperative Procedure

Parietal pleura Pleural tent

Pleurectomy, mechanical abra
talc

Visceral pleura Adhesiolysis
Decortication

Chest wall muscles Intrathoracic transposition
Muscle tent

Diaphragm Phrenic nerve paralysis
Pneumoperitoneum
Resuspension

Osteotendinous
chest wall

Rib resection at thoracotomy
Tailored thoracoplasty

Omentum Flap transposition
a pleural tent yielded a reduction in the duration
of air leaks by postoperative day 4 and in the over-
all length of stay.5 The fundamentals of this tech-
nique date back to the late 1950s, when several
investigators such as Brewer, Hansen, and Miscal
independently conceived the idea of a pleural
partition through an apical parietal pleurolysis to
avoid lung over expansion following resection for
tuberculosis.1 In brief, the detachment of the pari-
etal pleura from the endothoracic fascia begins at
the level of the thoracotomy. Pleural elevation is
taken circumferentially along the inner surface of
the uppermost chest wall paying attention to avoid
tearing the pleura. Careful dissection is needed in
the proximity of the thoracic inlet, especially along
the costovertebral recess to avoid inadvertent
injury to the stellate ganglion. Anteriorly, aware-
ness of the internal mammary bundle is crucial
for defining the extension of the dissection.
When a thoracoscopic pleural tent is performed,6

the magnification of the surgical field and the use
of an endoscopic swab facilitates this maneuver.
The creation of the pleural tent is completed by
anchoring the parietal flap to the elevated inter-
costal muscle with sutures at the thoracotomy
wound site. During video-assisted thoracoscopic
surgery procedures, clipping of the pleural edges
to the inferiorly located ports is meant to attain
the same result as in open surgery. The tent
compartmentalizes the chest cavity by obliquely
separating a caudally located, fully drained sector
of the lung from an uppermost smaller empty
space, which is allowed to fill with serum, giving
the remaining lung enough time to expand. The
radiological outcome is represented by a thin
apical dense layer representing the fibrotic
l air spaces (see text)

Indications

Upper lobectomies
Upper bilobectomy

sion, All lobectomies/bilobectomies

All lobectomies/bilobectomies
All lobectomies/bilobectomies

All lobectomies/bilobectomies

All lobectomies/bilobectomies
Lower lobectomies/lower bilobectomy
Lower lobectomies/lower bilobectomies

level All lobectomies/bilobectomies
Upper lobectomies/bilobectomy
All lobectomies/bilobectomies
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regression of the extrapleural collection on the
background of a fully expanded lung.7

A pleural tent cannot be constructed when the
parietal pleura is too thin, obviously diseased, or
already dissected; its value in resections other
than upper lobectomies/bilobectomies is ques-
tionable. In these cases, and in ventilated patients
requiring open lung biopsy or on long-term
steroids, talc insufflation or mechanical abrasion
of the parietal pleura can facilitate pleurodesis.8
THE VISCERAL PLEURA

Primary or secondary (ie, postobstructive pneu-
monia) chronic inflammatory processes of the
lung and pleura may lead to lung trapping. As
a consequence, postresectional reexpansion of
the residual parenchyma is severely hindered
and lung decortication becomes imperative. The
removal of the peel from the underlying paren-
chyma needs to be performed with care to avoid
air leaking from unwarranted tears. Collaboration
with the anesthesiologist and meticulous surgical
technique are of paramount importance to facili-
tate division of strands of pleural scarring.
CHEST WALL MUSCLES

Intrathoracic transposition of muscle flaps can
respond to two objectives. First, the need to oblit-
erate otherwise empty spaces in any position
inside the chest cavity.9,10 Second, similar to the
pleural tent, chest wall muscles can be used to
create partitions of the pleural space (muscle
tent).11 One basic technical tenet of muscle flap
intrathoracic transfer resides in the preresectional
elevation of the muscles, emphasizing the need for
careful preoperative planning and a muscle-
sparing surgical approach.9,10 Appropriate knowl-
edge of the vascular supply, conformation,
intrathoracic reach, and flap elevation techniques
is of paramount importance to devise intraopera-
tive solutions to potential space problems.9 Inter-
costal muscles are readily available, but unless
elevated from two adjacent spaces, they cannot
provide enough bulk to obliterate pleural recesses.
Their use can be envisaged to reinforce suture
lines, usually bronchial, but also stapled fissures
at risk of breakdown (ie, after tuberculosis resec-
tions). Traditionally, serratus anterior muscle flaps
have been used extensively to cover postresec-
tional bronchial stumps with limited morbidity at
the donor site.12 Albeit providing different muscle
bulk, serratus anterior and latissimus dorsi flaps
can be transferred together or separately in the
chest, especially in the setting of complex infected
spaces.13 The harvesting technique is
straightforward inasmuch as the thoracodorsal
pedicle is preserved13 and both muscles can be
transposed through a window obtained in the
chest wall by a limited resection of a 5- to 6-cm
segment of the second rib.11,13 The choice of
this entrance site for muscle transfer is dictated
by the need to avoid jeopardizing its blood
supply.11 Once inside the chest, the muscles are
loosely anchored to the residual pleura, the perios-
teum, or the intercostal muscles to allow for
gradual lung reexpansion (drawbridge effect).11

As a consequence, the chest cavity is divided by
the muscles into two potentially separate cham-
bers; the uppermost, not vented, is left to fill with
serum or to adhere to the apical chest wall. The
lowermost chamber is drained and the residual
lung is covered by viable muscle bulk conveying
oxygen, and if needed, antibiotics.11
THE DIAPHRAGM

In the heroic times of nonresectional treatment,
collapse therapy for tuberculous cavitations was
a life-saving procedure for patients with complex
postprimary sequelae. The concept of inducing
an iatrogenic cranial dislocation of the hemidiaph-
ragm by either interrupting or simply crushing the
ipsilateral phrenic nerve in its course at the thoracic
inlet to facilitate collapse of pulmonary cavitations
was introduced in the 1930s.14 Surprisingly, many
contemporary thoracic surgeons have inherited
this time-honored approach to the residual space
after lung resection despite the potential complica-
tions of a sudden and permanent elevation of the
diaphragm. Contralateral mediastinal shift with
the attendant cardiovascular derangements and
abdominal visceral space rearrangement may be
responsible for symptoms of different severity. In
theory, these side effects are attenuated if the
phrenic nerve injury becomes somehow revers-
ible.15 To this purpose, the phrenic nerve is usually
injected with local anesthetic either as single
administration or by continuous infusion to ensure
the desired volumetric effect.15–17 In addition, the
use of type A botulinum toxin has also been advo-
cated.18 Reportedly, the standard technique of
inducing a transient phrenic nerve paralysis
includes identification of the phrenic nerve at the
hilum with gentle grasping, avoiding nerve crush-
ing.15 The local anesthetic (1–2 mL of bupivacaine
without epinephrine) is then injected in the prox-
imity of the nerve but into the pericardium.8,15

Following the same concept of diaphragmatic
dislocation, the pneumoperitoneum has been re-
ported to address the issue of potential residual
spaces, irrespective of the type of lobectomy per-
formed.19 Usually, between 800 and 1000 mL of air
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is injected transdiaphragmatically after lower lobe
resections either as a single instillation or on-
demand delivery through a properly positioned
catheter according to the appearance on a chest
radiograph.20 The latter method avoids repeated
transabdominal injections if the first instillation
delivered at thoracotomy is not sufficient. In two
prospective studies,21,22 perioperatively adminis-
tered pneumoperitoneum was shown to reduce
the duration of air leakage and attendant chest
drain time. Recently, based on a series of 60
patients randomly assigned to prophylactic pneu-
moperitoneum or no treatment after lobectomy,
one group demonstrated that prophylactically
induced pneumoperitoneum could yield shortened
hospitalizations compared with nontreated
patients.22 This evidence had been suggested years
earlier by Cerfolio and colleagues23 who focused
their attention only on the evolution of residual space
after bilobectomy, recommending prophylactic
pneumoperiotoneum as a routine space-obliter-
ating procedure. In challenging clinical scenarios,
resorting to a combination of pleural tenting, phrenic
nerve block and pneumoperitoneum to obliterate
significant residual spaces may also be indicated.
Resuspension of the diaphragm by circumferential
division of its costal attachments and subsequent
suturing of the more cranial chest wall could be
taken into consideration in rare and extreme circum-
stances (Lyman Brewer maneuver).1

OSTEOTENDINOUS CHEST WALL

Until some time ago and still today in selected
patients (ie, reoperation after major previous
thoracic procedure), standard posterolateral
thoracotomy includes subperiosteal removal of 1
rib to ensure proper intrathoracic exposure. This
maneuver also contributes to reduce the volume
of the hemithorax, especially in patients with
widened intercostal spaces from significant
chronic obstructive pulmonary disease. Modern
thoracic surgery rarely contemplates tailored thor-
acoplasty for routine preventative management of
residual spaces by collapsing the apical chest
wall.24,25 However, the resurgence of multidrug-
resistant, aggressive tuberculosis and its sequelae
or other destructive pulmonary infections in immu-
nocompromised patients may mandate the oblit-
eration of an otherwise unmanageable anatomic
area (ie, the apex of the chest) when all other intra-
operative measures are unavailable.24,25

OMENTUM

The intraoperative prophylactic measures men-
tioned earlier are usually sufficient to obliterate
potentially threatening air spaces. On the other
hand, the usefulness of the omentum in solving
complex thoracic problems is well known.26 In
selected circumstances, omental flap transposition
can actually be a valuable addition to the surgical
armamentarium, especially if harvesting is con-
ducted transdiaphragmatically or via a minimally
invasive abdominal approach.27
SUMMARY

In thoracic surgery, the intraoperative solution of
difficult air space problems relies heavily on the
operating surgeon’s creativity, versatility, and
meticulous surgical technique, as well us profound
knowledge of the anatomy and past surgical heri-
tage. The same degree of expertise and experi-
ence is needed to simply observe innocent
residual spaces without resorting to unnecessary
aggressiveness. Management of residual air
spaces is an art that conclusively defines the
maturity of a thoracic surgeon.
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Use of Sealants and
Buttressing Material
in Pulmonary Surgery:
An Evidence-Based
Approach
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Air leak complicating pulmonary surgery is inevi-
table.1,2 Therefore, it is imperative to minimize its
occurrence and adverse consequences. Careful
handling of the lung and meticulous operative
technique are the foundation to meet these goals.
However, unlike control of bleeding, homeostatic
and physical mechanisms controlling air leakage
are primitive or nonexistent. The problem of air
leak is increased by the substantial and fluctuating
negative pressure gradient across the pleural
surface. Intraoperative attempts to control air
leaks proactively with sealants or staple-line but-
tressing are theoretically promising, potentially
valuable, but controversial. The contemporary
literature is reviewed, and evidence-based
grading,3 which assesses the qualities of recom-
mendations and evidence (Table 1), is used to
provide recommendations for intraoperative use
of these agents to control air leak complicating
pulmonary surgery.
SEALANTS

An ideal lung sealant should bond rapidly to lung
tissue in the presence of air, blood, or moisture,
be able to withstand inflation pressures of greater
than �40 cm H2O, have sufficient flexibility and
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compliance to permit lung inflation and deflation,
absorb without a trace, be nontoxic, and eliminate
air leaks.

The cardiac and vascular experience with fibrin
sealants for controlling bleeding led to its illogical
application as an agent for controlling air leak
complicating pulmonary surgery. Next came
attempts to develop synthetic sealants for pulmo-
nary surgery. Today, the usual sealant is collagen
fleece coated with fibrin. This evolutionary process
is proof that the quest for the perfect lung sealant
continues.

Biologic Sealants

Fibrin sealant
Fibrin sealant was developed during World War II
to stop bleeding from battle injuries. It is a mixture
of components involved in the last step of the
coagulation cascade. The principal components
are fibrin and thrombin. In the presence of calcium,
thrombin cleaves fibrinogen to produce fibrin
monomers that polymerize to form insoluble fibrin.
Fibrin also has a role in stabilization and early heal-
ing of wounds. Commercially available products
may include factor XIII, which facilitates cross-link-
ing of fibrin; fibronectin, which facilitates fibrin
adhesion; and aprotinin, which stabilizes fibrin.
air in Thoracic Surgery (Dr Rice) and the Kenneth Gee
tone).
art and Vascular Institute, Cleveland Clinic, 9500 Eu-

Institute, Cleveland Clinic, 9500 Euclid Avenue/Desk

rights reserved. th
or

ac
ic

.th
ec

li
ni

cs
.c

om

mailto:ricet@ccf.org
http://thoracic.theclinics.com


Table 1
Grading recommendations

Grade of Recommendation
and Description Benefit vs Risk and Burdens

Methodological Quality of
Supporting Evidence Implications

1A. Strong recommendation,
high-quality evidence

Benefits clearly outweigh risk and
burdens, or vice versa

RCTs without important limitations
or overwhelming evidence from
observational studies

Strong recommendation, can apply
to most patients in most
circumstances without reservation

1B. Strong recommendation,
moderate-quality evidence

Benefits clearly outweigh risk and
burdens, or vice versa

RCTs with important limitations
(inconsistent results,
methodological flaws, indirect,
or imprecise) or exceptionally
strong evidence from
observational studies

Strong recommendation, can apply
to most patients in most
circumstances without reservation

1C. Strong recommendation,
low-quality or very
low-quality evidence

Benefits clearly outweigh risk and
burdens, or vice versa

Observational studies or case series Strong recommendation, but may
change when higher-quality
evidence becomes available

2A. Weak recommendation,
high-quality evidence

Benefits closely balanced with risks
and burdens

RCTs without important limitations
or overwhelming evidence from
observational studies

Weak recommendation, best action
may differ depending on
circumstances or patients’
or societal values

2B. Weak recommendation,
moderate-quality evidence

Benefits closely balanced with risks
and burden

RCTs with important limitations
(inconsistent results,
methodological flaws, indirect,
or imprecise) or exceptionally
strong evidence from
observational studies

Weak recommendation, best action
may differ depending on
circumstances or patients’
or societal values

2C. Weak recommendation,
low-quality or very
low-quality evidence

Uncertainty in the estimates of
benefits, risks, and burden;
benefits, risk, and burden may
be closely balanced

Observational studies or case series Very weak recommendations; other
alternatives may be equally
reasonable

Abbreviation: RCT, randomized clinical trial.
From Guyatt G, Gutterman D, Baumann MH, et al. Grading strength of recommendations and quality of evidence in clinical guidelines. Chest 2006;129:176; with permission.
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Experimental evidence
In rats, application of fibrin sealant to suture
closure of lung incisions permits statistically signif-
icantly higher lung inflation pressure.4 In contrast,
in rabbits, no difference has been found in the
ventilatory pressure required to produce air leak
with application of fibrin sealant applied to suture
closure of pulmonary wedge resections.5 Suture
closure was superior to fibrin sealant alone;
however, fibrin sealant produced less hemorrhagic
pulmonary necrosis than suture or suture and fibrin
sealant closures. In dogs, fibrin sealant applied to
a standard pleural defect significantly decreased
mean air leak in a 90-minute period compared
with controls (2.1–0.5 [mean decrease, 81%] vs
1.4–1.1 L/min [mean decrease, 20%], P<.0001),
although no explanation was given for the larger
initial air leak in the fibrin sealant group.6 At 3
months, pleural adhesions were similar. In pigs,
fibrin sealant was superior to albumin in preventing
air leak from wedge resection sites at inflation
pressures of 20 cm H2O (P<.001), 30 cm H2O
(P<.001), and 45 cm H2O (P value not stated
[NS]), and after 10 minutes of airway clamping
after application of sealant and before ventilation
(P 5 .002).7

Method of application may determine the ability
of fibrin sealant to control air leak. In dogs, the
sealing effect of fibrin glue was unstable for 12
hours after its application.8 The application tech-
nique that allowed the fibrin seal to reach its full
strength fastest was rubbing the target area with
fibrinogen and then spraying with fibrinogen and
thrombin.

Clinical evidence
Lung volume reduction surgery There has been 1
randomized study evaluating fibrin sealant in lung
volume reduction surgery (LVRS) (Table 2). In
a single-institution study of 25 consecutive patients,
Moser and colleagues9 randomized each side of
a bilateral LVRS to receive autologous fibrin sealant
sprayed along staple lines (treatment) and not
(control) (evidence grade 1B). Intraoperative ran-
domization occurred after completion of LVRS on
the first side. Air leaks were independently quantified
by 2 blinded observers from 0 (none) to 4 (continuous
severe) 1.5 to 2 hours after surgery and twice a day
until chest tube removal. Mean total air leak scores
for the first 48 hours were 4.7 � 7.7 in the treatment
group versus 16 � 10 in controls (nonparametric
because of skewed distribution, P<.001). Air leak
occurred in 14 of 24 versus 23 of 24, respectively.
Prolonged air leaks (more than 7 days) were less
frequent in the treatment group than in the control
group (4.5% vs 32%, respectively, P 5 .03) and
duration of chest tube drainage shorter (2.8 � 1.9
vs 5.9 � 2.9 days, respectively, P<.001). Difference
in hospital stay could not be assessed because
each patient served as his or her own control own
control.

Pulmonary resection There have been 7 random-
ized studies evaluating fibrin sealant in pulmonary
resections (see Table 2). In a single-institution
study of 28 consecutive patients undergoing
lobectomy, Fleisher and colleagues10 randomized
patients to receive fibrin sealant (fibrinogen, factor
XIII, fibronectin, aprotinin, plasminogen, thrombin,
and calcium) sprayed onto parenchymal staple
lines and any cut surface (treatment) and not
(control) (evidence grade 2B). Paradoxically, plas-
minogen was used in this commercial preparation.
Although data were skewed, parametric analyses
were used. Comparing treatment with control
groups, there was no difference in mean air leak
duration (2.3 � 3.7 vs 3.3 � 3.3 days, respectively,
P>.9), duration of chest tube drainage (6.0� 4.1 vs
5.9� 3.9 days, respectively, P>.9), or hospital stay
(9.8 � 3.1 vs 11.5 � 3.9, respectively, P 5 .2).

In a single-institution study of 50 consecutive
patients undergoing bilobectomy or less, including
decortication, Wurtz and colleagues11 randomized
25 patients to receive fibrin sealant (fibrin, fibro-
nectin, factor XIII, aprotinin, thrombin, and
calcium) applied to the surgical sites (treatment)
and 25 patients not (control) (evidence grade 2B).
There was no difference in quality of air leak
control, volume of chest tube drainage, residual
pleural fluid collection, failed lung expansion
following chest tube removal, or hospital stay.

In a second study of 50 consecutive patients
undergoing bilobectomy or less, including decorti-
cation, Wurtz and colleagues12 randomized 24
patients to receive fibrin sealant (fibrin, fibronectin,
factor XIII, aprotinin, aprotinin, plasminogen,
thrombin, and calcium) applied to the surgical
sites (treatment) and 25 patients not (control)
(evidence grade 2B). Paradoxically, plasminogen
was used in this preparation. Comparing treatment
with control groups, the magnitude of air leak (as
measured by loss of vacuum in the closed thorax)
was less in the treatment group (15 � 12 vs 31 � 26
cm H2O, respectively, P<.05). However, there was
no difference in volume of chest tube drainage,
complications, or hospital stay (9.9 � 2.4 vs 11 �
3.9 days, respectively, P 5 NS).

In a single-institution study of 114 consecutive
patients undergoing pulmonary resections and
decortications, Mouritzen and colleagues13

randomized 55 to receive fibrin sealant (fibrinogen,
factor XIII, aprotinin, thrombin, and calcium)
sprayed along staple lines and cut lung surfaces
and 59 patients not (control) (evidence grade 2C).



Table 2
Fibrin sealants: findings in RCTs

Procedure/
First Author

Reduction in Air Leak Reduction in: Difference in:

Evidence
GradeMagnitude Incidence Duration

Chest Tube
Duration

Hospital
Stay Cost Complications

LVRS

Moser et al9 Y Y Y Y NA NS � 1B

Resection

Fleisher et al10 NS NR � � � NS � 2B

Wurtz et al11 � NR NR NR � NS � 2B

Wurtz et al12 Y NR NR NR � NS � 2B

Mouritzen
et al13

NS Y � � � NS � 2C

Wong and
Goldstraw14

NS NR � � � NS � 2B

Belboul et al15 Y Y immediate
� any day

NR � � NS � 2A

Fabian et al16 NS Y Y Y � NS � 2B

Metastasectomy

Brega Massone
et al17

NS NR Y Y Y NS � 2C

Abbreviations: Y, decrease; �, no difference; NA, not applicable; NR, not reported; NS, not studied.
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Pneumonectomy was performed in 51 patients, 24
in the treatment group and 27 in the control group.
In an observational subgroup study of those not
undergoing pneumonectomy, fibrin sealant
improved intraoperative air leak control, with
81% free from air leaks when airway pressure
was raised to 30 cm H2O. Comparing treatment
with control groups, fibrin sealant reduced occur-
rence of air leaks (39% vs 66%, respectively,
P<.02). Duration of air leak and several minor
criteria (outcomes) were not different between
groups.

In a single-institution study of 66 patients under-
going lobectomy, segmentectomy, or decortica-
tion by a single senior surgeon and judged
intraoperatively to have a moderate to severe air
leak, Wong and Goldstraw14 randomized equal
numbers to receive fibrin sealant (fibrinogen,
factor XIII, fibronectin, aprotinin, thrombin, and
calcium) sprayed onto to the raw lung surfaces
(treatment) and not (control) (evidence grade 2B).
Two independent observers, blinding not stated,
assessed outcome. Comparing medians between
treatment and control groups, duration of air leak
(5 [range, 0.1–22] vs 4 [1–16] days, respectively,
P 5 .8), duration of chest tube drainage (6 [range,
2–23] days, respectively, P 5 .08), and hospital
stay (8 [range, 4–35] vs 9,[5–20] respectively,
P 5 .6) were similar, although parametric tests of
these nonparametric data seem to have been
performed.

In a single-institution study of 40 consecutive
patients undergoing lobectomy by 1 of 4 surgeons,
Belboul and colleagues15 randomized equal
numbers to receive autologous fibrin sealant
sprayed onto all dissected areas at risk for air leak
and not (control) (evidence grade 2A). A blinded
observer made all postoperative assessments.
Comparing treatment with control groups, fibrin
sealant reduced mean volume of air leak (15 � 0.3
vs 0.7 � 0.6 L, respectively, method of measure-
ment not stated, P 5 .01) and occurrence of air
leak immediately postoperatively (20% vs 60%,
respectively, variability not stated, P 5 .02) but not
postoperatively (40% vs 65%, respectively, vari-
ability not stated, P 5 .2). There were no differences
(median [quartiles]) between the treatment and
control groups in duration of chest tube drainage
(1 [1.2] vs 2 [1.4] days, respectively, P 5 .07), dura-
tion of thoracic epidural analgesia (2 [2.3] vs 3 [2.5]
days, respectively, P 5 .07), or hospital stay (4
[4.5] vs 4.5 [4.7] days, respectively, P 5 .12).

In a single-institution study of 113 patients
undergoing lobectomy, segmentectomy, or wedge
resection by 2 surgeons, Fabian and colleagues16

randomized 50 consecutive patients to receive
fibrin sealant (fibrinogen, procoagulants, aprotinin,
thrombin, and calcium) sprayed to raw and stapled
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lung surfaces (treatment) and 50 patients not
(control) (evidence grade 2A). A blinded observer
made all postoperative assessments. Comparing
treatment with control groups, fibrin sealant had
a decreased mean duration of air leak (1.1 [range,
0–10] vs 3.1 [0–19] days, respectively, variability
not stated, P 5 .005) mean time to chest tube
removal (5 vs 3.5 days, respectively, measure of
variability not given, P 5 .02), and overall occur-
rence of air leak (68% vs 34%, respectively,
measure of variability not given, P 5 .001).
However, hospital stay (4.6 vs 4.9 days, respec-
tively, measure of variability not given, P 5 .3),
and percentage of patients discharged with a chest
tube (2% vs 16%, respectively, measure of vari-
ability not given, P 5 .3) were similar.

Metastasectomy—precision cautery There has been
1 randomized study evaluating fibrin sealant in
pulmonary metastasectomy (see Table 2). In
a single-institution study of 100 consecutive
patients undergoing cautery excision of pulmonary
metastases, Brega Massone and colleagues17

randomized equal numbers to receive fibrin
sealant (fibrinogen, factor XIII, fibronectin, plas-
minogen, aprotinin, thrombin, and calcium)
sprayed onto metastasectomy site (treatment)
and cautery alone (control) (evidence grade 2C).
Paradoxically, plasminogen was used in this
commercial preparation. Comparing treatment
with control groups, fibrin sealant had a decreased
duration of air leak (2.6 � 1.7 vs 7.8 � 8.5 days,
respectively, P<.001), mean time to chest tube
removal (4.5 � 1.8 vs 9.5 � 8.3 days, respectively,
P<.001), and hospital stay (6.5 � 1.8 days vs 11.5
� 8.3 days, respectively, P<.001), but distribution
of these data in the control group is skewed, so
test statistics are suspect.

Complications
As with all human blood products, transmission of
infections is a consideration. In lung surgery, this
complication has not been attributed to fibrin seal-
ants. Bovine-derived thrombin and aprotinin could
potentially transmit bovine spongiform encepha-
litis and may, after repeated exposure, produce
anaphylactic reactions. There has been a single
report of anaphylaxis with use of fibrin sealant in
pulmonary surgery.18 After 7 applications of fibrin
sealant following myringoplasty, its use during
lobectomy was associated with severe hypoten-
sion and 2 days of hemodynamic instability. Immu-
noglobulin E (IgE) antibodies targeted bovine
aprotinin as the source of this allergic reaction.

Recommendations
Fibrin sealants variably reduce the magnitude,
occurrence, and duration of air leak following
pulmonary surgery (see Table 2). These inconsis-
tent improvements did not reliably translate into
reduced duration of chest tube drainage or
hospital stay (see Table 2). Use of fibrin sealants
has not been associated with increased or specific
complications. Cost studies have not been per-
formed. Routine use of fibrin sealant in pulmonary
surgery, prophylactically or for air leaks present at
operation, is not supported by this evidence-
based literature review.

Synthetic Sealant

Glutaraldehyde-albumin sealant
Glutaraldehyde is a preservative and disinfectant
that exerts its action by cross-linking proteins. It
has been infrequently used as a pulmonary
sealant, experimentally and clinically.

Experimental evidence
In sheep, application of glutaraldehyde-albumin
sealant to suture closure of lung incisions
produced a granulomatous reaction 4 weeks post-
operatively; this was not seen with suture
closure.19 No air leaks occurred in either group.
However, at 12 weeks there were few remnants
of sealant surrounded by fibrous scar tissue, with
no evidence of granuloma. In rats, a glutaralde-
hyde-based sealant was superior to fibrin sealant
or cyanoacrylate-based sealant in control of air
leak from thermally injured lungs.20 Glutaralde-
hyde sealant tightly adhered to the damaged
lung surface, unlike the other sealants, and
complete pneumostasis was achieved. At 20
days after surgery, it was encased and fragmented
and, by 40 days, partially absorbed. In pigs, the
composition and preparation of experimental
glutaraldehyde-albumin sealants was found to
influence cohesive and adhesive strengths and
thus quality of air leak control.21 The glutaralde-
hyde-based sealant with the highest cohesive
and adhesive strengths was the most effective
lung sealant.

Clinical evidence
Pulmonary resection There has been 1 random-
ized study evaluating glutaraldehyde-albumin
sealant in pulmonary resection (Table 3). In
a single-institution study of 52 patients undergoing
pulmonary resection by 1 of 3 surgeons and judged
intraoperatively to have an air leak, Tansley and
colleagues22 randomized 25 patients to receive
a mixture of glutaraldehyde and bovine serum
albumin applied to air leaks from the pulmonary
surface (treatment) and 27 not (control) (evidence
grade 1B) (see Table 3). Comparing treatment
with control groups, the sealant group was
reported to have shorter duration of air leak



Table 3
Synthetic sealants: findings in RCTs

Sealant/
First Author

Reduction in Air Leak Reduction in: Difference in:

Evidence
GradeMagnitude Incidence Duration

Chest Tube
Duration

Hospital
Stay Cost Complications

Glutaraldehyde

Tansley et al22 NS Y Y Y Y NS � 1B

Polyethylene
glycol

Macchiarini
et al23

NS Y � � � � � 2A

Porte et al24 Y Y 4 day
� 6 day

Y NR � NS � 2B

Wain et al25 NS Y Y � � NS � 1B

Allen et al26 NS Y � � Y NS � 1B

D’Andrilli et al27 NS Y Y NR � NS � 2B

Abbreviations: Y, decrease; �, no difference; NR, not reported; NS, not studied.
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(median [interquartile range] 1 [0–2] vs 4 [2–6] days,
respectively, P<.001), shorter duration of chest
tube drainage (4 [3–4] vs 5 [4–6] days, respectively,
P 5 .01), and shorter hospitalization (6 [5–7] vs
7 [7–10] days, respectively, P 5 .004).

Complications
Although other aldehydes, such as formaldehyde,
have been associated with increased upper respi-
ratory tract cancers and leukemia, glutaraldehyde
in a small series has not been found to have such
associations.28 Release of glutaraldehyde from
albumin-glutaraldehyde tissue adhesive has been
shown to cause in vitro and in vivo cellular
toxicity.29 Pulmonary fibrosis has been reported
as a complication of glutaraldehyde sealant.30 In
a pulmonary sealant trial using bovine serum
albumin, increased antibovine serum albumin anti-
bodies were reported in patients receiving sealant
during pulmonary resection, but this was not asso-
ciated with any detectable clinical events.31

Polyethylene glycol sealants
Unlike other sealants, polyethylene glycol–based
sealants do not form a covalent bond with tissue,
but create a mechanical bond by interpolation of
the sealant into irregular surfaces. These hydro-
gels absorb water for 24 hours and therefore can
tolerate moist surfaces, but not bleeding. The
sealant is degraded by hydrolysis.

Experimental evidence
In pigs, no air leak was detected from bronchial
stumps closed with staples and coated with
sealant or with sealant alone.23 In rats, a
polyethylene glycol sealant was superior to fibrin
sealant in sealing pleural defects.32 Higher burst
pressures were measured for the polyethylene
glycol sealant at time 0 and day 3, but not day 7.
In dogs, a combination of fibrin and polyethylene
glycol sealant was superior to fibrin sealant alone
or fibrin-glue–coated collagen fleece in sealing
pleural defects.33 In this combination sealant,
resistance to air leak with increasing inflation pres-
sure was better at 5 minutes, 1 hour, and 3 hours
after application, and increased with time.

Clinical evidence

Pulmonary resection There have been 5 random-
ized studies evaluating polyethylene glycol–based
sealants in pulmonary resections (see Table 3). In
a 2-institution study of 26 patients with an air leak
undergoing lobectomy or less, Macchiarini and
colleagues23 randomized 15 patients to receive
a light-activated polyethylene glycol–based
sealant applied to all surgical sites, excluding the
bronchial stump (treatment) and 11 not (control)
(evidence grade 2A). Comparing treatment with
control groups, the sealant group was reported
to have improved sealing of intraoperative air
leak (100% vs 18%, respectively, P 5 .001) and
postoperative freedom from air leak (77% vs 9%,
respectively, P 5 .001). However, duration of chest
tube drainage, hospitalization, and cost were
similar.

In a single-institution study of 124 patients with
an air leak undergoing lobectomy by 1 of 2
surgeons, Porte and colleagues24 randomized 59
patients with moderate to severe intraoperative
air leak to receive a light-activated polyethylene
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glycol polymer sealant applied to all leaking or at-
risk surgical sites (treatment) and 61 patients not
(control). Comparing treatment with control
groups, the sealant group was reported to have
reduced mean air leak volume after treatment (38
� 43 vs 60 � 53 mL, respectively, P 5 .04, but
distribution of data is skewed and statistical tests
inappropriate), reduced mean time to last air leak
(34 vs 63 hours, respectively, P 5 .01), and
increased percentage of patients free of air leak
at day 4 (87% vs 59%, respectively, P 5 .002).
However, percentage of patients free of air leak
at day 6 (87% vs 78%, respectively, P 5 NS) and
in-hospital stay (9.2 � 5.0 vs 8.6 � 3.3 days,
respectively, P 5 NS) were similar. Empyema not
seen in controls was reported in 4 treatment
patients. In an additional 20 treatment patients,
computed tomography findings were suggestive
of empyema, which cleared in 10.

In a multi-institutional study of 172 consecutive
patients undergoing bilobectomy or less, Wain
and colleagues25 randomized 125 to receive
a light-activated polyethylene glycol polymer
sealant applied to leaking sites (treatment) and
55 patients not (control) (evidence grade 1B).
Comparing treatment with control groups, the
sealant group was reported to have increased
percentage of patients without air leak at skin
closure (92% vs 29%, respectively, P % .001),
increased freedom from air leak during hospitaliza-
tion (39% vs 11%, respectively, P % .001), and
reduced time from skin closure to last observable
air leak (31 � 5.0 vs 52 � 12 hours, respectively,
P 5 .006). However, duration of chest tube
drainage and hospital stay were similar.

In a 5-institution study of 161 patients with an air
leak undergoing bilobectomy or less, Allen and
colleagues26 randomized 95 to receive polyeth-
ylene glycol polymer sealant applied to leaking
sites (treatment) and 53 patients not (control)
(evidence grade 1B). The primary end point,
percentage of patients free of air leak at 1 month
follow-up, was realized in 35% of treatment
patients and 14% of controls (P 5 .005).
Comparing treatment with control groups, the
sealant group was reported to have shorter median
hospital stay (6 [range, 3–23] vs 7 [range, 4–38]
days, respectively, P 5 .03). Secondary end points
(mortality, morbidity, duration of chest tube
drainage, and immune response) were similar.

In a single-institution study of 203 patients with
an air leak undergoing bilobectomy or less, D’An-
drilli and colleagues27 randomized 102 to receive
polyethylene glycol sealant applied to leaking sites
(treatment) and 101 patients not (control)
(evidence grade 2B). Comparing treatment with
control groups, the sealant group was reported
to have decreased intraoperative air leak occur-
rence (85% vs 59%, respectively, P<.001), 24-
and 48-hour postoperative air leak occurrence
(20% vs 41%, P 5 .001; and 24% vs 42%,
respectively, P 5 .006), and duration of air leak
(3.5 � 1.7 vs 4.2 � 2.4 days, respectively, P 5
.01 [95% confidence interval (CI) 0.13, 1.27 for
difference]). Duration of hospital stay was similar.

Complications
There have been no reports of specific complica-
tions associated with polyethylene glycol–based
sealants in pulmonary surgery.

Recommendations
Compared with fibrin sealants, synthetic sealants
more reliably decrease magnitude, occurrence,
and duration of air leak. However, this does not
result in reduced duration of chest tube drainage
or hospital stay. Cost savings were not seen in
the only study evaluating cost. Evidence-based
literature does not support routine use of synthetic
sealants, prophylactically or for established air
leaks, in pulmonary surgery (see Table 3).
However, this recommendation may be moot
because polyethylene glycol–based sealants are
no longer produced or available in the United
States.

Collagen fleece–bound fibrin sealants
Fibrin-coated collagen sheets were introduced as
hemostatic agents in vascular, liver, and kidney
surgery. This refinement of fibrin sealants has
been proposed as a sealant for air leaks. Consid-
ered a dual agent, a potential advantage is control
of air leaks from a bleeding surface.

Experimental evidence
In pigs, collagen fleece–bound fibrin sealant was
no more effective than electrocautery in reducing
magnitude of air leak from a standardized pulmo-
nary injury.34 Adhesion score was similar 8 weeks
after surgery. Method of application may deter-
mine the ability of fibrin sealant to control air
leak. In dogs, the sealing effect of collagen
fleece–bound fibrin sealants was inferior to fibrin
sealant.8

Clinical evidence
Pulmonary resections There have been 5 random-
ized studies evaluating collagen fleece–bound
fibrin sealants in pulmonary resections (Table 4).
In a 5-institution study of 189 consecutive patients
undergoing lobectomy, Lang and colleagues35

randomized 96 patients to receive equine collagen
fleece coated with human fibrinogen and collagen
to all surgical sites (treatment) and 93 not (control)
(evidence grade 2A). Comparing treatment with



Table 4
Fleece-bound sealants: findings in RCTs

First Author

Reduction in Air Leak Reduction in: Difference in:

Evidence
GradeMagnitude Incidence Duration

Chest Tube
Duration

Hospital
Stay Cost Complications

Lang et al35 Y Intraoperatively
� Postoperatively

� � NS NS NS � 2A

Anegg
et al36,37

Y � � Y Y � � 2C

Droghetti
et al38

Y Y Y � � � � 2A

Rena et al39 Y Y Y Y Y NS � 2B

Marta et al40 ? Y Y ? ? ? � ?

Abbreviations: Y, decrease; �, no difference; ?, not yet published; NS, not studied.
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control groups, the sealant group was reported to
have decreased magnitude of air leak intraopera-
tively by 1 or 2 levels on a 4-level air leak scale
(74% vs 51%, respectively, P 5 .015). However,
mean magnitude of intensity of air leak postopera-
tively measured by a 9-level air leak meter (0.8 �
1.7 vs 1.3� 2.8, respectively, P 5 .07), occurrence
of air leak at 48 hours (34% vs 37%, respectively,
P 5 .8), and duration of air leak (1.7 � 1.2 vs 2.0 �
1.8, respectively, P 5 .07) were similar.

In a single-institution study of 152 consecutive
patients with an air leak undergoing lobectomy or
segmentectomy, Anegg and colleagues36

randomized 75 patients to receive equine collagen
fleece coated with human fibrinogen and collagen
to all pulmonary surfaces with air leak (treatment)
and 77 not (control) (evidence grade 2C). All
comparisons were done with t-tests, despite
some time-related measures and skewed data,
that, combined with inconsistently reported vari-
ability, make the analysis difficult to interpret.
Comparing treatment with control groups, the
sealant group was reported to have decreased
mean magnitude of air leak intraoperatively (153
[range, 10–450] vs 251 [range, 15–970] mL/min,
respectively) and at day 1 postoperatively (44 vs
86 mL/min, respectively, variability not stated,
P 5 .02), but not at day 2 postoperatively (20 vs
42 mL/min, respectively, variability not stated, P
5 .2). Duration of air leak was similar. Comparing
treatment with control groups, the sealant group
was reported to have decreased duration of chest
tube drainage (5.1 vs 6.3 days, respectively, vari-
ability not stated, P 5 .02) and hospital stay (6.2
vs 7.7 days, respectively, variability not stated,
P 5 .01). In a secondary analysis of this study,
the increased cost of the collagen fleece–bound
fibrin sealant, a tenfold increase in technical costs,
was offset by the 1.5-day reduction in hospital
stay.37 Use of sealant was reported to reduce
costs by V99.

In a single-institution study of 40 consecutive
patients undergoing lobectomy, Droghetti and
colleagues38 randomized 20 to receive equine
collagen fleece coated with human fibrinogen
and collagen to all fissures divided by electrocau-
tery (treatment) and 20 with stapler division of
fissures (control) (evidence grade 2B). Comparing
treatment with control groups, the sealant group
had a decreased magnitude of air leak (P 5 .03),
occurrence of air leak at 48 hours (50% vs 95%,
respectively, P 5 .001), and mean duration of air
leak (1.7 [range, 0–10] vs 4.5 [range, 0–16] days,
respectively, P 5 .003). Durations of chest tube
drainage and hospital stay were similar. Mean
technical costs were higher in the sealant group
(V630 vs V435, respectively, no variability stated,
P 5 .001), but overall hospital costs were similar.

In a single-institution study of 60 consecutive
patients with chronic obstructive pulmonary
disease and lung cancer undergoing lobectomy,
Rena and colleagues39 intraoperatively random-
ized 30 patients to receive equine collagen fleece
coated with human fibrinogen and collagen to all
fissures divided by electrocautery (treatment) and
30 with stapler division of fissures (control)
(evidence grade 2B). Interpretation of results is
difficult because skewed data were interpreted
by parametric analyses. Comparing treatment
with control groups, the sealant group had
a decreased magnitude of air leak (182 � 162 vs
293 � 209 mL/min, respectively, P 5 .03), occur-
rence of air leak immediately postoperatively and
at 1 day and 3 days postoperatively (immediate
70% vs 90%, respectively, P 5 NS; 1 day 63%
vs 90%, respectively, P 5 .03; and 3 days 20%
vs 50%, respectively, P 5 .03), mean duration of
air leak (1.6 � 2.0 vs 4.3 � 4.1 days, respectively,
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Fig. 1. Survival from air leak of unreinforced staple
lines and staples reinforced with ePTFE or BP. Survival
or freedom from air leaks was significantly different
for all comparisons. (Adapted from Murray KD, Ho
CH, Hsia JY, et al. The influence of pulmonary staple
line reinforcement on air leaks. Chest 2002;122:2148;
with permission.)
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P 5 .001), mean chest tube duration (3.5 � 1.6 vs
5.9 � 3.7 days, respectively, P 5 .002), and
hospital stay (5.9 � 1.1 days vs 7.5 � 3.2 days,
respectively, P 5 .01).

In a 12-institution study of 301 patients under-
going lobectomy with grade 1 or 2 air leaks, Marta
and colleagues40 intraoperatively randomized 149
patients to receive equine collagen fleece coated
with human fibrinogen and collagen to all fissures
divided by stapler (treatment) and 150 with stapler
division of fissures (control) (evidence grade ?).
Only a published abstract is available at the time
of writing this manuscript. Comparing treatment
with control groups, the sealant group had
a decreased occurrence of air leak immediately
postoperatively (32% vs 58%, respectively, P 5
.02), duration of air leak (P 5 .03), and percentage
of patients free of air leak at discharge (30% vs
19%, respectively, P 5 .02). No other results were
available at the time of writing this manuscript.

Complications
Equine-derived collagen on re-exposure could
theoretically produce anaphylactic reactions. As
with all human blood products, transmission of
infections is a consideration. In lung surgery, these
complications have not been attributed to collagen
fleece–bound fibrin sealants.

Recommendations
Despite being the most recent experience, studies
of collagen fleece–bound fibrin sealants are, to
date, the least well conducted and analyzed.
Evidence-based literature does not support the
routine use of these sealants in pulmonary surgery
(see Table 4).

STAPLE-LINE BUTTRESSING

In the early to mid-1990s, resurgence and aggres-
sive application of surgery for emphysema
produced an epidemic of air leaks complicating
LVRS. In this setting, many air leaks result from
resection of fragile, damaged, emphysematous
pulmonary parenchyma. The complication is
magnified by long resection lines necessary to re-
move large portions of the most diseased lung. To
deal with this almost universal complication,
Cooper41 reintroduced and refined the concept
of staple-line buttressing (evidence grade 2C).
Borrowed from vascular surgery and described
before the introduction of LVRS (evidence grade
2C),42–46 buttressing theoretically supports the
emphysematous tissues and provides an anchor
into which staples can be fired. By sandwiching
lung between buttress materials, the forces
produced on inspiration are distributed along the
length and depth of the staple line. These
buttressing techniques were rapidly adopted with
incomplete supporting evidence. Only late in the
LVRS experience did some data become
available.

Experimental evidence
Murray and colleagues47 measured the airway
pressure necessary to produce staple-line air
leaks in cadaver lungs. Two types of linear cutting
staplers were used to produce nonbuttressed and
buttressed staple lines. Buttress material was
bovine pericardium (BP) or expanded polytetra-
fluoroethylene (ePTFE). At airway pressure of
15 cm H2O, no air leaks were seen. Air leaks
from nonbuttressed staple lines increased expo-
nentially after this pressure, with 100% staple-
line leakage at airway pressure greater than 60
cm H2O (Fig. 1). The percentage of buttressed
staple lines developing air leaks increased linearly
until more than 55 cm H2O (burst pressure); there-
after, 100% developed air leaks (see Fig. 1).
Airway pressure (95% CI) when half of staple lines
leaked was 20 to 25 cm H2O for nonbuttressed
staple lines, 40 to 55 cm H2O for BP-buttressed
staple lines, and at least 55 cm H2O for ePTFE-
buttressed staple lines. For this study, 2 different
staplers were used; there was no difference in air
leaks between them.

In dogs, nonbuttressed staple lines were inferior
to 3 types of buttressed staple lines.48 Mean pres-
sure at which air leak occurred was 10.8 cm H2O
higher with buttressing. There was no difference
among BP, ePTFE, or prototype ePTFE
buttresses.

In pigs, 4 types of buttressing materials were
compared and no buttressing served as control.49
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Along with BP and ePTFE, a bioabsorbable mate-
rial, polyglycolic acid-trimethylene carbonate, and
porcine small intestinal submucosa (SIS) were
studied. No air leaks were seen in any staple line
(including control) at airway pressures less than
20 cm H2O. Unlike other experimental studies,
no buttressing material except SIS (P<.04) was
better than none at preventing air leaks (Fig. 2).

In the lung, tissue response to BP and ePTFE
are different. In dogs, BP incited focal chronic
inflammation at 30 days; however, no tissue incor-
poration was seen up to 167 days after surgery.50

In contrast, ePTFE incited minimal inflammation
and had increasing tissue incorporation over time
(P>.0001). Despite this difference, there were no
air leaks, staple-line disruptions, or infections in
either study group.

Clinical evidence
LVRS Three randomized studies have been con-
ducted in patients undergoing LVRS. In a 2-institu-
tion study of 123 consecutive patients, Hazelrigg
and colleagues51 randomized 58 patients to
receive BP-buttressed staple lines and 65 not
(control) (evidence grade 2C). Patients with
buttressed staple lines had a shorter duration of
chest tube drainage compared with controls (7.9
vs 10.4 days, respectively, P 5 .04) and shorter
hospital stay (8.6 vs 11.4 days, respectively, P 5
.03). Hospital costs were similar between groups;
however, data were skewed, so true results are
not interpretable.

In a single-institution study of 60 consecutive
patients, Santambrogio and colleagues52 random-
ized an equal number of patients to receive BP-
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Fig. 2. Percentage of staple lines that are leak free as
a function of pressure (cm H2O). Leak occurrence was
substantially improved with reinforcement of the
staple lines with SIS. BASG, bioabsorbable Seamguard.
(Adapted from Downey D, Harre JG, Pratt JW. Func-
tional comparison of staple line reinforcements in
lung resection. Ann Thorac Surg 2006;82:1881; with
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buttressed staple lines and not (control) (evidence
grade 2B). Air leak duration did not differ between
groups. However, air leak duration increased with
increasing radiographic emphysema score
(P<.001). In subgroup analysis, air leak duration
was significantly reduced only in patients with
the most severe emphysema score who received
buttressed staple lines (P 5 .02).

In a 3-institution study of 74 consecutive
patients, Stammberger and colleagues53 random-
ized 32 patients to receive BP-buttressed staple
lines and 33 not (control) (evidence grade 2A).
Median duration of air leak was shorter in the
buttressed group compared with controls (0
[range, 0–28] vs 4 [range, 0–27] days, respectively,
P<.001), as was median duration of chest tube
drainage (5 [range, 1–35] vs 7.5 [range, 2–29]
days, respectively, P 5 .04). This difference did
not result in shorter hospital stay (P 5 .14).

In an observational study of 57 consecutive
patients, Fischel and McKenna54 compared BP-
buttressed staple lines in 1 lung with bovine
collagen (BC)–buttressed staples in the contralat-
eral lung (evidence grade 2B). There was no differ-
ence in time to chest tube removal with either
technique. However, use of BC was associated
with an 80% lower cost. In another observational
study of 10 patients undergoing LVRS, BP-
buttressed stapling in 1 lung was compared with
bovine serum albumin- and glutaraldehyde-
coated staple lines in the contralateral lung
(evidence grade 2C).55 In this underpowered
study, no difference was found in duration of air
leak or amount or duration of chest tube drainage.

A secondary analysis of National Emphysema
Treatment Trial (NETT) data focused on air leaks
(evidence grade 1B).56 Data were available in 552
of 580 patients treated with bilateral stapled
LVRS. Ninety percent experienced air leaks within
30 days of surgery. Only patient factors, lower
diffusing capacity, upper-lobe emphysema, and
important pleural adhesions were predictors of
air leaks. Surgical factors such as staple-line but-
tressing, stapler brand, or intraoperative adjunc-
tive procedures were not associated with fewer
or less-prolonged air leaks (PR.2).
Pulmonary Resection

Two randomized studies have examined the effect
of staple-line buttressing in patients undergoing
pulmonary resections. In a single-institution study,
Venuta and colleagues57 randomized 30 consecu-
tive patients with incomplete pulmonary fissures
undergoing lobectomy into 3 equal-size groups
(evidence grade 2B). Three techniques were used
for fissure control: BP-buttressed staple lines;
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nonbuttressed staple lines; and old-fashioned
cautery, clamps, and silk ties (control). In patients
with buttressed staple closure of incomplete
fissures, duration of air leaks (2 � 0.94, 5.3 � 2.0,
5.3 � 1.7 days, respectively) and hospital stay
(4.4� 0.96, 7.8� 2.1, 7.2� 1.5 days, respectively)
were shorter (P>.0001).

In a 2-institution study of 80 consecutive
patients undergoing lobectomy or segmentec-
tomy, Miller and colleagues58 randomized 40
patients to staple-line buttressing with BP and 40
not (control) group (evidence grade 2B). Duration
of air leak, duration of chest tube drainage, length
of intensive care unit (ICU) stay, length of hospital
stay, and cost were similar between groups, but
portions of the data were skewed, so information
is difficult to interpret.

Complications

BP buttressing has been associated with unique
complications. It has produced symptomatic
mass lesions suggestive of malignancy or inhaled
foreign body.59 Hemoptysis and expectoration of
staples (metalloptysis) and pieces of BP have
been reported.60–64 Better tissue incorporation of
ePTFE may account for the infrequent complica-
tions reported with the use of this buttressing
material.65

Recommendations

Staple-line buttressing in experimental and clinical
applications has produced variable and equivocal
effects on air leak reduction. In LVRS, patient
factors, not surgical techniques, seem to be the
strongest determinants of air leak. Routine use of
staple-line buttressing in pulmonary surgery is
not supported by evidence-based literature. If
used, it should be on a per-patient basis with the
realization that its effectiveness is hypothetical.
BP is associated with specific unique complica-
tions that make it the least desirable buttressing
material.

SUMMARY

An evidence-based analysis of the current litera-
ture does not support routine use, prophylactically
or for air leaks present at operation, of sealants
(median evidence grade 2B) or buttressing mate-
rial (median evidence grade 2B) in pulmonary
surgery.
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Air leakage after pulmonary resections is consid-
ered the most prevalent postoperative problem,
and it is often the only morbidity identified.1,2

This common accident usually is not considered
a complication per se but because it favors an
increased rate of other complications and the
duration and costs of hospitalization.1,2 Air leaks
are considered prolonged or persistent if they
last for more than 5 to 7 days3; this happens in
8% to 26% of patients undergoing routine pulmo-
nary resections.1,4–7 When an air leak is still
present on the fourth postoperative day, the
chance of air leak on postoperative day 7 is 83%.8

Emphysema is clearly the primary risk factor
both in the group of patients undergoing standard
lobectomy9 and, more obviously, among those
undergoing lung volume reduction surgery
(LVRS).10 This basically is related to the anatomic
modifications developed in this subset of patients,
with continuous airway inflammation, fibroblasts
derangement, and collagen production and heal-
ing impairment; continuous steroid administration
contributes to the former aspect. Although chronic
obstructive pulmonary disease (COPD) is the
leading risk factor, there are other preoperative
and intraoperative predictive variables that might
contribute to the development of persistent air
leaks: age, infections, associated parenchymal
(interstitial) disease, diabetes mellitus, administra-
tion of induction therapy, malnutrition, tissue
hypoxia, presence of adhesions or incomplete
fissures, upper lobectomy or bilobectomy.11 The
incidence of this problem is similar in patients
undergoing open and thoracoscopic procedures.
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Ideally, treatment begins with prevention;
patients should be well prepared before surgery.
Also, intraoperative strategies to prevent and
manage air leaks and residual spaces should be
attempted.

Once an air leak develops, in most of the cases it
will seal spontaneously within 2 or 3 days of oper-
ation.2 When it persists longer, parenchymal
leakage (alveolar–pleural fistula) should be distin-
guished immediately from bronchopleural fistulas;
the latter poses serious problems and requires
different treatment strategies including early reop-
eration, closure, and protection of the suture line
with well vascularized flaps.

The underlying mechanisms of spontaneous air
leak resolution are still unknown, although the
development of pleural–pleural adhesions seems
the most plausible. This mechanism could be
postulated since in patients without pleural appo-
sition (presence of persistent air space) the
leakage usually last longer, and management is
a much more formidable problem.

The postoperative approach to a prolonged air
leak includes management of the pleural drainage
and residual space, pleurodesis, pneumoperito-
neum, deployment of endobronchial one-way
valves, and potential reoperation.
c

PLEURAL DRAIN MANAGEMENT

Although most of the air leaks resolve spontane-
ously within the first 3 or 4 postoperative days, it
is always difficult, if not impossible, to predict
how long they will last and which will stop early.
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The general practice with chest drainage is
based upon the importance given to the assump-
tion that achieving pleural apposition is the most
important factor to help healing; it is generally
believed that some level of suction favors apposi-
tion between the parietal and visceral pleura.
Although there is no clear evidence to support
this practice, most surgeons tend to place chest
drains at –20 cm H2O suction after pulmonary
resections; the tubes are generally converted to
water seal only when the leakage is minimal or
absent. However, the attempt to achieve pleural
apposition should be balanced with the need to
minimize air flow through the visceral pleura
defect.

The experience with LVRS progressively stimu-
lated surgeons to evaluate different algorithms to
interrupt air leaks. In fact, it looks like in this high-
risk population, the standard negative suction
might contribute to prolong air leaks.12,13 On the
base of these observations, most surgeons
started to use a reduced suction level (�10 cm
H2O) or water seal alone; this new policy appears
to have significantly contributed to reducing the
duration of the leakage and related morbidity. It
also supports the theory that reducing the flow
through the visceral pleura defect might play
a predominant role. There are several random-
ized, nonrandomized, and retrospective studies
in the non-LVRS population. Among five prospec-
tive randomized studies,14–18 three found a benefit
with early water seal; one reported no difference
between water seal and suction, and one found
water seal moderately detrimental. One of the
studies17 evaluated an alternative suction
protocol with –10 cm H2O suction during the night
and water seal during the day from postoperative
day 1. The aim of the authors was to combine the
advantages of suction and water seal: pleural
apposition and reduction of air flow through
visceral pleura defects; this approach would
also simplify early ambulation. This protocol did
not show any difference in the duration of air
leak between the two groups; however, in the
alternate suction group, there was a shorter dura-
tion of chest tube and hospital stay and fewer
prolonged air leaks.

In these randomized studies, the groups per-
forming chest radiograph after placement to water
seal reported that approximately 25% of patients
developed a significant pneumothorax requiring
suction re-establishment; however, none of these
pneumothoraces were clinically remarkable, and
no patients had evident pleural effusions or
residual air spaces. On the base of these studies
it is extremely difficult to design an algorithm to
direct postoperative management of pleural
drains. One additional help might come from the
new digitalized suction systems. In particular, the
DigiVent electronic device (Millicore AB, Stock-
holm, Sweden) contributes to monitor air flow
through the drain and also inspiratory and expira-
tory pleural pressures.19,20

This monitoring system showed that chest
drainage suction decreases differential pleural
pressure after upper lobectomy21 and allowed
the application of a protocol for chest tube
removal featuring a continuous recording of air
leaks. This protocol allowed a reduction of chest
tube duration, hospital stay and costs.22

The vast majority of the studies indicate that in
most patients undergoing lobectomy, segmentec-
tomy, and wedge resections, reducing suction
below the traditional –20 cm H2O may be of help,
even while the leakage persists. However, the
ideal algorithm remains to be defined.

In the era of cost containment, fast-tracking
protocols have been developed to shorten the
length of hospitalization after lobectomy.23,24

The use of ambulatory one-way valves applied
to the chest drainage has greatly facilitated this
process.5,25 These devices must be used with
close outpatient follow-up.25 Heimelich26 devel-
oped this valve for chest drainage in 1968, and
since then, this device has been increasingly
used to allow early discharge, not only after stan-
dard lung resections, but also after LVRS.25

Air leaks treated with this device seem to close
faster than expected, although there are no
objective data supporting this impression or
even to understand the mechanism of action.
Significant air leaks or incomplete lung expan-
sion traditionally have been considered contrain-
dications to the use of the Heimlich valve.26–30 In
the series reported by Mc Kenna and
colleagues,25 however, this device was used
even if the air leak was large or if there was an
apical air space as large as 7 cm. The use of
this valve is also important from the psycholog-
ical point of view, since most of these patients
are prone to depression and anxiety mainly
related to the trauma of surgery, the nature of
their disease, and the potential urge to begin
adjuvant treatment. With the Heimlich valve,
outpatient ambulation and independence are
greatly facilitated. Monitoring of air leaks in
patients with this device requires careful judg-
ment; there is often little or no leakage with tidal
breathing, but the leak becomes evident with
cough or forced exhalation. If a residual space
is present, this may be the only source of faced
leak. In these situations, a trial of provocative
clamping, especially in LVRS patients, might be
of help to allow safe tube removal.5,31
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PLEURODESIS

Although conservative treatment (‘‘wait and see’’)
often allows closure of the air leak within a reason-
able time, sometimes a more aggressive approach
may be required.

If the residual lung is fully expanded, pleurodesis
might be a suitable option to facilitate sealing of
the visceral pleura. Tetracycline, quinacrine, tal-
cum, and silver nitrate have been employed
successfully in selected cases.32–36 All these
chemical agents have been able to favor pleural
inflammation with encouraging results; however,
none contributed to definitively solve the problem
in all patients.

Autologous pleural blood patch has been
employed repeatedly.37–40 This technique was first
reported by Robinson,37 who described an 85%
success rate in a series of 25 patients receiving
one to three instillations of 50 mL of blood through
the chest tubes. These data subsequently were
confirmed by other reports.38,39 The sealing effect
can be explained by the direct mechanical action
of the fibrin produced by the patch and the inflam-
matory reaction resulting from the presence of
blood in the pleural cavity. This might be the
primary factor to induce adhesion between the
visceral and parietal pleura layers. One of
the points that still remain open is related to the
amount of blood that should be instilled inside
the chest to obtain positive results. The authors
previously reported a prospective study40 evalu-
ating outcome after pleurodesis with two different
amounts of autologous blood (50 mL vs 100 mL).
Pleurodesis with 50 mL of blood was effective
and allowed closure of postoperative air leaks in
a short period of time; however, the instillation of
100 mL of blood increased effectiveness and al-
lowed sealing in less than 24 hours in most of the
patients. Careful sterile manipulation of the system
during the procedure is mandatory to avoid infec-
tions. In the authors’ series, there was no proce-
dure-related morbidity; there was no tension
within the chest due to blood clotting. Additionally,
the chest tube was not occluded, having been
flushed with 20 mL of normal saline to prevent
this complication; this allowed the authors to avoid
tension pneumothorax as experienced by
others.41 Other complications were reported
previously by others: fever and colonization of
the pleural fluid.38

The autologous blood patch pleurodesis, which
can be included among common bedside proce-
dures, is easy to perform, safe, effective, and it
does not add costs. It could be used as a first-
line early maneuver to help solving this common
and unpleasant problem.
Glues and sealants are extensively used intrao-
peratively; however, they very rarely are employed
during the postoperative course because of the
impossibility to blindly direct the flow toward the
air leak source. If a bronchopleural fistula is
present at the level of the bronchial stump,
however, their use has been described with
encouraging results.42

The authors’ group is gaining increasing experi-
ence with the use of autologous platelet–leuko-
cyte gel,43 especially when the air leak is
associated with a residual pleural space infected
or potentially infected. This is a relatively new
technology for the stimulation and acceleration
of soft tissue and bone healing.44 The gel can
be applied to a variety of tissues, where it
releases a high concentration of platelet-growing
factor that is able to enhance tissue healing. In
addition, leukocytes provide antimicrobial activity
that may contribute to prevent or treat local infec-
tion.44–46 The platelet–leukocyte-enriched gel is
prepared from freshly drawn autologous blood;
it comprises a small volume of plasma with fibrin-
ogen, platelets, and leukocytes. Platelets become
immediately activated by the interaction with
thrombin, which is the most powerful platelet acti-
vator; this forms a sticky platelets aggregate.
Besides a high concentration of platelets, leuko-
cytes are also present (the concentration is two
to four times higher than in the whole blood),
including neutrophilic granulocytes and mono-
cytes that are extremely active against bacteria.
Also, platelets contain numerous antimicrobial
peptides that usually are released after activa-
tion.46 This gel previously was used to treat
chronic nonhealing wounds47,48 and large bone
defects.49 It recently has been employed also to
prevent sternal infections after cardiac surgery
procedures.50 In the authors’ hands, this gel has
been employed several times to stop alveolar
leakage associated with infected pleural spaces
persisting for more than 3 to 4 weeks after pulmo-
nary resections notwithstanding numerous
attempts with other techniques, including blood
patch and failed reoperation.
PNEUMOPERITONEUM

Pneumoperitoneum initially was described in
patients with emphysema at the beginning of
the past century by Reich.51 In these patients,
the consequent transitory elevation of the
diaphragm was associated with a decrease of
dyspnea. The procedure recently was rediscov-
ered to treat prolonged air leaks, space problems,
or both occurring after pulmonary resections.52–56

Pneumoperitoneum can be performed both
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intraoperatively, if those problems can be antici-
pated, or postoperatively. One or two liters of air
usually are injected in the peritoneal cavity. The
procedure usually is employed after lower lobec-
tomy or bilobectomy, and it is supposed to work
by achieving visceral and parietal pleural apposi-
tion. The air under the diaphragm temporarily
elevates it, allowing pleural adhesion; this air is
absorbed slowly over the 7 to 14 following days.
The diaphragm then slowly descends, bringing
with it the remaining lung that is now stuck. This
process helps to eliminate residual spaces
located at the base of the chest and leakages.
Differences in the degree of diaphragmatic eleva-
tion have been observed55 from one patient to the
other, despite the procedure having placed the
same amount of air and removed the same
amount of lung parenchyma. Diaphragmatic
elevation is probably influenced by several vari-
ables, including compliance of the residual homo-
lateral and contralateral lung, the diaphragm, the
mediastinum, and the actual distribution of air
after insufflation. Also, temporary catheters can
be placed under the diaphragm and brought
through the skin.52 This allows air to be insufflated
each day postoperatively to maintain upward dia-
phragmatic displacement. The authors also have
reported that air leaks and pleural space prob-
lems are more difficult to treat with pneumoperito-
neum among patients who have undergone
induction chemotherapy.56 Previous abdominal
procedures are not an absolute contraindication,
but they should be considered carefully. This
technique also was employed to treat air leaks
and spaces after LVRS.52
ENDOBRONCHIAL ONE-WAY VALVES

The inability to find an effective strategy to prevent
and treat postoperative air leaks and the consider-
able morbidity related to this problem have promp-
ted the need for minimally invasive nonsurgical
approaches.

Endobronchial one-way valves (Zephir EBV;
previously Emphasys, Redwood City, CA, USA.
Currently Pulmonx Incorporated Redwood City,
CA, USA) initially were developed for broncho-
scopic lung volume reduction (BLVR) in patients
with emphysema. They can be deployed through
the operative channel of the fiberoptic broncho-
scope and are able to block inflow into targeted
areas of the lung.57,58 These valves are well toler-
ated and can be removed easily if required. Many
reports on small series of patients address the
use of this device in patients with prolonged air
leaks,59–63 but only one64 includes a reasonable
number of cases collected from 17 different
centers; however, out of 40 patients included in
this study, only 7 had postoperative air leaks.
Of these seven patients, three had continuous
air leaks, and four had only expiratory leakage.
The mean number of valves placed was 2.28
plus or minus 1.1. No follow-up specific for these
seven patients is reported in the manuscript;
however, out of the 40 patients enrolled in this
study, 19 (47.5%) had complete resolution of
the air leak; 18 (45%) had a reduction. Two had
no change, and one had no reported outcome.
The mean time from valve deployment to chest
tube removal was 21 days, and from the proce-
dure to hospital discharge, the mean time was
19 plus or minus 28 days. Eight patients had
the valves eventually removed. On the base of
these initial reports, the use on endobronchial
one-way valves can be considered an effective
second-line intervention for patients with pro-
longed pulmonary air leaks.
REOPERATION

Surgical re-exploration is rare. In the National
Emphysema Treatment Trial, only 2.9% of patients
required such intervention.10 This approach
should be considered only when other more
conservative options have been attempted
without success. Waiting too long, however, might
be self-defeating, since the main risk is the devel-
opment of polymicrobial or fungal empyema. The
indication for reoperation is based on the magni-
tude of the leakage, the duration, and, as previ-
ously reported, failure of previous attempts.

The choice of operation depends on whether
a residual space is present and on the quality of
the residual lung. Thoracoscopy or open proce-
dures should be selected on a case-by-case
basis, on the base of the personal skills of each
surgeon and the previous approach. Bronchos-
copy is crucial to rule out the presence of broncho-
pleural fistula. If the residual lung is relatively
normal, the leak can be restapled or oversewn
with excellent results. Pleurectomy or mechanical
pleurodesis can be added to improve results
when pleural apposition is achieved. At reopera-
tion, the diaphragm can be transiently paralyzed
to allow better pleural apposition. Topical sealants
might be used. An anatomic lobectomy (if not
previously performed) should be considered only
in extreme situations.

If a residual pleural cavity remains in conjunction
with a persistent air leak, the volume of the space
should be reduced. Potential strategies include
filling with muscle transposition,65,66 omentum
transposition,67 thoracoplasty, and even the crea-
tion of an open window for packing.68
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HISTORY OF CHEST TUBES

Drainage of the space between the ribs and the
lung, the pleural space, has been practiced since
the time of Hippocrates.1,2 He describes the use
of an incision, cautery, and metal rods to remove
‘‘evil humors’’ from patients with a variety of poorly
understood illnesses. Hunter, in 1800, used needle
drainage to remove fluid from the pleural space,
and in 1872, Playfair first placed a chest tube to
underwater seal, similar to what is used today.3,4

Gotthard Bülau, however, is credited as the origi-
nator of the first closed water seal drainage
system. The improved outcome of using a closed
system over the more popular open drainage
system (ie, rib resection with open drainage or
Eloesser flap) is derived from data accumulated
by the US Army, which reported extensive experi-
ence from the battlefield and elsewhere. The
mortality rate for empyema treated with rib resec-
tion and leaving the chest open compared with
closed pleural drainage was 28% compared with
4%, respectively. Thus, closed pleural space
drainage became the standard of care in the early
twentieth century. The concept of underwater seal
was born. In 1917, Evert Graham5 described
closed drainage for influenza empyema after
a significant number of patients died after open
drainage technique. Lilienthal,6 in 1922, first used
and later reintroduced closed pleural drainage in
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the postoperative care of patients after routine
thoracic surgery.

Chest tubes have been given a variety of names
over the years, including Bülau drains, intercostal
catheters, and thoracostomy tubes. Whatever
they are called, their function has been the same
for more than 3000 years, to drain fluid or air
from the pleural space. Modifications of the mate-
rial used to make chest tubes themselves as well
as to the pleural drainage systems have continued.
Not only has the chest tube itself undergone
improvements but also the drainage systems
used have seen many modifications and improve-
ments, including an air leak meter, smaller and
more compact size to allow home discharge, and
recently some feature digital measurements of air
leaks as well as the digital record of the amount
of effluent each hour.

DEFINITION OF IMPORTANT TERMS

Before reviewing the data on chest tube manage-
ment, several terms must be defined. There
remains significant confusing about much of the
vocabulary that is used for chests tubes and the
pleural space. Although thoracic surgeons are
the best-trained physicians to manage chest tubes
and pleural space problems, they often do not
speak the same language or recommend similar
treatment algorithms even to each other. This
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leads to confusion. Moreover, confidence in
recommendations is eroded if they change with
each surgeon who is on call.

The pleural space has a negative intrathoracic
pressure and anything that disturbs this can lead
to physiologic compromise. For this reason the
first drainage systems featured a 3-bottle system
(Fig. 1). A 1-bottle system was used initially;
however, as the fluid or blood that drained from
patients rose in the only bottle, it increased the
resistance to further drainage. Moreover, the
mixture of air in the bottle and blood from patients
caused a foamy effluent to build up in the bottle,
again impeding drainage. Therefore, a 2-bottle
system quickly became adopted. The second
bottle allowed fluid to drain into the first bottle
only and the air escaped into the second. This pre-
vented the foam from forming and the 2-bottle
system had to be drained less frequently. The
problem with the 2-bottle system was that the
added length of the tubing increased the dead
space and again added significant resistance.
Some patients actually had reversal of flow and
often their chest tube effluent would start to go
back up into the tube and back into the pleural
space of these patients. For that reason the famed
3-bottle system arrived (see Fig. 1). The third
bottle allows for active suction to be exerted on
the system. This active suction prevents the chest
tube effluent from going back toward the patient.
Essentially, all commercial systems use this tech-
nology now and some have a 1-way tip over valve.
ACTIVE SUCTION COMPARED WITH
PASSIVE SUCTION

An important distinction should be made between
active suction and passive suction. Underwater
Fig. 1. 3-Bottle chest tube drainage system.
seal or passive suction occurs when a chest tube
is attached to a drainage system but there is no
further suction added (most commonly from
external tubes connected to the wall). This is often
called a water seal because the tube is connected
to a system that essentially has the distal end of
the chest tube submerged under approximately 2
cm of water. During expiration or coughing, air
from the pleural space is expelled through the
tubing and overcomes the hydrostatic pressure.
It also produces a siphon effect, which enhances
drainage. This is why air leaks can be visualized
in the water chamber in many commercial
systems. Some feature an air leak meter to quan-
tify the size of the air leak, ranging from 1 to 7.

When external suction is applied to the drainage
system, this added suction is called active suction
because it is added to the passive suction that
already exists in the drainage system’s underwater
seal. Some refer to this as wall suction but new
digital units are able to exert active suction on their
own and do not require any wall suction
attachments.

Once it was observed that a 3-bottle system
clinically was best, companies began to come up
with ways to add all 3 bottles into one compact,
user-friendly, commercial system. Initially the
suction that was added was termed, wet suction.
The term, wet, was used because the suction
had to be under water. These systems are safe,
because it is difficult to exert greater than a �15
or �20 cm H2O pressure and they allowed inade-
quate airflow in patients who had a large air leak. In
these systems, a certain level of water was needed
and the amount of suction was determined by the
height of water.

These wet systems have been replaced for the
most part by dry suction for several reasons. In
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the wet systems, a continuous bubbling of suction
under water was needed, which was was loud and
annoying to patients and nurses. In addition,
because the water was constantly evaporating, it
had to be replaced, leading to an inconsistent
amount of suction. Dry suction systems are easier
to set up, provide higher levels of suction if
needed, and are quieter. Probably most impor-
tantly, because they regulate the amount of
suction not by a height or column of water but
rather via a self-compensating regulator, they
provide a more consistent amount of suction.7 A
final term needs to be addressed: a fixed pleural
space deficit is defined as a nonresolving pneumo-
thorax when the lung is fully expanded.8
INITIAL EVALUATION OF AN AIR
LEAK—IS IT REAL?

If confronted with an alveolar-pleural fistula (air
leak), the clinician at the bedside must ensure
that the leak is really from the patient and is not
a system leak. All connections between the chest
tube and the drainage system should be checked.
When the leak is confirmed as coming from inside
the patient’s chest and not the system, it should be
classified. Careful observation at the bedside
reveals that the natural history of air leaks is based
on two main features, the type of air leak (the qual-
itative aspect of the system, determined by when
the air leak occurs during the respiratory cycle)
and the size of the air leak (the quantitative aspect
of the classification system). The authors have
developed9 and refined a classification10 system
for alveolar-pleural fistulas (air leaks), the Robert
David Cerfolio Classification System for Air Leaks
(RDC System), named after the first author’s
father. It is described at length elsewhere.11 The
authors believe that in the future, digital systems,
already on the market, will replace this analog
system. The full implementation of these systems,
however, will be based on cost, and many hospi-
tals outside of North America and Eastern Europe
will probably continue to use the analog systems
for several years.
EVIDENCE-BASED MEDICINE FOR THE
MANAGEMENT OF CHEST TUBES
AFTER PULMONARY RESECTION

Over the past several years there has been an
interest in bring the scientific method to chest
tube management. A PubMed literature search
shows that before 1996, there were fewer than
10 articles that described studies on how to
manage air leaks and chest tubes. From 1997 to
2009, however, there were 11 publications by the
authors (University of Alabama at Birmingham
[UAB], Birmingham, AL, USA) and 9 from Brunelli
(Umberto, Regional Hospital Ancona, Italy) on the
management of chest tubes and air leaks. There-
fore, many of the recommendation come from
these two centers.

The study of the management of chest tubes is
based on two factors that slow or prevent removal:
air leaks and a high volume of pleural drainage.
These two factors need to be considered sepa-
rately and a more aggressive management style
is needed to help speed the safe removal of chest
tubes to decrease pain and to prevent empyema.
Postoperative pain reduction improves respiratory
mechanics and limits splinting and shallow
breathing, thus reducing the chance for postoper-
ative pneumonia and other complications.
AIR LEAK MANAGEMENT

Air leaks are the most common complication after
pulmonary resection. Historically, chest tubes
were placed to suction after chest surgery to
promote the drainage of fluids out of the chest.
Because of this initial practice, wall suction or
active suction (discussed previously) has been
the historical and preferred setting for chest tubes.
In 1996, the authors made the simple observation
at the bedside that suction made air leaks bigger,
thus theorizing that if the pleural-pleural apposition
were maintained when chest tubes were placed to
water seal (ie, there was no new pneumothorax)
that a water seal helped air leaks stop sooner.

The authors and Brunelli and colleagues have
studied the problem of alveolar-pleural fistulas
(air leaks) using prospective randomized trials or
predetermined algorithms in an attempt to bring
some science to what had been a subjective art
form. Table 1 provides an overview of some of
the larger prospective studies addressing the
issue of chest tube management—placing chest
tubes to water seal (passive suction) or to suction
(active suction). Although overall review of this
data leads to the conclusion that the optimal chest
tube setting is not yet proved for all patients,
certain definitive statements can be made from
these reports.

The first prospective study, which was from the
authors’ group, found that most air leaks occurred
during expiration.9 Also reported in that first study
was that pulmonary function testing consistent
with emphysema increased the risk of having an
air leak after pulmonary resection. This study
showed that placing chest tubes on water seal
not only was safe for air leaks but also seemed
superior to suction at stopping leaks in patients
who maintained parietal-pleural to visceral pleural



Table 1
Recent studies evaluating the management of chest tubes in post-thoracotomy patients

Author, Year of
Publication Study Type Comparison Findings

Cerfolio et al,10 2001 Prospective
randomized trial
(postpulmonary
resection)

Suction POD 1, then
randomized to S
versus W on POD 2

Water seal superior
after POD 0 of suction

Marshall et al,12 2002 Prospective
randomized study
(postpulmonary
resection)

Initially S, then
randomized to S or W

Water seal shorted the
duration of AL and
CT duration

Ayed,13 2003 Prospective
randomized (patients
with spontaneous
ptx)

S versus W Water seal after brief
period of suction
decreased CT
duration

Brunelli et al,14 2005 Prospective
randomized trial
(postlobectomy with
air leak on POD 1)

S versus W No difference

Brunelli et al,15 2004 Prospective
randomized
(postlobectomy)

Alternating S versus W Alternating suction
superior to water seal
(reduced incidence of
AL, decreased CT
duration, LOS)

Cerfolio et al,16 2005 Retrospective review
(patients with ptx
and air leak)

S versus W Water seal superior
unless ptx is large/
symptomatic or
patient develops
subcutaneous
emphysema

Okamoto et al,17 2006 Retrospective S versus W No difference

Abbreviations: AL, air leak; CT, chest tube; LOS, length of stay; POD, postoperative day; ptx, pneumothorax; S, suction; W,
water seal.
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apposition. It provided safety data to perform
a prospective randomized study.

The second study on air leaks was also from the
authors’ institution at UAB. It was a prospective
randomized trial of 140 patients, 33 of whom had
air leaks.10 This study showed that patients who
had their tubes placed on water seal (passive
suction) instead of wall suction (active suction)
were more likely to have their leak stop. A water
seal also made air leaks smaller. A water seal did
not stop large expiratory leaks, however, because
patients when placed to passive suction often
developed a pneumothorax. The RDC system for
air leaks was further refined and validated between
blinded observers. The classification system has
become a critical component for the management
of tubes. It helps guide treatment. For example, if
patients have an expiratory 5 leak, their tubes are
best left on suction and not placed to water seal
because an enlarging pneumothorax is probable.
The passive suction (water seal) not stopping
these leaks corroborates one of Brunelli’s theories.
This may be because these leaks, when placed on
water seal or passive suction, led to a pneumo-
thorax. They are too large for passive suction
and air is not fully evacuated from the pleural
space. This prevented pleural-pleural apposition,
thus the leak did not seal. This concept is sup-
ported by Brunelli and colleagues,14 who favor
active suction at night and passive suction during
the day. This conclusion is from their 2005 study.
They performed a randomized controlled trial
comparing water seal (passive suction) to alter-
nating wall suction (active suction) with water
seal (passive suction) in postpulmonary resection
patients. They used suction at night and waters
seal during the day for ease of ambulation. They
found that alternating suction with water seal
was superior to water seal alone. Patients on the
alternating treatments had a significantly shorter
hospital length of stay and chest tube duration.14

The authors believe this regimen may be best for
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a bigger air leak (>an expiratory 3) in many
patients.

Marshall and colleagues12 from The University
of Pennsylvania reported another prospective
randomized study and found that placing chest
tubes on water seal (passive suction) after pulmo-
nary resection shortens the duration of air leaks
and decreases the time chest tubes remain in
place. Brunelli and colleagues,15 however,
recently published a report on series of selected
patients, many of whom had undergone pleural
tenting. The investigators reported that those
patients on water seal had more complications
compared with those who were treated with
suction. This finding needs to be further explored.

Other reports have found that if patients have
large (E6 or E7) air leaks on postoperative day 1,
they continue to have an air leak by postoperative
day 4 irrespective of the chest tube management.
These patients are discharged home (if otherwise
ready for discharge) on a Heimlich valve.18

Because of the accuracy and reliability of the clas-
sification system, these patients can be informed
about the need for discharge with an indwelling
tube early in their hospital course. This allows
patients, families, nurses, and physicians to
prepare mentally and physically for discharge
home on a Heimlich valve. Moreover, this informa-
tion has helped the authors care for patients with
spontaneous pneumothoraces. If patients suffer
their first spontaneous pneumothorax, the authors
usually place a chest tube only and observe the
patients. But if the air leak is large, an E4 or
greater, the natural history of that leak is pro-
longed. The authors’ most recent article on leaks
reports that water seal is safe for patients with an
air leak and a pneumothorax.16 If the leak is large
(>an E4) or the pneumothorax is large (>8 cm on
a measurement scale defined in that article),
however, the seal is not safe.

Another important aspect of air leak manage-
ment is the use of intraoperative techniques to
stop leaks. There are many studies that have eval-
uated the efficacy of using pulmonary sealants to
prevent leaks.19–21 There is only one Food and
Drug Administration–approved pulmonary sealant
and it is just coming to the market in 2010. Studies
are under way to assess its efficacy and cost
savings.
TREATMENT OF PERSISTENT AIR LEAKS

The Society of Thoracic Surgeons’ database
defines persistent air leak as one that lasts more
than 5 days. In the authors’ practice, however,
a persistent air leak is defined as one that prolongs
hospitalization. If, on the third postoperative day,
the leak is larger than an forced expiratory 3
(FE3), it will not seal overnight. For that reason
the patient’s chest tubes are connected to a Heim-
lich valve or to an outpatient device (the authors
have used Express [Atrium, Hudson, NH, USA],
MINI Sahara [Teleflex, Research Triangle Park,
NC, USA], and, most recently, Thopaz [Medela,
Baar, Switzerland]). If a Heimlich valve is used,
the other end is connected to a urinary leg bag
or a compact portable drainage system. A chest
x-ray (CXR) is obtained after 24 hours on the Heim-
lich valve, and if no new subcutaneous emphy-
sema or no new or enlarging pneumothorax is
seen, patients are discharged home on postoper-
ative day 4 or 5. Neither a pneumothorax nor
subcutaneous emphysema usually occurs unless
the air leak is large, greater than an E4 in the
RDC system. If a CXR identifies a problem, such
as subcutaneous air or a new or enlarging pneu-
mothorax, patients must be returned to water
seal or �10 cm H2O of suction, whichever is
needed to alleviate the pneumothorax. This
process is repeated in 2 days. If a second pneu-
mothorax occurs, the options are to perform
a bedside chemical pleurodesis or to wait 48
hours. If a bedside pleurodesis is performed using
doxycycline, the tubing cannot be clamped.
Tubing should be hung well over a patient’s bed
so that after the sclerotic agent is shot into the
tube, it is hung over the patient and then attached
to the drainage system, which is placed on passive
suction (water seal). Often, an extra length of
rubber tubing is needed to accomplish this height.
This technique allows the sclerotic agent to stay in
the chest but air can escape.
OUTPATIENT MANAGEMENT
OF CHEST TUBES

Once patients are discharged home on an outpa-
tient device, no specific instructions are needed.
The authors use a daily subtherapeutic dose of
cephalexin hydrochloride (Keflex, MiddleBrook
Pharmaceuticals, West Lake, TX, USA) (500 mg
once a day) as a prophylaxis measure to help
prevent empyema and have shown this is safe
and effective and that the chest tube can be
removed in 2 weeks almost without exception
even if patients still have a leak.22 This is an impor-
tant concept because many continue to have
reservation about tube removal in patients with
an air leak. Provocative chest tube clamping can
be performed (described previously) if the leak is
worrisome. More recently, the authors have
switched from the Heimlich valve system to
a compact, self-contained devise and have had
success with this system because it allows better
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capturing of the effluent and is more compact,
clean, and user friendly than the Heimlich valve
hooked to a Foley catheter drainage bag.
HIGH-VOLUME DRAINAGE

Although air leaks are the most common compli-
cation after pulmonary resection, it is the drainage
of over 250 mL/day that is the most common
cause of delayed discharged and chest tube
removal in the United States. Many surgeons use
this unproved strict criteria for the amount of
drainage a tube can have before removing it.
Patients often have chest tubes left in because
the drainage was ‘‘greater than 150 mL/day,’’
‘‘greater than 50 mL/shift,’’ or greater than ‘‘250
mL/day.’’ Because this number seemed arbitrary
and completely unsubstantiated by data, the
authors performed a study in 200823 assessing
the safety of the removal of tubes with higher
outputs. In this study, the authors removed chest
tubes when the drainage was 450 mL/day or
less, if there was no air leak, and if cerebrospinal
fluid (CSF), chylothorax, or hemothorax was ruled
out. It seemed not only was the amount of
drainage important but also the character of the
drainage should be factor. If the effluent was clear
and not CSF, blood, or chlye, then removal of the
tube even with high drainage should be safe.
This study included 2077 patients and only 11
(<1%) were readmitted for recurrent effusions.
The authors concluded that chest tubes can be
safely removed with up to 450 mL/day of nonchy-
lous drainage after pulmonary resection, and high-
er numbers need to be tested because 450 mL is
also arbitrary.
THE ROLE OF DAILY CXRS

A final word about the use of daily CXRs is needed.
Although the vast majority of surgeons ordered
a daily CXR on patients with a chest tube in place,
there are few data that show this is needed. CXRs
are expensive and if done early in the morning, so
as to be available for morning rounds, are disrup-
tive and uncomfortable for patients. In the majority
of patients, if postoperative recovery room film
shows pleural-pleural apposition and patients do
not develop an air leak or other clinical problems,
daily CXRs rarely influence chest tube manage-
ment or patient care decisions. If patients develop
any type of clinical scenario that includes short-
ness of breath, decreasing saturation, or subcuta-
neous emphysema, then a film is needed and
should be ordered.

In conclusion, air leaks are a common clinical
problem after pulmonary resection. The
management of tubes, drains, and air leak can
be studied with randomized trials and objective
data. A validated, objective classification system
is now available and helps guide treatment, and
new digital systems show great promise. Random-
ized studies have shown that placing chest tubes
to water seal (passive suction) is superior to
suction and better at stopping air leaks when
a pneumothorax does not occur when patients
are placed to water seal. Large leaks (ie, >E4),
however, will probably fail water seal and patients
may develop a pneumothorax or enlarging subcu-
taneous emphysema. In these patients or in others
who lose pleural-pleural apposition on water seal
(passive suction), some suction is best, and the
Brunelli concept of alternating active suction at
night with passive suction during the day is prob-
ably best. Prolonged air leaks are more common
in patients with emphysematous lungs and with
pulmonary resections that remove large amounts
of lung. A pneumothorax itself is not an indication
for suction because many patients have a fixed
pleural space deficit. Finally, patients can safely
go home with an air leak and with chest tubes in
place. The tubes can be managed on an outpatient
basis and then removed by postoperative day 21,
even if patients still have an air leak as long as
there is no subcutaneous emphysema or a symp-
tomatic pneumothorax. Further randomized
studies are needed.
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Despite ongoing technical advances and refine-
ments in surgical technique, the occurrence of
a prolonged parenchymal air leak (PAL) after
pulmonary resection remains an all too frequent
complication. Traditionally depicted as an air leak
persisting beyond 7 days, perhaps the best defini-
tion of a prolonged leak is one that delays hospital
discharge; in the modern surgical era, this may be
classified as an air leak persisting beyond 5
days.1,2 The incidence of PAL varies in the litera-
ture from 5% to 25%,1–7 and is heavily influenced
by the presence of underlying lung disease7–9 and
the type of lung resection performed.3,5,10 For
example, in the National Emphysema Treatment
Trial, the incidence of prolonged air leak following
lung volume reduction surgery (LVRS) was
approximately 50%, with 12% of subjects having
a persistent leak at 30 days.9 Efforts to reduce
the incidence of PAL using preventative measures
have been inconsistent at best.9,11

The impact, or cost, of a complication such as
prolonged air leak differs for patients and the
involved health care providers. In both cases, the
cost is in part determined by the treatment strategy
chosen to deal with the complication. In this article,
the authors explore the impact of a PAL from the
perspective of physicians and patients, including
factors common to both groups.
FINANCIAL COSTS

The presence of a prolonged air leak increases
length of stay (LOS),2,3,5,10,12,13 and as a result,
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the hospital costs associated with the procedure.
In a study designed to estimate hospital costs
associated with PAL, Varela and colleagues2

described 238 subjects undergoing pulmonary
lobectomy over a 3-year period, noting PAL in 23
subjects (9.7%). Subjects remained hospitalized
until cessation of the leak, allowing for chest tube
removal. As a result, the mean LOS for subjects
with a PAL was twice that noted for the non-PAL
cases. The total additional hospital costs attrib-
uted to persistent air leak was calculated to be
39,437 V, or roughly $53,000 (using exchange
rate at the time of publication).

The excess hospital costs noted in the Varela
and colleagues2 study resulted exclusively from
the additional inpatient days and pharmacy
charges incurred by the subjects with PAL until
the leak resolved. It is rare that a second surgical
procedure is needed to address the (paren-
chymal-based) leak; in almost all cases, expec-
tant management is successful. However, the
presence of air leak after pulmonary resection,
particularly if prolonged, has been associated
with an increased incidence of other postopera-
tive complications.2,10,14 These complications,
such as atelectasis, retained secretions, and
empyema, may require additional treatment
leading to increased hospital costs. Depending
on interpretation, these costs may prove prob-
lematic in a capitated reimbursement system.
The Centers for Medicare and Medicaid
Services15 has recently initiated a program
denying payment for inpatient services derived
School of Medicine, 12631 East 17th Avenue, C-302,
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from treatment for ‘‘potentially preventable
complications.’’16 Examples of such complica-
tions include line sepsis, pressure ulcers, air
embolism, patient falls, and mediastinitis after
cardiac surgical procedures. Although not yet
applicable in the setting of PAL, these measures
linking reimbursement to quality of care should
refocus physicians’ efforts at reducing the inci-
dence of air leak after lung resection.

As noted previously, the monetary costs asso-
ciated with the presence of a PAL are in part
dependent on the treatment strategy selected to
address the complication. Much emphasis has
been placed on reducing LOS as a means of
limiting hospital costs associated with a given
procedure. Some investigators feel that adverse
surgical outcomes are best defined by risk-
adjusted LOS and cost criteria.17 Physicians
may benefit from limiting hospital costs attributed
to surgical procedures within their specialty,
producing a return on investment for the hospital
which, in turn, will look favorably toward funding
programmatic growth for the specialty. For
thoracic surgical procedures, the use of a prede-
signed, postoperative care algorithm (fast
tracking) decreases LOS and hospital costs.18–21

These cost-cutting algorithms benefit patients
with PAL in a variety of ways. Improved digital
monitoring of air leaks,22,23 the outpatient use of
Heimlich valves,6,19 and use of provocative
clamping techniques24,25 have all led to earlier
discharge in this patient population. However,
the use of ambulatory chest drainage strategies,
such as the Heimlich valve, essentially results in
cost shifting from the hospital to the outpatient
care setting. From the patient perspective, this
strategy may result in direct (visit copayments,
medical supply, and transportation costs) and
indirect (time off work for loved ones) costs for
patients not seen with inpatient treatment. In
addition, because patients are not seen daily
but rather infrequently with an outpatient strategy,
the length of treatment for the PAL (chest tube
duration) is likely to be longer than seen in the
inpatient setting.

Beyond treatment-associated costs, patients
deal with other financial strains related to their
illness and exacerbated by the presence of post-
operative complications, including PAL. One
such strain results from the patients’ inability to
resume a normal work schedule, particularly if
patients are the primary wage earner in the family.
Job reassignment, a reduction in wages, or even
loss of the job and associated benefits may occur.
Ongoing treatment of a postoperative PAL,
whether as an inpatient or outpatient, will likely
delay the anticipated return-to-work date. The
timely ability to return to work for these patients,
often with a concomitant diagnosis of cancer, is
an underappreciated quality-of-life measure.26,27
IMPACT ON QUALITY AND DELIVERY
OF CARE

Even in the best hands, some complications are
inevitable following major pulmonary resection,1,4

a fact accentuated by the overall poor health
status of this patient population. Surgeons are
acutely aware of all morbidity caused by the
procedures they perform, and frankly this aware-
ness does not end with the personal questioning
and mental anguish caused by our patients’
suffering. We are now on the doorstep of general-
ized public reporting of procedural outcomes, with
potential downstream consequences of reduced
payment and altered referral patterns. Procedural
volume and mortality rates remain hotly debated
surrogates of overall quality of care.28–33 In select
thoracic cases, such as LVRS or patients with
marginal lung cancer, the development of signifi-
cant air leaks can lead to mortality or substantial
long-term disability. In the Medicare population,
it has been suggested that the occurrence of
even mild complications, such as air leaks, results
in an increase in overall mortality.34 As with other
surgical specialties, overemphasis on certain
outcomes measures, such as mortality, can lead
thoracic surgeons to change their practice
patterns, denying care to individuals who are
high risk or need high-risk procedures. One recent
study has suggested that although complications
occur in low- and high-mortality settings, it is the
response to the complication rather than the
occurrence of the complication that determines
outcome.35 This ‘‘failure to rescue’’36,37 measure
may be a better indicator of quality than the
morbidity rate itself.

Even as patients recover from the original
complication, such as a prolonged air leak,
a lingering influence on the delivery of care
remains. The administration of adjuvant chemo-
therapy is standard of care for patients with re-
sected stage II and III non-small cell lung
cancer,38 and may in the future be recommended
for select stage I patients exhibiting poor prog-
nostic markers suggesting a high risk for recur-
rence.39 However, despite the reported survival
advantages, it is often difficult to initiate and
particularly complete the full recommended
course of adjuvant therapy because of patient
frailty or outright refusal. The pain and slow
recovery following lung cancer surgery, particu-
larly via thoracotomy, often makes adjuvant
chemotherapy a tough sell to patients. The
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presence of a prolonged leak (with or without other
complications) usually makes the prospect of
adjuvant treatment even less appealing. From the
physician’s perspective, the presence of ongoing
thoracostomy drainage for the air leak increases
the risk for chemotherapy-related complications,
such as empyema or wound infection. These
factors, along with the cumulative effects of other
comorbidities after resection, may potentially
delay or even lead to cancellation of the initiation
of adjuvant therapy.
QUALITY OF LIFE/PATIENT SATISFACTION
IMPLICATIONS

Although physicians are primarily focused on the
effect of the morbidity and mortality of a surgical
procedure, patients are more concerned with
long-term functional status after the operation. In
a study looking at patient preferences regarding
outcome after lung resection, Cykert and
colleagues40 found the possibility of common
postoperative complications were unlikely to deter
subjects from accepting a thoracic operation. In
contrast, subjects perceived significant physical
disability extremely undesirable, and this possi-
bility would lead many to reconsider surgical
resection. This finding is interesting in that most
preoperative predictive models in the literature
(mirrored by the preoperative counseling of
patients) deal with assessing the risk for acute
complications after the surgery. These data would
suggest, in the absence of permanent disability re-
sulting from a persistent air leak (quite rare for
a parenchymal leak), that the prospect of a PAL
would be unlikely to discourage patients from
surgical intervention.

Several studies have examined quality of life
(QOL) indices in subjects undergoing lung resec-
tion. These subjects demonstrate reduced QOL
before the surgery compared with the general
populace,41,42 with further decline after the proce-
dure. Opinions vary as to whether QOL returns to
preoperative levels41,43,44 or remains permanently
decreased.42,45 The latter is understandable
because most lung surgery is a resectional rather
than a restorative procedure.46 Indeed, some
investigators relate the degree of permanent
QOL impairment to the extent of lung resection.45

Given patient preferences,40 the possibility of
a significantly reduced QOL might lead some to
reconsider surgical intervention, although others47

feel concerns over a poor QOL should not deprive
patients of the opportunity of curative surgery.
Further, reduced QOL before surgery does not
predict an increased incidence of postoperative
complications.44,48
The interplay between complications, quality of
life, functional status, and patient satisfaction is
complex. Do postoperative complications, such
as a prolonged air leak, impact QOL following
surgery? Handy and coworkers42 found that at 6
months there was no correlation between QOL
and the degree of postoperative morbidity. Do
measures of functional status, which might be
adversely affected by postoperative complica-
tions, correlate with QOL? It would seem intuitive
that QOL would be closely tied to performance
on objective tests, such as spirometry or 6-minute
walk, although this has not been supported in the
literature.41,42 The only measure possibly predic-
tive of QOL was diffusion capacity for carbon
monoxide,42,44 but this is disputed by others.41

Finally, what is the cost of postoperative complica-
tions to patient satisfaction? Several investigators
report a reduced level of patient satisfaction when
surgical morbidity is present.49,50 However, when
considering the degree of satisfaction because of
the care they received, patients tend to focus on
their present state of health, not the relative
change of health from before to after an interven-
tion.51 Thus, the timing of the evaluation is likely
important; determining patient satisfaction in the
setting of complications just before discharge49

might lead to spurious findings, compared with
satisfaction measured 6 months later.
SUMMARY

The presence of a prolonged air leak (or any
complication) after lung resection generates an
array of costs that differ between patients and
physicians. These costs can vary depending on
the treatment strategy chosen to address the
complication. For physicians, concerns about
LOS, hospital costs, impact on program growth
within a health care system, and quality of care
likely predominate. Patients are burdened by addi-
tional direct and indirect treatment related costs,
concerns regarding resumption of employment
and financial stability, and long-term QOL avoiding
permanent disability. More research is needed to
better assess how these factors interact in
patients undergoing thoracic surgery.
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Digital and Smart
Chest Drainage
Systems to Monitor
Air Leaks: The Birth
of a New Era?
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One of the most elementary aspects of postoper-
ative care after major pulmonary surgery is the
proper drainage of the pleural space. The goal is
to eliminate all postoperative pleural fluid and air.
Prolonged air leak remains one of the most
frequent complications after lung resection and
all of the surgical staff have to be trained about
optimal chest tube management and accurate
assessment of air leak size, type, and the presence
or absence of postoperative pneumothorax. The
measurement or grading of air leaks still relies on
a static analog measurement of ‘‘bubbles in
a chamber.’’ These systems are inherently prone
to subjective interpretation and observer vari-
ability. Even experienced observers often disagree
not only on the size or clinical importance of a leak
but sometimes whether one exists or not. These
discrepancies occur despite the development,
verification, and use of air leak classification
systems.1 Recently, several companies have man-
ufactured and commercialized new pleural
drainage units that incorporate electronic compo-
nents for the digital quantification of air through
chest tubes and, in some instances, pleural pres-
sure assessment. The goal of these systems is to
objectify this previously subjective bedside clinical
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parameter and allow for more objective, consistent
measurement of air leaks. The belief is this will lead
to quicker and more accurate chest tube manage-
ment. In addition, some systems feature portable
suction devices. These may afford earlier mobiliza-
tion of patients because the pleural drainage
chamber is attached to a battery-powered smart
suction device. In this article we review clinical
experiences using these new devices.
DIGITAL PLEURAL DRAINAGE SYSTEMS FOR
THE MANAGEMENT OF AIR LEAKS

To our knowledge, Thopaz (Medela, Switzerland)
and Atmos (Atmosmed, Allentown, PA, USA) are
the only 2 commercially available pleural drainage
system devices incorporating digital sensors for
measuring pleural pressure and flow through the
chest tube. Previously manufactured devices are
either no longer available (Digivent, Millicore,
Sweden) or are experimental systems to be used
attached to a conventional drainage set or a Heim-
lich valve (Airfix, University of Technology, Graz,
Sweden).

Both commercially available systems have
a built-in screen where instantaneous values of
University, University of Alabama at Birmingham, 703
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pleural pressure and flow are shown or their
temporal trends can be displayed. Recorded
values can also be downloaded to a computer
for further analysis.

The clinical usefulness of displaying pressure
and flow values has been evaluated in some
reports cited later in this article. From a theoret-
ical point of view, these devices can help clini-
cians to a better understanding of what is
going on inside the operated chest because
positive pleural pressures can be correlated to
persistent pleural air leak or, if no leaks are de-
tected, postoperative pneumothorax can be sus-
pected and treated if necessary. It could be
hypothesized that an objective method to detect
air leak is superior to a subjective evaluation of
the occurrence of bubbling in a chamber and,
therefore, decisions on removal of chest tubes
are based on scientifically proven evidence.
Whether or not these advantages have signifi-
cant impact in clinical practice is still to be
demonstrated.
PORTABLE SUCTION DEVICES

Most recently, some companies have produced
and commercialized chest drainage systems
incorporating a stand-alone suction pump allow-
ing these systems to be carried around in the
surgical ward. This has the advantage of providing
active suction whenever it is needed, giving
patients the freedom to ambulate without being
attached to wall suction. A point of debate is
whether all patients with lung resection would
need any suction at all. At the present time the
information we have (based on the traditional
analog devices) does not permit us to draw any
conclusion as to which patients would benefit the
most from application of suction, or on which level
of active suction should be applied. It is likely that
different types of procedures or different charac-
teristics of patients would dictate the need or level
of active suction. In this regard, any information
derived from digitalized recorded information on
air leak flow or pleural pressures will shed more
light on this topic. Some studies in the past have
shown that passive suction (or gravity mode) is
well tolerated by most patients and it is not inferior
to active suction in reducing the duration of air
leak. Some have advocated the use of alternate
regimens with the application of active suction
only at night, allowing free mobilization of the
patients during the day. This regimen combines
the main advantages of both modalities (a
moderate level of active suction during the night
to favor lung re-expansion, and passive suction
during the day to favor mobilization) but it is totally
arbitrary. It is probable that some patients would
benefit from more prolonged or more intense
active suction regimens and others would benefit
from more prolonged periods of passive suction.
With the use of portable pumps capable of
providing a controlled level of intrapleural pres-
sure, we will have the chance to better study indi-
vidual patient’s responses to externally applied
active suction.2 By using a digitalized system,
a recent investigation has shown that, compared
with no suction, active suction applied early after
pulmonary lobectomy decreased the differential
intrapleural pressure after upper lobectomies but
had no effect on patients submitted to lower
lobectomies. Although the clinical implication of
this finding is still to be defined by future investiga-
tions, the study has shown the utility to monitor the
intrapleural space with digitalized systems
capable of providing objective data.

It is worth noting that what we commonly
define as no suction or water seal is actually
a different form of suction better defined as
passive. There is always a certain level of suction
or negative pressure differential owing to gravity
even when no active suction is applied to the
system. The level of this passive suction depends
on many factors including the difference in height
of the system and the tip of the chest tube inside
the chest, but it can be roughly quantified at
about 5 to 8 cm H2O. By using portable digital
pump devices, this level of pressure can be set
and controlled, minimizing variation owing to
the position of the device or of the patient and
providing more stable conditions that could be
beneficial for promoting healing of the lung.
More research is needed in this field to better
comprehend the role of these devices in clinical
daily practice.
RESULTS OF CLINICAL EXPERIENCE USING
DIGITAL DEVICES

The results of all published studies using digital
devices are shown in Table 1 in chronologic order.
The AIRFIX (TEUP’s Ltd, Deutchlandsberg,
Austria) was one of the first digital air leak devices
to be used in human patients. Its detailed mecha-
nisms have been previously reported.3 In
summary, the AIRFIX software computes airflow
calculations and the data are sent to a hand-held
processor that reports a digital reading. A total of
204 patients with an air leak were prospectively
enrolled into a clinical trial using AIRFIX by Anegg
in 2006.3 The final report concluded that the device
was safe to use and was also more sensitive than
the traditionally used device and thus avoided



Table 1
Six recent studies evaluating digital chest tube drainage devices, in chronologic order

Device Used, PI, Year Type of Study Number of Pts – Device Methods Conclusion

AIRFIX
Anegg, 20063

Uni-institutional
Prospective

204 pts with air leaks-AIRFIX Lobe, segment, edge
resection

Methods: CT pl ed on -12 cm

AIRFIX readings consistent,
allowed more efficacious
removal of CT than
traditional system

TDS-5L
2007 (unpublished data)

Multi-institutional
RCT

42-TDS-5L
40-Sahara

Lobe, segmente tomy, wedge
resection

TDS-5L group- recovered
faster, less pain, satisfaction
higher for both patient and
staff. Observer variability
reduced for TDS-5L group.

Digivent, Cerfolio, 20084 Uni-institutional
RCT

50-Digivent
50-Sahara

Lobectomy, seg ent, wedge
Methods: CT pl ed on suction

-20 cm on PO 0–1, then
placed on wa er seal

Digivent group had earlier
chest tube removal (P 5 .034)
and hospital length of
stay (P 5 .055)

Digivent, Varela, 20095 Uni-institutional
RCT

35-Digivent
26-Analog

Lobectomy, seg entectomy
Methods: CT pl ed to water

seal

Concordant readings amongst
clinical staff with the digital
group was 94% versus 58% in
the standard/analog group

Digivent, Brunelli, 20096 Uni-Institutional
RCT

82-Digivent
77-Sahara

Lobectomy
Methods: CT pl ed to suction

POD 0–1, the alternating
suction/wate eal

Digivent - Quicker chest tube
drainage and discharge

Thopaz, Cerfolio, 2009 Uni-institutional
RCT

48-Thopaz
50-Sahara

Lobectomy, seg entectomy
Methods: CT pl ed on suction

-20 cm

Thopaz group: earlier CT
removal and earlier hospital
discharge

Abbreviations: AL, air leak; CT, chest tube; PI, principal investigator; POD, postoperative day; Pts, patients; RCT, rand mized clinical trial.
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provocative chest tube clamping before tube
removal.

The next 3 series evaluated the Digivent device
(Millicore, Sweden). Digivent operates by
a single-use electronic sensor with 2 components,
one that measures airflow and the other that moni-
tors intrapleural pressure. The readout is pre-
sented in a digital display that reports mL/min of
air leak. The readout attaches to the top of the
canister unit and can be reused for 10 patients.
The data can be printed out and stored for docu-
mentation and future use. The first published study
on the Digivent was published by Cerfolio and Bry-
ant4 in 2008. Digivent was compared with the stan-
dard analog (Sahara Pleurevac, Teleflex, Research
Triangle Park, NC, USA) chest tube drainage
system. This was a prospective randomized clin-
ical trial on 100 patients. Inclusion criteria
mandated that all patients who underwent pulmo-
nary resection were randomized to either the
digital device or the analog group. One unique
aspect of this study design was a 1-hour cross-
over, where patients with an air leak were placed
on both devices and the readings evaluated for
correlation. Consequently, a linear correlation
was found between the RDC analog air leak scale
when compared with the digital scale (Fig. 1).
This was the first study to show the correlation
between digital air leaks and a clinically validated
classification system for air leaks. Other findings
of that study were that patients randomized to
Fig. 1. Linear regression for Robert David Cerfolio
(RDC; Sahara S-11,000, Teleflex, Research Triangle
Park, NC) system versus the digital (Digivent, Millicore,
Sweden) system (r2 5 0.80; regression equation: y 5

2.094 1 0.0061x). E, expiratory; FE, forced expiratory.
(Reprinted from Cerfolio RJ, Bryant AS. The benefit
of continuous and digital air leak assessment after
elective pulmonary resection: a prospective study.
Ann Thorac Surg 2008;86:362–7; with permission
from The Society of Thoracic Surgeons.)
the digital system experienced significantly
reduced chest tube duration (P 5 .030), and there
was less observer discordance and a marginally
reduced hospital length of stay (P 5 .055).

Varela and colleagues5 in 2009 reported the
findings of a randomized control study evaluating
the use of the Digivent to a traditional water seal
chamber device in 54 post-thoracotomy patients.
All patients underwent pulmonary lobectomy, seg-
mentectomy, or wedge resection and were placed
on water seal following surgery. Varela and his
team5 observed a concordance rate between
observers for air leak rating of only 58% in the
traditional water seal chamber device group
compared with a 94% concordance rate in the
Digivent group. These findings led to improved
chest tube management in patients randomized
to the digital device.

Brunelli and colleagues6 in 2009 were the third
group to report their findings using the Digivent.
They performed a uni-institutional randomized
study to assess the effectiveness of a new fast-
track chest tube removal protocol taking advan-
tage of digital monitoring of air leak compared
with the same analog device used by us (the
Saharah Pleuravac, Teleflex). In this series, 166
patients who underwent lobectomy were random-
ized to 2 groups. The first group had their chest
tube removed based on digitally recorded
measurements of air leak flow. The second group
had their chest tubes removed based on instanta-
neous assessment of air leakage on daily rounds
using the traditional analog system. Brunelli and
colleagues6 showed the patients in the digital
group had greater mean reductions in chest tube
duration (P<.001), hospital stay (P 5 .007) of 0.9
day, and a greater average cost savings per
patient (P 5 .008). Additionally, 51% of patients
with the digital drainage device had their chest
tube removed by the second postoperative day
compared with only 12% of those with the analog
device.

The fifth study on digital air leaks is a pilot multi-
institutional randomized clinical trial that featured
the TDS-5L (Medela, Switzerland) in 2007. This
system was the first prototype from Medela and
the predecessor of the Thopaz. The primary goal
of this study was to compare the efficacy, safety,
and clinician satisfaction of the TDS-5L digital
system that featured both a bubble chamber and
digital measurement of air leaks. Outcomes of
patients on the digital TDS-5L system were
compared with those of patients who received
the standard Sahara analog system. The study
showed that patients who had a Medela TD5-SL
tended toward earlier chest tube removal and
treatment period compared with patients with the
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analog device. Another finding was that patients
who were randomized to the digital group were
significantly more mobile as compared with those
patients in the traditional group.

The sixth and final study on digital devices
comes from University of Alabama.7 Cerfolio
and colleagues evaluated the newest digital
chest tube drainage device, the Thopaz, in
2008 in a prospective clinical trial. All 98
patients underwent posterior lateral thoracotomy
with pulmonary resection and were randomized
to have their chest tubes placed to the Sahara
Pleuravac (Teleflex), which features a 7-column
air-leak meter or to the Thopaz. Typically one
chest tube was placed for lobectomy and chest
tubes were placed to –20 cm suction per study
protocol on the day of surgery and then placed
to water seal. If an air leak was detected on
morning rounds the size and type of the leak
was recorded based on either the RDC or the
Thopaz digital system by 2 different clinicians
at the same time. Chest tubes were removed
when the output was less than 450 mL/d and
air leak was 20 mL/min or less on the digital
system or nondiscernable on the analog system.
Clinician satisfaction with the 2 different devices
was assessed by asking the nurse, patient, and
physician a series of questions that included the
following: ease of ambulation with the device,
the quietness of the unit, the set-up time, the
degree of variability of scoring air leaks, and
overall satisfaction. Patients randomized to the
Thopaz device had slightly reduced duration of
chest tubes (3.0 days for digital device
compared with 4.5 days for the analog group,
P 5 .042) and length of stay (3.9 days for digital
group and 4.6 days for analog group, P 5 .153).
Three patients on the Thopaz unit were dis-
charged home on postoperative day 4 (POD 4)
with their chest tubes in place. Five patients in
the analog group went home on an Atrium
Express (Hudson, NH, USA) on POD 4 or 5.
Patients who went home on the digital device
were able to convey their air leak status to our
clinical team over the phone more easily than
those on the analog system and one patient re-
turned 2 weeks sooner than the planned date
for chest tube removable. Additionally, patients
found it significantly easier to ambulate with
the digital device as compared with the analog
device (P<.001). The patient and clinician satis-
faction between the 2 different types of drainage
and air leak systems was not significantly
different. One common complaint with the Tho-
paz system was the inability to troubleshoot
alarms, but this complaint decreased as the
staff became more experienced with the digital
unit. In addition, there was greater observer
agreement about air leaks (P 5 .002).
COMMENT

We live in a world that has become increasingly
digitalized and we have become reliant on techno-
logical equipment in all facets of our lives. As
physicians, we and our patients are surrounded
with advanced machinery, most of which improves
the care we deliver to our patients. However, it
also increases the cost. The days of holding a glass
thermometer to the light to interpret where the line
of mercury is best located to determine a patient’s
temperature has been replaced by the more accu-
rate, reproducible and easier to read digital ther-
mometer. Digital air leak devices have done the
same for the measurement of air leaks out of chest
tubes. Before these systems, even the presence or
absence of an air leak at times was difficult to
ascertain using even the best analog systems. Is
it not infrequently that one observer reports an
air leak because of a perceived bubble or swing
in a chamber in a drainage system whereas
another physician present during the exact same
examination reported no air leak.

Air leaks remain a vexing and important clinical
problem. They are not just an annoyance that
delays discharge but in addition they are a surro-
gate marker and even perhaps the cause of
increased morbidity for some complications such
as pneumonia, subcutaneous emphysema, atrial
fibrillation, and increased hospital stay.8 Any tech-
nology that improves our ability to treat alveolar
pleural fistulas (air leaks) in a scientific, objective
manner is an important clinical accomplishment
and will most likely translate into better care for
patients and into cost savings for hospitals.

This review of the current literature has shown
that digital devices improve chest tube manage-
ment and patient care. The ideal characteristics
of a chest tube drainage system after pulmonary
resection have been elucidated in the past4 but
include the following: has a large environmental
friendly reservoir for fluid collection and analysis;
is able to exert different levels of suction; is
compact to permit patient ambulation; is latex
free, quiet, tip-over safe, reusable, and inexpen-
sive; can digitally and continuously and accurately
measure the amount of chest tube drainage and
the size of air leaks; produces a written record of
events in the pleural space; is easy for both staff
and patients to use; allows for the patient to be
sent home on the same device owing to persistent
leak; and allows data to be relayed to the nurses’
station or physician’s office for assessment. No
current system delivers all of these characteristics.



Fig. 2. Pleural pressures and flow through chest tube after lobectomy. In case A, after 36 hours of hospitalization,
the patient could be discharged home because a decreasing trend cannot be observed. Case B shows decreasing
values of air leak and pleural pressures. Early chest tube withdrawal can be expected after the first 24 hours.
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The decision that each physician and hospital
administrator must decide is which system is
most cost effective and for which patient a digital
drainage system improves patient care and still
reduces cost. For example, is it best to apply
a digital system to all patients immediately postop-
eratively? Or, should they be reserved only for
those with risk factors for prolonged air leaks or
those with air leaks on POD 1 or 2 who are failing
standard treatment algorithms of chest tubes
using an analog system? These are the key ques-
tions that will determine the eventual distribution
and clinical use of digital chest drainage devices.
We, as well as others, have shown that most
patients with air leaks can be managed, fast-
tracked, and enjoy safe results with a 3- or 4-day
postoperative stay using the analog system9;
however, the digital system offers unique
advantages.

Many of the studies listed in this review had
similar findings. These include greater concor-
dance rates about the presence and size of air
leaks, shorter chest tube duration, shorter hospital
stay, and more consistent, objective (and even
more sensitive) readings of air leaks as compared
with the analog ‘‘bubble’’ devices. For example,
the Thopaz detected air leaks as low as 20 mL/min,
which were found to be clinically insignificant
and chest tubes were removed safely with air leaks
this size. We have not been able to duplicate find-
ings using any analog air leak system over the past
several years. Some studies have shown digital
systems are cost effective as well by reducing
the hospital length of stay and chest tube duration.
The Digivent, TDS-5L, and Thopaz systems allow
for the ability to plot the size of air leaks and intra-
pleural pressure over time so that the trend of the
size of the air leak can been determined. A final
important conclusion of this review is that in using
the digital chest tube systems, the assessment of
air leaks can become something the nurse or even
patients themselves can read to a physician over
the phone. Reporting air leaks no longer requires
an experienced physician at the bedside and
thus more rapid chest tube management deci-
sions can be made.

There are theoretical advantages of measuring
pressures in the pleural space. For example,
Fig. 2 depicts 2 printouts obtained with the no
longer available Digivent system. Both correspond
to patients after lobectomy for lung cancer. In the
upper part of the figure, a trend toward a persistent
air leak is observed, whereas in the other case,
a rapid decrease of pressures and flow are evident
after 24 hours. In the first case, the patient could
be discharged home sooner with a chest tube after
a postoperative in-hospital period of 36 to 72
hours because it is unlikely the tube could be
removed safely if the leak is not healing.

There is little doubt in our opinion that our future is
the digital and continuous assessment of air leaks
and of the pleural space. Digital drainage devices
provide another accurate assessment of an impor-
tant patient sign at the bedside. A digital system
allows the nursing and resident staff, regardless
of their level of education or training to be able to
report a patient’s air leak status over the phone or
in the chart. The ability of the digital chest tube
drainage device to provide a medical record will
also help protect the physician and nurse
medical-legally. In the future it is very conceivable
that on rounds the physician will simply place his
or her cellular phone near the device and download
the air leak curves to it. In patients who are sent
home on a digital device the information may be
able to be transmitted over the phone lines as is
currently done with pacemakers. We are already
able to download air leak data to a laptop computer
at the nurses’ station and display the current size of
the air leak and its trend based on the chest tube
settings. The assimilation rate of this technology
will ultimately come down to the cost of the device,
the number of patients who benefit from it by having
earlier discharge, and the advantage of quicker
chest tube removal. This will depend heavily on
each surgeon’s bias toward chest tube manage-
ment, their typical length of stay, and other habits
that they may or may not be willing to challenge
and change.

In conclusion, this review of the current literature
concerning digital air leak pleural drainage
systems has shown that the devices are safe.
They provide consistent and reliable detection of
air leaks and report air leaks in mL/min and this
scale correlates with the only validated classifica-
tion system for air leaks previously reported on
analog systems. It objectifies some of the subjec-
tive aspects of air leak detection and sizing and
thus improves chest tube management. This
shortens hospital stay by leading to earlier chest
tube removal in patients with air leaks. However,
the cost savings are not yet fully defined. Carefully
designed studies that examine actual cost,
charges, and saving of these devices given their
more expensive initial price tag are needed and
are already under way.
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The management of outpatient pleural problems
has been reported in the literature in diseases
such as uncomplicated spontaneous pneumo-
thorax1 and chronic malignant or infectious pleural
effusions, with favorable results.2,3 Outpatient
management of prolonged air leak after lung
volume reduction has also been reported.4

This article addresses the topic of outpatient
pleural drainage management after major thoracic
procedures, focusing on outpatient management
of prolonged air leak after pulmonary lobectomy.
This topic has been also studied previously but it
encompasses some controversial aspects.

The aims of this article are to review previously
published experiences, indications, reported
adverse events, and available tools for outpatient
pleural drainage and fluid collection.

RATIONALE FOR DISCHARGING PATIENTS
UNDERGOING PLEURAL DRAINAGE

Concerns about cost containment have forced
surgeons to introduce some changes in their prac-
tice to reduce expenses while trying not to
compromise on the quality of patient care. Short-
ening hospital stay (HS) after lung resection has
been reported as an effective measure to reduce
the costs of this surgical procedure,5,6 and its
practice is not associated with an increase in
emergency readmissions.7 However, shortening
HS has been criticized by some authors who
consider that for most patients, the costs directly
Service of Thoracic Surgery, Salamanca University Hospit
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attributable to the last day of a hospital stay are
an economically insignificant component of the
total costs8 and that shortening HS simply shifts
costs to outpatient care facilities.9

Some experiences in fast-tracking pulmonary
resection using the conventional10 or video-assis-
ted approach11 have shown that HS can be
considerably reduced, keeping outcomes and
patient satisfaction at a high level of quality. One
of the measures included in fast-tracking proto-
cols is home discharge with pleural drainage in
cases with prolonged air leak (PAL). Because
PAL is one of the most prevalent complications
after lung resection,12 discharging these patients
undergoing chest drainage is expected to have
a positive influence on saving many nonuseful
hospital days13 and decrease hospital costs.

This idea has to be approached with caution
because postoperative chest drainage manage-
ment is usually based not on scientific data but
on the team preference toward conventional
protocols and time-honored practice;14 therefore,
any changes affecting nursing perioperative proto-
cols cannot be implemented without some invest-
ment in training the ward and outpatient clinic staff
to ensure convenient care for patients.

DISCHARGE CRITERIA AND CHEST TUBE
MANAGEMENT

A few reports describing criteria for discharging
patients undergoing chest drainage and outcomes
al, Paseo San Vicente, 58-182 Salamanca, Spain
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of ambulatory PAL management after major lung
resection have been published (Table 1).11,13,15–17

Discharge criteria are described in the papers
by Rieger and colleagues13 and Cerfolio and
colleagues17 These investigators underline that
willingness of the patient to be discharged
home wearing a chest tube and the patient’s
understanding of the functioning of the system
are mandatory. According to the article by Rieger
and colleagues13 the patient has to fulfill several
additional criteria to be discharged home: appro-
priate distance to medical support, reasonable
control of pain, and no marginal pulmonary func-
tion. Marginal pulmonary function is an exclusion
criteria for Cerfolio and colleagues,17 and it is
defined as forced expiratory volume of air in 1
second (FEV1%) of less than 50 or lung diffusion
capacity for carbon monoxide (DLCO%) of less
than 80. These investigators recommend testing
the patient’s compliance with the device and
the absence of major pneumothorax and/or
subcutaneous emphysema clinically and at
a chest radiograph taken after 6 hours with the
device connected to the chest tube and without
suction. An apical pneumothorax is not
considered a contraindication for ambulatory
management.
Table 1
Reported experiences in the outpatient managemen

References
Number
of Cases Device Used

R
a

Rieger et al13 36 500 mL dry chest
drainage unit

3
P

Ponn et al15 45 Heimlich valve 1
P

Lodi and
Stefani16

18 Original device
using one-way valve
and plastic bag

0

Cerfolio et al17 194 Heimlich valve or
500 mL dry chest
drainage unit

2
S

E

3
1
1

In all published case series, patients are sched-
uled for outpatient consultation after discharge
and are recommended to call the surgeon’s office
if they experience any problems related to the
procedure.

No major complications have been reported in
the literature directly related to the outpatient
management of chest tubes after lung resection.
The rate of emergency readmissions ranged from
2.2% to 8.3%, and most readmissions (6 out of 9
reported cases) were due to pleural empyema
with or without pneumonia. In a retrospective
matched analysis,18 PAL over 7 days has been
correlated to a higher rate of pleural empyema
compared with patients without air leak or those
having air leakage for less than 7 days. Although
there are no scientifically proven data on the effec-
tiveness of antibiotic prophylaxis to prevent pleural
empyema related to PAL, some investigators17

recommend treating patients with antibiotics up
to the time of tube withdrawal.

Suction is not necessary for ambulatory patients
with PAL. The usefulness of suction after pulmo-
nary lobectomy has been debated in the literature,
and a systematic review19 concluded that there is
no evidence of the advantages of postoperative
suction except in cases with massive air leak,
t of prolonged air leak after pulmonary resection

eadmission Rate
nd Causes

Duration of Outpatient
Chest Tube
Management in Days,
Range (Mean)

(8.3%)
neumothorax,
localized empyema,
pain control

3–36 (11.2)

(2.2%)
neumonia and
parapneumonic
effusion

3–23 (7.8)

4–32 (11.5)

2 (11.3%)
cheduled overnight
readmission for
provocative clamping
and withdraw: 14
(7.2%)

mergency
readmissions: 5 (2.6%)
pleural empyema
pain control
pneumonia

Data not provided
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and that this is a contraindication for home
discharge.

In our practice, a visit to the outpatient clinic is
scheduled 1 week after hospital discharge
(Fig. 1). At that time, the presence of air leak is
Fig. 1. Suggested algorithm for outpatient chest tube ma
checked and the tube withdrawn if there is no
bubbling during expiratory maneuvers. Besides
checking for the presence of bubbling through
the tube, the patient is interviewed and a physical
examination performed to rule out the obstruction
nagement after lung resection.



Table 2
Commercially available devices for outpatient plural drainage after lung resection

Type of Device Advantages Disadvantages Manufacturersa

One-way valve without
reservoir (Heimlich
valves)

Inexpensive and simple Pleural fluid spillage
Patient-induced malposition is ossibleb

Valve malfunctioning in presen e of blood
clots

Vygon (France)
BD Bard-Parker (USA)
Infusion Concepts (USA)

One-way valve with small
reservoir

Simple
Avoid pleural fluid spillage
Air leak check device
Malposition is not possible

More expensive than Heimlich alves Atrium Medical Corp (USA)

One-way valve with 1500
mL soft reservoir

Inexpensive Suction is not possible if neede during
follow-up

Smiths Medical (UK)c

One-way valve with 500 mL
hard case reservoir

Air leak check device
Suction is possible if needed
High output of air and fluid can

be drained if needed

Expensive Atrium Medical Corp (USA)
Teleflex Medical Inc (USA)

a This is not an exhaustive list.
b Except in the model manufactured by Infusion Concepts, which incorporates a Luer lock system for chest tube and valve onnection.
c Not available in the United States.
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of the tube and the occurrence of a major pneumo-
thorax. If this situation is suspected, a chest radio-
graph is taken and the patient readmitted if a major
pneumothorax is found.

In the case of persistent air leakage, the patient
is rescheduled for a further visit after 2 weeks, and
the status of the pleural leakage is checked again.
In the presence of a small flow during expiratory
maneuvers, the tube is clamped and a chest radio-
graph is taken 2 hours later. If there is no pneumo-
thorax or in the absence of progression of
a previous pneumothorax chamber, the tube is
withdrawn.

The presence of an air leak is usually considered
a contraindication for removal of a chest tube. In
a recently published article by Cerfolio and
colleagues,17 the safety of chest tube removal in
patients with persistent air leak was investigated.
The investigators concluded that chest tubes can
be safely removed even if the patients have a pneu-
mothorax, if the following criteria are met: the
patients have been asymptomatic, they have no
subcutaneous emphysema after 14 days on
a portable device at home, and the pleural space
deficit has not increased in size. Several published
articles confirm the idea that residual pleural
spaces after lung resection are not a major threat
to the health of the patient and in many cases,
can be left untreated to avoid iatrogenic
complications.20,21

We were unable to find any recommendations in
the literature on the maximum distance between
the patient’s home and the hospital that can be
considered safe for patients discharged with
pleural drainage. In our experience, almost half of
the patients who were discharged with portable
chest drainage systems lived more than 100 km
from the center, and in 25% of the cases, the
distance was more than 200 km. Distance-related
problems did not arise. In our series, the rate of
emergency readmissions was 7% (3 cases), and
2 of the patients had to be readmitted because
of pneumonia and pleural empyema (1 case
each). It is our policy that all patients being dis-
charged with portable pleural drainage devices
are given written information on the fundamental
points to be borne in mind. As an additional
measure of security, nursing staff in the medical
facilities closest to the patient’s home are also
informed about the particulars of the patient.
AVAILABLE DEVICES FOR OUTPATIENT
PLEURAL DRAINAGE MANAGEMENT

The types and some of the commercially available
devices for ambulatory pleural drainage are
summarized in Table 2. Indwelling pleural
catheters for chronic evacuation of malignant
pleural effusions have not been considered
because this is beyond the scope of this article.

The Heimlich valve is the simplest method of
outpatient pleural drainage. Some problems
related to patient-induced malposition of the
valve, leading to tension pneumothorax and emer-
gency readmission, have been published in the
literature.22,23 Fortunately, these problems are
rare, and the reliability of flutter valves for pleural
drainage after lung resection has been demon-
strated in the literature.24–27 The main inconve-
nience of the Heimlich valve is pleural fluid
spillage, which is bothersome for the patient and
his environment. To avoid this problem, the valve
should be attached to a perforated plastic bag,
or a specifically designed one-way valve including
a small reservoir can be used.28 Outside the
United States, a device including a flutter valve
and a plastic bag with a vent is available.26

Some small, conventional, chest drainage units
useful for outpatient management are also avail-
able.13 These units have the advantage of incorpo-
rating a system for checking air leaks and the
possibility of suction if this is needed in the
follow-up period. However, they are more expen-
sive than a classic Heimlich valve or a plastic bag.
SUMMARY

Ambulatory chest drainage after lung resection is
a safe procedure if patients are selected according
to previously established criteria. The rate of
expected emergency readmissions is low, and
no major problems have been reported. There
are several devices available on the market facili-
tating ambulatory pleural space management,
and the adoption of this procedure depends on
local criteria.
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Special Situations: Air
Leak After Lung
Volume Reduction
Surgery and in
Ventilated Patients
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Patients undergoing lung volume reduction surgery
(LVRS) and those supported by mechanical ventila-
tion are among our most vulnerable patients. Pro-
longed air leak in these fragile patients can have
dire and fatal consequences. This article describes
the incidence of prolonged air leak in these popula-
tions, the causes ascribed to their development, and
strategies that may be applied to their prevention
and treatment.
PROLONGED AIR LEAK AFTER LVRS

LVRS originated in the work of Brantigan and
colleagues,1 published in 1959. The operation
received little attention but was resurrected by
Cooper and colleagues2 in 1993. It became
a meaningful treatment of severe emphysema
during the 1990s. The theoretical benefits included
reduction in airway resistance by restoring lung
elastic recoil and the tethering function on small
airways; restoration of normal chest wall recoil;
improved ventilation-perfusion matching; and
reduction in end-expiratory volume, allowing for
optimized diaphragmatic excursion and genera-
tion of negative intrathoracic pressure.3,4 LVRS
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has been shown to be beneficial in even the
most severely afflicted patients.2,3

Additions and adjustments were made to the
original techniques but, despite the revisions, pro-
longed air leak remains the most common compli-
cation after LVRS. The consequences of leak are
significant, resulting in longer hospital stay, read-
mission to the intensive care unit, prolonged
need for tube thoracostomy and adjunctive treat-
ments, and even a higher rate of infectious and
cardiopulmonary complications.5 This article
describe the incidence of prolonged air leak after
LVRS, examines the risk factors and mechanisms
at play, and reviews the various techniques that
have been used to reduce its occurrence.

INCIDENCE OF PROLONGED AIR LEAK
AFTER LVRS

Prolonged air leak is generally defined as a leak
lasting 7 days or more. It is estimated that pro-
longed air leaks after LVRS occur in 46% to 80%
of cases.2,6 In the National Emphysema Treatment
Trial (NETT), in which 552 patients underwent bilat-
eral, stapled LVRS, the incidence of prolonged air
leak was 50%.5 An examination of operative
enter, 110 Francis Street, Suite 9B, Boston, MA 02215,
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approach reveals that the prolonged air leak rate
does not differ among patients undergoing median
sternotomy, thoracotomy, or thoracoscopy for
lung volume reduction.6–8 This finding was borne
out in the analysis of prolonged air leak undertaken
in the NETT trial.5
EARLY ATTEMPTS TO REDUCE LEAK

Several attempts at reducing the incidence of pro-
longed air leak were made. In one of the earliest
articles on the subject, Cooper9 noted that air
leaks occurred most often at the proximal staple
line intraoperatively, and that using a stapling
device buttressed with strips of bovine pericar-
dium was found to eliminate these leaks, as shown
by intraoperative underwater testing. A random-
ized trial comparing buttressed with nonbut-
tressed staple lines showed that the buttressed
group had significantly fewer air leaks overall, but
there were no significant differences in the inci-
dence of prolonged air leak or in the rates of reop-
eration for prolonged air leak.10,11 In an outcomes
study comparing a nonresectional LVRS tech-
nique with traditional resectional techniques,
neither the resected nor the unresected group
used buttressing or other reinforcement tech-
niques, but the leak rates were as low or lower
than the rates reported in buttressed groups.12 In
addition, buttressing staple lines with bovine peri-
cardium has resulted in complications of interstitial
pneumonia, pseudotumor formation, recurrent
hemoptysis, staple/strip-optysis, and obstructive
pneumonia.13 These are presumably due to
a significant inflammatory reaction stimulated by
the material.

Similarly, a randomized comparison of laser bul-
lectomy with stapled LVRS for diffuse emphysema
revealed no significant differences in rates of pro-
longed air leak, although significantly more patients
in the laser group developed late pneumothorax.14

Pleural tents created intraoperatively were
shown to reduce the incidence of prolonged air
leak in a small study of 8 emphysematous patients,
2 of whom underwent LVRS. The other 8 underwent
bullectomy. Parietal pleura overlying the resected
portions of lung were used as staple-line reinforce-
ment. No prolonged air leak was seen in this
study.15 However, examination of the 60 patients
in the NETT trial who underwent pleural tent crea-
tion showed no significant difference in the rate of
prolonged air leak.5 Sealants and glues for prevent-
ing prolonged air leak in pulmonary resections have
been studied with varying results.16 However, data
from the NETT trial focusing exclusively on LVRS
patients show no clear benefit of adjunctive proce-
dures to reduce the incidence of prolonged air leak.
In short, buttressing pleural tent creation, sealants,
glues, pleurodesis, laser bullectomy have been
shown to reduce the incidence of prolonged air
leak after LVRS.
WHY PROLONGED AIR LEAKS OCCUR
AFTER LVRS

In a study of prolonged air leak after pulmonary
resection by Brunelli and colleagues,17 a large
series of patients undergoing lobectomy or bilo-
bectomy for non–small-cell lung cancer were
analyzed. Patients at greatest risk for developing
prolonged air leak were those with a lower mean
forced expiratory volume in 1 second (FEV1; 79%
vs 90%), lower mean forced vital capacity (FVC),
lower FEV1/FVC ratio (0.66 vs 0.71), lower pre-
dicted postoperative FEV1 (63% vs 72%), those
with adhesions (51% vs 30%), and those under-
going upper lobe resections (74% vs 63%). In
short, emphysematous lung parenchyma
rendered patients undergoing pulmonary resec-
tion for cancer vulnerable to developing prolonged
air leaks. Patients undergoing LVRS (a set of
patients with severe emphysema) have the highest
rates of prolonged air leak of any group under-
going pulmonary resection. The findings of Brunelli
and colleagues17 were closely mirrored in the
NETT trial identification of independent risk factors
for developing prolonged air leak. These included
upper lobe resection, the presence of tenacious
adhesions, and low carbon monoxide diffusion in
the lung (DLCO). Inhaled steroid use was also
found to be an independent predictor of leak dura-
tion, ostensibly due to trapping of steroids in the
obstructive lung, and inhibited healing.5

Several articles have suggested that the key to
preventing prolonged air leaks is to assure the
absence of leak intraoperatively by carefully
testing staple lines for leaks under water, ensuring
pleural apposition, and maintaining lung expan-
sion.9,16,18 However, in the case of patients under-
going lung volume reduction, this may not hold
true. Many air leaks after LVRS are not present
during or immediately after surgery, but develop
some hours to days after the operation.7,12 Date
and colleagues19 noted that 13% of patients
undergoing LVRS developed a late air leak, attrib-
uted to sudden lung rupture in the postsurgical
period. This finding may be the result of a redistri-
bution of forces across the lung caused by newly
created staple lines, which can form delayed tears
in the fragile pleura of patients selected to undergo
LVRS. These tears may even occur some distance
away from the newly created staple lines.

There have been mixed outcomes from studying
the use of buttressing materials, sealants, and
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glues in LVRS.6,10,16,20 Staple line reinforcement
may seal air leaks detected intraoperatively, but
they also may redistribute forces across the lung
and create tears and susbsequent air leaks remote
from the line of resection as a result. Therefore,
buttressing the staple line may have no effect in
preventing the development of air leaks that
develop after the operation.12,20

Another reason that patients undergoing LVRS
may suffer prolonged air leaks relates to occult
pulmonary comorbidities. In a study of 80 resec-
tion specimens of patients who underwent LVRS,
Keller and colleagues21 found numerous other
unsuspected diagnoses in 37.5% of cases. Diag-
noses included fibrosis, tumor, noncaseating
granulomas, and infections, and patients who ex-
hibited these in addition to their emphysema had
significantly more complications. Patients with
dual diagnoses had higher rates of prolonged air
leak and needed significantly longer duration of
tube thoracostomy and hospital stay. They had
a higher rate of reintubation and reoperation for
prolonged air leak.21 Staple line stressors may be
compounded by other lung abnormalities in
patients exhibiting prolonged air leak. These
factors may affect severely damaged lung paren-
chyma and cause bleb rupture.20
NO-CUT PLICATION: DURABLE REDUCTION
OF PROLONGED AIR LEAK?

If prolonged air leaks occur predominantly as
a result of staple line stress, then avoiding staple
lines should reduce the rate of prolonged air
leak. This theory was tested by Crosa-Dorado
and colleagues in a work published in 1992.22

Swanson and colleagues23 performed thoraco-
scopic no-cut plication in 50 operations on 32
patients with emphysema. Rate of prolonged air
leak was found to be 9%, and atrial fibrillation
rather than prolonged air leak was the most
common complication in this group of LVRS
patients. Additional benefits were seen in the
cohort, including shorter hospital stay, lower
mortality, and less need for intensive care unit
(ICU) care and reintubation.23 Iwasaki and
colleagues24 performed fold plication LVRS on
20 patients using a no-cut stapler. Air leaks
subsided for all patients by postoperative day 5;
however, 1 patient developed pneumothorax.25

Mineo and colleagues26 reported a 25% rate of
prolonged air leak in 12 patients undergoing intro-
flexion and plication with a no-knife stapler. Tac-
coni and colleagues12 performed awake
introflexion of lung apex with a noncutting staple
applied to 3 short interrupted segments of apex
on 66 patients between 2001 and 2008. A
retrospective review of these prospectively
collected data was compared with a historical
control group of 66 patients. Prolonged air leak
rate was found to be 40% in the traditional resec-
tion group, and 18% in the plicated group
(Table 1).12

The results of these studies are encouraging, but
many questions remain. Resected lung is perma-
nently removed, and it has been speculated that
the plicated segments may unfold in time. In most
reported studies, the patient cohorts were followed
for a period of months after surgery. Although gains
in pulmonary function compare favorably with
resection techniques, questions have arisen
regarding the long-term durability of this technique.
Pompeo and Mineo,27 in a retrospective study, re-
ported encouraging long-term results at 24 months
of follow-up of their cohort of 12 patients. More long-
termfollow-up iswarranted toevaluate forsustained
improvements in pulmonary function after these
techniques, perhaps in the formof a randomized trial
comparing traditional resection with plication.
RECENT EFFORTS TO REDUCE PROLONGED
AIR LEAK IN LVRS

Two small randomized studies of LVRS patients
raised the question of the benefit of fibrin sealants
in reinforcing staple lines. Moser and colleagues,28

from 2005 to 2006, randomized 22 patients in
a study of the effect of reinforcing staple lines with
an autologous fibrin sealant in LVRS on the inci-
dence of prolonged air leak and duration of chest
tube drainage. The sealant was made by transform-
ing a sample of the patient’s own blood into a spray-
able, evenly coating fibrin sealant applied to a 1 cm
margin around the interrupted staple lines. The rate
of prolonged air leak in the sample treated with the
fibrin sealant was 4.6%, significantly less than the
rate of 32% seen in the nontreated group. The dura-
tion of chest tube drainage was also significantly
lower (2.8 vs 5.9 days).28

Another randomized pilot study sought to
compare BioGlue with bovine pericardium-
buttressed staple lines. BioGlue is a sealant
composed of bovine serum albumin and glutaral-
dehyde, packaged in an injectable syringe.
Studies of glutaraldehyde-containing sealant
showed promising results in animal models when
used to seal staple lines of nonemphysematous
lung. Ten patients undergoing resectional LVRS
were randomly assigned to receive Peri-strips
(staple line-reinforcing bovine pericardium) or Bio-
Glue at the staple lines. The overall rate of pro-
longed air leak in this series of 10 patients was
50%, with 75% of these occurring in the pericar-
dium-buttressed side.29



Table 1
Outcomes in patients undergoing no-cut plication for lung volume reduction

Study
Unilateral
Versus Bilateral No. Patients

Months
Follow-Up 6FEV1 (%) 6FVC (%)

66 min Walk
Test (%) % Prolonged Air Leak

Swanson et al, 199723 Unilateral 12 3.8�0.9 [26 [12�6 per side plicated — 9 combined rate
Bilateral 10 5.1�0.9 [55 — —

Kuwahira et al,
200025

Unilateral 20 6 [31 [11 [20 a

Mineo et al, 200626 Unilateral 12 6 [31b [19b [19b 25

Unilateral 12 24c FEV1 stable FVC stable Stable —

Tacconi et al, 200912 Unilateral 66 6 [33d [14d [41d 18d

a Rate of prolonged air leak not reported, but the investigators did report a mean duration of chest tube drainage of 1.7 days, suggesting low rates of prolonged air leak.
b Calculated as a percentage change from pre- and postoperative FEV1, FVC, and 6 minute walk test.
c Twenty-four–month follow-up of the 12-patient cohort reported by Pompeo and Mineo (2007).27

d Calculated as a combined result of patients undergoing awake nonresectional surgery and nonresectional surgery under general anesthesia.
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PROLONGED AIR LEAK IN THE
MECHANICALLY VENTILATED PATIENT

Potential complications of a prolonged air leak in
mechanically ventilated patients include persistent
pneumothorax, poor lung expansion from loss of
tidal volume, ventilation-perfusion mismatch, infil-
tration of infection into the pleural space, inability
to maintain positive expiratory end pressure
(PEEP), and, ultimately, inability to adequately
ventilate the patient, occasionally causing an
insurmountable respiratory acidosis.30

Kempainen and Pierson31 ascribed specific
definitions to the various terms used to describe
prolonged air leak in the diverse mechanically
ventilated population. Air leak persisting for longer
than 24 hours is termed a fistula. A bronchopleural
fistula is an air leak that stems from a direct
communication between main or segmental
bronchi and the pleural cavity. A parenchymal-
pleural fistula is an air leak from lung parenchyma,
presumably at the alveolar level.31
CAUSES OF AIR LEAK IN THE MECHANICALLY
VENTILATED PATIENT

One way of gaining perspective on the character-
istics of air leak in the population of mechanically
ventilated patients is to study a sample of the
ventilated population. In a prospective cohort
study of 5183 patients receiving mechanical venti-
lation for more than 12 hours, representing 361
ICUs in 20 countries, in a 28-day period in 1998,
Esteban and colleagues32 reported an overall
rate of barotraumas (air leak) of 3%. Patients
were intubated for reasons that included postop-
erative respiratory failure (21%), coma (17%),
pneumonia (14%), chronic obstructive pulmonary
disease (COPD; 10%), congestive heart failure
(10%), sepsis (9%), acquired respiratory distress
syndrome (ARDS; 5%), aspiration (3%), asthma
(2%), trauma (8%), and neuromuscular disease
(2%). A subsequent study of barotrauma cases
from this dataset revealed that 80% of patients
presented with air leaks within 3 days of onset of
mechanical ventilation.32 However, a subset of
patients developed air leaks more than 2 weeks
after the onset of ventilation, most of whom had
developed ARDS.33

In their seminal work on the subject of prolonged
air leak in ventilated patients, Pierson and col-
leagues30 reviewed 1700 mechanically ventilated
patients, 39 (2%) of whom had bronchopleural
fistulas that lasted more than 24 hours. They noted
3 processes that could lead to prolonged air leak in
the ventilated patient: blunt or penetrating chest
trauma, iatrogenic causes, and alveolar injury
stemming from ARDS. The overall mortality in their
group of patients was 67%, and they noted signifi-
cantly higher mortality among patients developing
air leaks more than 24 hours after admission;
patients developing pleural space infections; and
those with a leak quantified at more than 500 mL
per tidal volume.30 A study of air leak in mechani-
cally ventilated children noted different processes
leading to high rates of air leak: congenital pulmo-
nary disease (eg, Kartagener syndrome, deficiency
of bronchial cartilage, right middle lobe syndrome,
bronchiectasis), ARDS, and airway foreign bodies.
This study showed that patients with documented
infections and higher ventilatory flow rates had
significantly more prolonged air leak.34 Persistent
air leaks in trauma patients most often seems to
be caused by unhealed parenchymal injury,35 but
the cause of prolonged air leak is occasionally
more complicated. Retained hemothorax or
empyema, cavitation from penetrating trauma,
and lung herniation at the site of penetrating rib
fractures have been described.36

The finding of significantly higher mortality in
ventilated patients who develop air leak has been
echoed in several studies.33,34,37 Patients who
develop air leaks later in the course of mechanical
ventilation have even higher mortality.30 Early in
the course of mechanical ventilation, gas is prefer-
entially delivered to normal alveoli. Larger tidal
volumes cause overdistention of alveoli, and high
airway pressures can cause high shear stress on
these alveoli, resulting in barotrauma or volutrau-
ma and air leak. Later in the course of ventilation,
derecruitment of alveoli at the junction of aerated
and collapsed lung occurs. Ischemic or infective
necrosis of persistently collapsed lung may occur,
causing a second wave of air leak. Infection
compounds the problem by recruiting leukocytes
to the area and perpetuating the cycle of inflam-
matory mediators.34,38 Chronic leukocyte seques-
tration causes mild emphysema due to repetitive
release of leukocyte elastase, resulting in elastin
degradation, airspace enlargement, and alveolar
rupture.34,39 Add to these the problems of malnu-
trition and multiple organ failure in the ventilated
patient, and the reported high mortality is not
surprising.
MANAGEMENT OF PROLONGED AIR LEAKS
IN VENTILATED PATIENTS

Regardless of the source of a persistent air leak,
management strategies seem to be compatible,
and are based on common principles. The wide
adaptation of lung-protective ventilatory strategies
has reduced the incidence of air leak in the venti-
lated population,33 and is also the basis of
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management once it occurs.40 Plateau airway
pressures are a suitably accurate representation
of transalveolar pressure, and reducing these to
a value of less than 35 cm H2O is believed to be
protective in lung injury patients.40,41

Suction applied to a thoracostomy tube can
increase the volume of air leak across a fistula, in-
hibiting its healing and making ventilation difficult.
Various chest tube management strategies have
been examined in several randomized controlled
studies in the postoperative setting.42–46 The
evidence favors water seal instead of suction in
bringing about resolution of postoperative air
leak. In cases of symptomatic or sizeable pneumo-
thorax, a low level of suction (�10 cm water pres-
sure) can be applied,44 with early transition to
water seal when feasible.31
INTERVENTIONS TO ADDRESS PROLONGED
AIR LEAK IN VENTILATED PATIENTS

Numerous novel endobronchial methods for ad-
dressing prolonged air leak have been docu-
mented.47 Several studies have detailed varying
levels of success with the use of sclerosants or
sealants instilled through the thoracostomy tube
and autologous blood patch pleurodesis for
cessation of persistent air leak after pulmonary
resection. None of these studies focused on the
ventilated population per se, therefore the
evidence to extend these therapies to mechani-
cally ventilated patients does not exist. There is
evidence that blood patch instillation leads to
a higher rate of empyema.31,48 Given that the
causes of air leak in most ventilated patients
stem from primary pulmonary conditions, acute
lung injury (ALI)/ARDS or infection(s), instilling
sealants or blood into the intrapleural space has
its own attendant risks. Addressing the underlying
illness and ventilator strategies designed to
improve lung compliance seem to be the ultimate
solutions to treating prolonged air leaks in this
population.

There is a subset of patients with primary
pulmonary diseases in whom air leak is so
substantial that the patient cannot be adequately
ventilated.30 In these patients, extracorporeal
membrane oxygenation (ECMO) may provide the
only possible support. A recent randomized
controlled trial assigned adults in severe respira-
tory failure to receive maximal conventional venti-
latory therapy or ECMO. Ninety patients were
assigned to each group. Intention-to-treat analysis
revealed that ECMO-treated patients had better 6-
month survival than conventionally ventilated
patients. Limitations of the study include inconsis-
tent conventional ventilation protocols and
incomplete data for conventionally ventilated
patients at 6 months. As expected, ECMO was
expensive, with costs more than double those
ascribed to conventionally ventilated patients.49

However, in a patient with isolated severe respira-
tory failure in whom conventional methods of
ventilation fail because of a large air leak, ECMO
may be a viable, though expensive and morbid,
means of supportive care that may be the only
option for survival when available. As there is no
documentation in the literature that ECMO has
ever been used to bridge a patient through a venti-
lation-limiting air leak; it is at present a theoretical
means of supportive care in these patients.
SUMMARY

Prolonged air leak remains the biggest barrier to
improving outcomes in patients undergoing
LVRS. Because prolonged air leaks may develop
some hours to days after the operation, they are
different from air leaks that are seen intraopera-
tively and immediately postoperatively. Prolonged
air leaks are probably caused by stresses and
subsequent visceral pleural tears redistributed
within the emphysematous lung that manifest at
variable times during the postoperative course
and at points distant from the staple line. Buttress-
ing the staple line with bovine pericardium strips
has no effect in reducing the rate of these pro-
longed air leaks, and may provoke morbid inflam-
matory reactions. Autologous fibrin sealants and
BioGlue may have improved profiles of reducing
prolonged air leak after LVRS. No-cut plication
methods manifest the lowest rates of prolonged
air leak in any LVRS, yet long-term data are limited.

Prolonged air leaks in the general ventilated pop-
ulation occur in a trimodal distribution. Traumatic
pulmonary insults manifest air leak immediately
on presentation. A subset of these trauma patients
will develop prolonged air leak largely due to paren-
chymal injury. Air leak manifests at 2 to 3 days after
the initiation of mechanical ventilation in patients
with chronic interstitial lung disease, ALI/ARDS,
and pneumonia. A third wave of air leak is seen after
the first week of continuous mechanical ventilation,
due largely to infectious complications in stressed
and fragile lung parenchyma. All such patients
require tube thoracostomy. Subsets of each cate-
gory of patients will persist with air leak beyond 7
days. Lung-protective strategies have reduced
the incidence of barotraumas/air leak and its dura-
tion in mechanically ventilated patients. Manage-
ment of prolonged air leak in this population also
includes minimizing volume escape by judicious
chest tube management including minimal suction.
Pleurodesis with chemicals, sealants, or
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autologous blood carry attendant risks given the
high prevalence of coincident pulmonary infection.
ECMO may be an alternative means of supportive
care when the air leak is too large to permit
adequate gas exchange through mechanical
ventilation.
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Alveolar air leaks (AALs) that occur after pulmo-
nary resection are a significant clinical problem in
the practice of thoracic surgery. AALs that persist
beyond the immediate postoperative period are
associated with a variety of complications, and
they can result in increased hospital length of
stay (LOS) and increased costs. Many studies
have been published in recent years to evaluate
the products and techniques designed to prevent
or ameliorate AALs. Many of the methods
proposed to minimize postoperative AALs add
substantial cost to the operations for which they
might be used, and therefore deserve careful scru-
tiny. This article presents an evidenced-based
review of all of the available literature to determine
which approaches to the problem of AALs have
the greatest scientific support.

During the initial management of a postoperative
AALs, the surgeon generally does not know
whether such a leak originates from the alveoli
via a peripheral tear in the visceral pleura (ie, an
AAL) or whether it originates from bronchial struc-
tures (ie, a bronchopleural fistula [BPF]). Most
postoperative AALs will ultimately prove to be
AALs; therefore, the initial management should
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be aimed at treating an AAL. However, leakage
of air that is ultimately proven to be a BPF is
managed differently from an AAL, often requiring
early surgical intervention, and this topic is not dis-
cussed in detail within this article.
THE CONCEPT OF PROLONGED AIR LEAK

The many published studies that have addressed
AALs have used several different definitions for
the term prolonged air leak (PAL); from an AAL
lasting 4 days postoperatively to one lasting
more than 10 days postoperatively. Perhaps the
major impetus to labeling an AAL a PAL is related
to postoperative LOS. An AAL can be considered
to be a PAL when the leakage of air, and the result-
ing need for chest tube drainage, is the only
problem requiring a patient to remain in the
hospital. At this point, placement of a Heimlich
valve might be considered. Because recent
studies of pulmonary lobectomy have recorded
mean LOS in the 5-day range, the authors suggest
that a modern definition of a PAL should be a leak
lasting beyond postoperative day (POD) 5.
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INCIDENCE, SIGNIFICANCE, AND RISK
FACTORS FOR AIR LEAKS
Incidence of Air Leak

The presence or absence of AAL has been re-
corded at different postoperative time points in
different studies. Immediately at the completion
of surgery, AAL has been reported to be present
in between 28% and 60%1–5 of patients having
routine pulmonary resection reported in series
that included lobectomies and lesser resections.
On the morning of POD1, an AAL is present in
26% to 48% of patients,6,7 and on the morning
of POD2 AAL is present in 22% to 24% of cases.6,8

On the morning of POD4, AALs were present in
one study in 8% of cases.9 In the lung volume
reduction surgery (LVRS) population, AAL
occurred at some point during the postoperative
period in 90% of patients undergoing bilateral
procedures within the National Emphysema Treat-
ment Trial (NETT).10

Incidence of PAL

Although PAL is defined variably, its incidence has
been reported to be present in 8% to 26%9,11,12 of
patients undergoing routine pulmonary resections.
Following LVRS in the NETT, the median duration
of air leak (AL) was 7 days, and 12% of patients
had a persistent AL even at 30 days postopera-
tively.10 In patients with forced expiratory volume
in 1 second (FEV1) less than 35% predicted under-
going non-LVRS unilateral pulmonary resections,
22% had an AL lasting more than 7 days.13 In
the population of patients undergoing lung biopsy
for interstitial lung disease (ILD), PAL has been re-
ported to occur in 1.6% to 30.2% of patients,14–16

clearly related to whether the patients being re-
ported are outpatients with mild disease or inpa-
tients requiring mechanical ventilation for severe
disease.

Significance of AL/PAL

Several studies have found that PAL increases
complication rates after routine pulmonary resec-
tion. Empyema17 and other pulmonary complica-
tions18 have been associated with PAL. Okereke
and colleagues4 found that any AL was associated
with more complications (30% vs 18%, P 5 .07).
This finding was also true in the LVRS population
(57% vs 30%, P 5 .0004).10 In one study of 53
patients with acute respiratory distress syndrome
(ARDS) who required lung biopsy, there was
a trend toward higher mortality in patients with
PAL.16

It has also been shown in many studies that PAL
increases LOS and costs. Every study in the
routine lung resection population reporting LOS
or costs as a function of PAL has found an associ-
ation. Varela and colleagues11 found LOS to be
increased by about 6 days at a total expense of
more than 39,000 euros. Brunelli and colleagues17

found LOS to be increased by 7.9 days. Bardell
and Petsikas12 found that, of all factors studied,
only PAL was predictive of increased LOS. Irshad
and colleagues18 found that the 3 most frequent
complications that delayed discharge beyond
POD5 were PAL, pulmonary infection, and atrial
fibrillation; PAL increased LOS by a mean of 13.1
days. In the LVRS population,10 the mean LOS
among survivors was 11.8 days in those with
any AAL versus 7.6 days in those without AAL
(P 5 .0005).
Risk Factors for AL/PAL

The most consistently identified risk factor for PAL
is chronic obstructive pulmonary disease (COPD).
Many of the various preoperative tests that reflect
severity of COPD have been associated with
PAL.9,12,19,20 Patients with severe emphysema
who require LVRS are especially susceptible to
PAL,10 as are those with FEV1 less than 35% pre-
dicted who require other types of pulmonary
resections.13 There is clearly a strong positive
correlation between degree of emphysema and
risk of AAL and PAL.

Other important risk factors associated with PAL
in 1 or more studies include presence of adhe-
sions,19 upper lobectomy and bilobectomy,19

lobectomy versus lesser resections,9 presence of
a pneumothorax coinciding with the AAL,9,21

steroid use greater than 10 mg daily for more
than 1 month,9 and a leak of a size greater than
4 on the scale of 1 to 7 proposed by Cerfolio and
colleagues.9 In a retrospective study of intubated
patients undergoing lung biopsy for ARDS, the
only multivariate predictor of PAL was peak airway
pressure (PAP). The risk of PAL was reduced by
42% for every 5 cm H2O reduction in PAP. A lower
risk of AL was associated with lower PAP, lower
tidal volume, and use of pressure-cycled
ventilation.16
Grading System for ALs

Cerfolio and colleagues8 described a useful semi-
quantitative classification of ALs. Using the air-
leak meter that is part of the Pleur-evac system
(Deknatel, Boston, MA, USA), AALs were scored
on a scale of 1 to 7 according to the highest-
numbered chamber reached by bubbles with
deep breathing or coughing (for a leak present
only on coughing). The largest number consistently
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reached was the number assigned. Interobserver
variability was reasonably good.

In this single institution, this scoring system has
proven to have prognostic value. First, in protocols
that assayed the use of waterseal to reduce dura-
tion of AAL, every patient who developed a pneu-
mothorax when placed on waterseal had a leak
that was at least 4/7 on the scale, and a leak of
this size predicted a PAL (P<.001). All patients
whose leaks stopped when placed on waterseal
had a leak of 3/7 or less.8 A leak 4/7 or greater
was also found to be highly predictive of failure
of waterseal in patients with AL and pneumo-
thorax.21 Clearly, patients with a leak 4/7 or greater
are not ideal candidates to place on waterseal.
However, this grading system needs to be
confirmed in other institutions.

Several published studies have performed initial
evaluations of products designed to quantitatively
measure ALs using digital technology. Three of
these are randomized studies.22–24 Although these
digital AL measurement devices do seem to
provide more detailed and consistent AL data, it
is not clear that they provide sufficiently improved
decision making regarding timing of chest tube
removal to justify their increased cost.
INTRAOPERATIVE MANAGEMENT OF ALs

Postoperative AALs may occur directly at staple
lines, from tissues adjacent to staple lines, from
sites where pleural adhesions have been taken
down, and from areas of dissection such as within
fissures and around lymph nodes. The optimal
time to manage these AALs is intraoperatively.
Beyond simply resuturing the areas of visible AL,
several other intraoperative techniques have been
introduced to try to reduce postoperative AALs.
The 2 most recent techniques introduced are but-
tressing the staple line and using sealing agents
to close leaks from visceral pleural breaches. Other
more traditional alternatives include pleural tenting
and the creation of a pneumoperitoneum.

Cooper25 first reported the use of bovine pericar-
dium in buttressing staple lines to control ALs
following LVRS. Subsequently, several researchers
have supported the use of bovine pericardium to
control ALs, not only in patients with emphysema
but also in patients without emphysema under-
going pulmonary resection.26 Many other materials
are also used as buttresses, including excised pari-
etal pleura, polydioxane ribbon, Teflon felt,
expanded polytetrafluoroethylene, and collagen
patches.27 Nonabsorbable materials carry the risk
of inducing granulomatous inflammation and
bacterial colonization, which has even led in some
cases to metalloptysis. This event has been
described in several case reports, largely with the
use of bovine pericardium. Four randomized
studies compared buttressed to nonbuttressed
stapling of resection lines, 2 in patients having
LVRS28,29 and 2 in patients having lobectomy.30,31

Buttressing Staple Lines in Patients Who
are not Severely Emphysematous

Two randomized studies in patients undergoing
pulmonary resection predominately for lung cancer
evaluated bovine pericardium for staple line rein-
forcement. Venuta and colleagues31 (n 5 30) found
decreased AALs and shorter hospital stay, whereas
Miller and colleagues30 (n 5 80) found reduced
duration of AAL but no significant difference in
LOS. In the study by Venuta and colleagues,31

fissures were completed with gastrointestinal
anastomosis (GIA) staplers buttressed with bovine
pericardial sleeves (n 5 10), TA 55 staplers alone
(n 5 10), or clamps and silk ties (n 5 10). Postoper-
ative AALs persisted for 2 days in the group with
buttressed staple lines compared with 5 days in
the other 2 groups. Mean LOS was significantly
shorter at 4 days compared with 7 days in the non-
buttressed resections (P 5 .0001). The lack of the
ideal control group using unbuttressed GIA
staplers and the small numbers in this study limits
the conclusions that can be drawn from it.

Miller and colleagues30 performed a multicenter
trial consisting of 80 patients undergoing pulmo-
nary resection, randomly assigned to the unbut-
tressed control group or staple line reinforcement
with bovine pericardium. Increased AAL duration
was associated with assignment to the control
group (r 5 0.27, P 5 .02), but there were no statis-
tical differences in the mean intensive care unit
LOS (P 5 .9), number of days with a chest drain
(P 5 .6), or total LOS (P 5 .24).

Although both of these studies of buttressing
staple lines in patients without severe COPD
suggest that buttressing slightly reduces duration
of AALs, the larger and better-controlled trial did
not identify a clear benefit of staple line reinforce-
ment in terms of LOS or chest tube duration. But-
tressing staples lines does add as much as several
hundred dollars to hospital costs. Given the
increased costs and unclear benefits, buttressing
staple lines during pulmonary resection is not
currently recommended for most patients with
less than moderate emphysema.

Buttressing Staple Lines in Patients with
Severe Emphysema

Management of AALs is particularly challenging in
patients having LVRS. DeCamp and colleagues10

reviewed the entire population that underwent
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LVRS in the NETT and found no benefit of using
buttressed staple lines to prevent AALs. However,
this analysis was not randomized on the basis of
buttressing. Other groups have observed a benefit
of reinforcing the staple line in patients with emphy-
sema having LVRS. Two randomized clinical trials
in this patient population found a benefit from but-
tressing staple lines.28,29 A randomized 2-center
study by Hazelrigg and colleagues28 involving 123
patients undergoing unilateral thoracoscopic
LVRS showed a significant decrease in the duration
of postoperative ALs, earlier chest drain removal,
and a shorter hospital stay in patients receiving
bovine pericardial strips compared with patients
without such buttressing. Costs were unchanged,
because the costs of the pericardial sleeves offset
the savings in hospital days. Stammberger and
colleagues29 presented a randomized 3-center
study evaluating buttressing in LVRS. Sixty-five
patients underwent bilateral LVRS by video-assis-
ted thoracoscopy using endoscopic staplers, with
or without bovine pericardium for buttressing.
There was a significant decrease in the incidence
of initial AAL: 77% versus 39%. Seven patients
(3 in the treatment group) needed a reoperation
because of persistent AAL. The median duration
of AALs was shorter in the treatment group (0 vs 4
days; P<.001), and there was a shorter median
drainage time in this group (5 vs 7.5 days; P 5
.045). Hospital stay was comparable between the
2 groups (9.5 vs 12.0 days; P 5 .14).

The evidence from randomized studies suggests
that using buttresses on staple lines in patients with
emphysema reduces the incidence of AALs when
performing nonanatomic pulmonary resections
such as LVRS. This technique permits the earlier
removal of chest drains and shortens LOS. The
use of buttresses in this population seems to be
cost-neutral. The authors therefore believe that
buttresses should be used in this scenario.

The high-quality data on buttressing staple lines
in patients with emphysema come from the LVRS
population that undergoes nonanatomic stapling
(ie, wedge resection). There are insufficient data to
support the routine use of staple line buttresses
even in patients with severe emphysema when per-
forming anatomic lobectomy or segmentectomy.
However, the investigators believe that the benefit
of buttressing staple lines in patients with severe
emphysema likely translates to situations in which
one is stapling incomplete interlobar fissures or
intersegmental planes in patients with emphysema.
Use of Topical Sealants

A variety of surgical sealants have been developed
in an effort to prevent AALs. They are applied
during operation over lung surfaces where viola-
tion of the visceral pleura has occurred. The seal-
ants used include fibrin glues, synthetic
polyethylene glycol–based hydrogel sealants,
and fleece-bound sealants. Surgical sealants can
be effective in reducing the percentage of patients
who have a visible AAL at the conclusion of an
operation. However, their overall benefit has not
been established. Studies do not consistently
show that sealants: (a) reduce the time to removal
of chest drains, (b) decrease the LOS, or (c) reduce
the duration of PAL.

Serra-Mitjans and colleagues32 and Tambiah
and colleagues33 performed comprehensive
reviews of the literature evaluating sealants to
prevent AAL after pulmonary resections in patients
with lung cancer. These reports identified several
published and unpublished trials in which standard
closure techniques plus a sealant were compared
with the same intervention without a sealant. The
outcomes measured included morbidity (AAL,
wound infection, empyema), mortality, postopera-
tive chest drain time, and postoperative hospital
time. The 2005 report from Serra-Mitjans and
colleagues32 identified 12 randomized controlled
trials with a total of 1097 patients, and Table 1
incorporates an additional 4 randomized studies
published since that time.

These studies describe many sealants following
pulmonary resections. Fibrin glue, a sealant that
consists of fibrinogen, factor XIII, fibronectin, apro-
tinin, plasminogen, and a thrombin solution, was
evaluated in 6 trials.34–38 A synthetic sealant con-
sisting of polyethylene glycol, trimethylene car-
bonate, and acrylate was used in 2 trials.39,40 A
water-soluble polyethylene glycol–based gel pho-
topolymerizable was used in 1 trial.41 A polymeric
biodegradable sealant (polyethylene glycol–
based cross-linker, functionalized with succinate
groups [PEG-(SS)2] with human serum albumin-
USP [United States Pharmacopeia]) was used in
1 trial and a different polymeric sealant with used
in another similar report.42,43 TachoComb, an
absorbable patch consisting of an equine-collagen
fleece coated with human fibrinogen and human
thrombin, was used in 1 study.44 A slightly different
human fibrinogen and thrombin mix (TachoSil) was
used in 3 other reports.45–47 Vivostat is an autolo-
gous fibrin sealant that was evaluated in 2
trials.48,49 Tansley and colleagues50 used a mixture
of bovine serum albumin and glutaraldehyde (Bio-
Glue) in a prospective, randomized trial of efficacy
in treating AAL. The various sealants differ in how
they are applied: aerosolized spraying mechanism,
double syringe (with or without photopolymeriza-
tion by xenon light), or a direct application of an
absorbable patch.



Table 1
Randomized controlled trials evaluating surgical sealants for intraoperative ALs

Author Sealant N

Patients with
Postoperative
ALs

Duration
of AL

Duration
of Chest
Drain

Hospital
Days

Allen et al42 Novel polymeric
sealant

148 a a

Belboul et al48 Visostat 40 a

Fabian et al34 Fibrin glue 100 a a a

Fleisher et al35 Fibrin glue 28

Lang et al44 TachoComb 189 a

Macchiarini et al40 Fibrin glue 26 a

Moser et al49 Fibrin glue 25
(bilateral)

a a a

Mouritzen et al37 Fibrin glue 114 a a

Porte et al39 Advaseal 120 a a

Tansley et al50 Bioglue 52 a a a a

Wain et al41 FocalSeal 172 a a

Wong and
Goldstraw36

Fibrin glue 66

Wurtz et al38 Fibrin glue 50 a

Wurtz et al43 Fibrin glue 50 a

Anegg et al47 Fleece-bound
sealing

173 a a a a

D’Andrilli et al45 Polymeric
sealant

203 a a

a Significant improvement in treated group versus untreated group. The empty cells indicate no significant difference or
a variable that was not assessed.
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Serra-Mitjans and colleagues32 determined that
the quality and methodology in these trials were
variable. In most of the trials, there was no stan-
dard definition of AAL. In addition, the investiga-
tors made no attempt to quantify the degree of
AAL in the perioperative period. In 3 trials, patients
were randomized after checking for the presence
of intraoperative AAL. In 9 of trials, the staple lines
and cut surfaces of the lung parenchyma in the
experimental group were routinely covered with
topical sealant regardless of the presence of AAL.

In 11 trials, a significantly lower percentage of
patients had AAL at the conclusion of the opera-
tion when sealants were used. However, Serra-
Mitjans and colleagues32 and Tambiah and
colleagues33 each point out that many of these
trials do not show a reduction in number of chest
tube days with the use of sealants. The limiting
factor in removing chest drains in these patients
was often the volume of fluid drainage rather
than the presence or absence of AAL. There are
only 3 studies with sealants that show a reduction
in the number of chest tube days. Fabian and
colleagues34 found mean time to chest drain
removal in the treatment group was 3.5 days and
in the control group was 5 days. Tansley and
colleagues50 reported that patients who were
treated with BioGlue had significantly shorter
median duration of chest drainage; 4 versus 5
days (P 5 .012). More recently, Anegg and
colleagues47 attempted to seal grade 1 to 2
AALs visualized in the operating room with
a fleece-bound collagen product (TachoSil) after
routine fissure management. These results also
showed significantly reduced number of chest
tube days with the product (P<.02).

Hospital LOS has also not been generally
reduced by topical sealants, although there is
some evidence that this may occur. Allen and
colleagues42 found that the LOS was significantly
reduced in the treatment group, but there was no
reduction in time of chest drain duration. This
seemingly contradictory result may be related to
the use of Heimlich valves. This study also failed
to show a reduction in the incidence of AAL
requiring Heimlich valve in the sealant group. The
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Tansley and colleagues50 study of BioGlue
showed a shorter median LOS; 6 versus 7 days
(P 5 .004), compared with controls.

In patients who had an AAL postoperatively,
regardless of whether a surgical sealant was
used, there was a reduction in mean AAL duration
time in 4 of the trials. ALs in the trial by Porte and
colleagues39 lasted a mean 33.70 hours in the
treatment group and 63.22 hours in control group,
and 30.90 hours and 52.30 hours respectively in
the trial by Wain and colleagues.41 ALs lasted
a mean of 1.1 and 3.1 days in the treatment versus
control group (respectively) in the trial by Fabian
and colleagues.34 In that trial there was a signifi-
cantly higher rate of prolonged AALs in those
patients who were not treated by sealants (2%
vs 16%, P 5 .015). D’Andrilli and colleagues45

described a randomized study to evaluate a poly-
meric sealant (CoSeal) in 203 patients with
moderate/severe intraoperative ALs after
anatomic pulmonary resections (n 5 110) or minor
resections (n 5 93). Patients were randomly as-
signed to suture/stapling or suture/stapling plus
CoSeal sealant. AL rates at 24 hours and 48 hours
were significantly lower in the CoSeal group
(19.6% vs 40.6%, P 5 .001 at 24 hours; 23.5%
vs 41.6%, P 5 .006 at 48 hours) and the duration
of ALs was significantly shorter in the CoSeal
group (P 5 .01).

None of the randomized studies discussed
earlier performed a subgroup analysis to evaluate
the effectiveness of sealants in AAL of differing
sizes. Similarly, none of these studies were tar-
geted to patients who are at highest risk for
complicated or prolonged AALs (ie, those with
severe emphysema) or reported results in
subgroups of patients with severe emphysema.
Therefore, there is insufficient information
currently available to determine whether there
are specific subgroups of patients who more
clearly benefit from the use of surgical sealants.
There is 1 small randomized report of sealants in
patients with severe emphysema, but in the
LVRS setting. This report is of a prospective,
randomized, blinded, sealant study in 25 patients
undergoing bilateral thoracoscopic LVRS.49 In
each patient, an autologous fibrin sealant was
applied along the staple line on 1 side of the chest
only. The incidence of prolonged AALs and mean
duration of drainage were significantly reduced
on the sealant side (4.5% and 2.8 days vs 31.8%
and 5.9 days).

Beyond the use of sealants after traditional
parenchymal stapling, there have been recent
reports that a particular type of sealant combined
with electrocautery dissection of fissures may be
superior to the use of stapler devices to divide
fissures. Rena and colleagues46 conducted
a randomized trial of 60 patients with COPD
(FEV1<65%) and fused fissures and reported that
collagen patches coated with human fibrinogen
and thrombin (TachoSil) following electrocautery
dissection is more effective than stapling fissures
in terms of length of chest tube drainage (mean
3.5 vs 5.9 days, P 5 .0021) and LOS (5.9 vs 7.5
days; P 5 .01). Another study randomized 40
patients to stapler dissection versus electrocau-
tery dissection plus collagen patches coated with
fibrinogen and thrombin.45 In this study, there
was a reduction in the duration of AALs in the elec-
trocautery plus collagen group (1.7 vs 4.5 days,
P 5 .003). This approach may prove to be more
advantageous economically than adding sealants
to standard staplers because it has the advantage
of eliminating the costs of the staplers.

Most of the sealants studied seem to reduce
the percentage of patients with a visible AAL at
the end of an operative procedure. However,
most of these sealants do not seem to alter the
mean duration of AAL or mean duration of chest
tube drainage to a clinically significant degree.
Only 4 of 16 randomized studies show signifi-
cantly reduced LOS in the sealant group, and
only 2 studies (of BioGlue and TachoSil), clearly
show the reduced AL duration and chest tube
duration that would be expected to result in this
reduced LOS. Almost none of the studies report
on whether the sealants reduce complicated or
prolonged AAL; the outcome variable that is
perhaps most important to practicing surgeons.
In addition, only 1 study of a liquid sealant applied
the product to the highest risk group; those with
substantial emphysema. This study showed
a benefit to its sealant (autologous fibrin), sug-
gesting that perhaps the sealants (like buttresses)
might be appropriately applied to a select group
of patients with substantial emphysema. Further
study is required to determine whether that is
appropriate.

Given the inconclusive results of sealant studies,
and the significantly increased costs that would be
incurred by using sealants indiscriminately, it is
appropriate to use sealants only selectively at
this point.
Use of Pleural Tent

The creation of a pleural tent may eliminate an apical
pleural space and facilitate the sealing of ALs. The
predominant risk of this procedure is the develop-
ment of a hemothorax. Most studies measure this
complication by the need for postoperative blood
transfusions. Three studies (2 randomized, 1 retro-
spective) evaluate this technique.
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Brunelli and colleagues51 performed a random-
ized prospective trial of pleural tents in patients
undergoing upper lobectomy. Two hundred
patients were prospectively randomized to tent
or no tent. Pleural tent resulted in a significant
reduction in the mean duration of AL (2.5 vs 7.2
days; P<0001), the number of days a chest drain
was required (7.0 vs 11.2; P<.0001), and the LOS
in days (8.2 vs 11.6; P<.0001). Multivariate analysis
found that failure to have a pleural tent was an
independent predictor of the occurrence and
duration of AL. There was no increased need for
blood transfusions in the pleural tent population.

Okur and colleagues52 performed a prospective
randomized study of pleural tent in 40 patients
having upper or upper and middle lobectomies.
Duration of chest drain drainage was shorter in
the pleural tent group (4.3 � 0.16 days vs 7.40 �
0.68 days, P<.0001), as was mean LOS (7.60 �
0.4 days vs 9.35 � 0.6 days, P 5 .024). There
was no significant difference in total pleural
drainage volume between the groups. Three of
20 (15%) patients in the nontented group needed
an apical chest drain insertion in the postoperative
period for PAL with an apical space. Asymptom-
atic apical residual space occurred in 3 of 20
patients in the tented group. There was no
morbidity in the patients in the tented group.

Robinson and colleagues53 performed a retro-
spective study of 48 consecutive patients under-
going isolated upper lobectomy for neoplasm. In
3 years, 28 patients had creation of a pleural tent
and 20 patients did not. Chest drains were
removed according to a fixed protocol. The
patients who were tented had significantly shorter
mean AL duration (tented 1.6 � 0.3 days vs non-
tented 3.9 � 1.2 days, P 5 .04), mean total fluid
drainage (tented 1619.5 � 95.5 mL vs nontented
2476.3 � 346.4 mL, P 5 .009), mean chest drain
duration (tented 4.0 � 0.2 days vs nontented 6.6
� 1.0 days, P 5 .004), and mean LOS (tented 6.4
� 0.4 days vs nontented 8.6 � 1.0 days, P 5
.02). No operative deaths occurred, and morbidity
was not significantly different between groups.

Pleural tenting therefore clearly reduces the
duration of AL, the duration of chest drainage,
and the LOS in patients undergoing upper lobec-
tomy and upper bilobectomy, and it seems to incur
little morbidity. It is therefore reasonable to use
pleural tenting in combination with these resec-
tions. Subset analysis of patients with greater
risk factors for the development of AL or PAL
(eg, patients with more severe emphysema) was
not performed in the studies of pleural tenting.
The authors therefore are unable to determine
whether there are specific subgroups of patients
who derive the greatest benefit from pleural
tenting. However, common sense suggests that
tenting is more likely to be of most benefit in
patients with moderate to severe emphysema.

Use of Intraoperative Pneumoperitoneum

Toker and colleagues54 examined the effective-
ness of intraoperative pneumoperitoneum to
reduce AAL after a lower lobectomy or lower bilo-
bectomy for lung cancer. They studied 50 non-
randomized patients whose remnant lung failed
to fill at least half of the hemithorax under positive
pressure ventilation. Pneumoperitoneum signifi-
cantly reduced the duration of postoperative AL
(2.2 vs 6.0 days, P<.0001) and total chest drainage
time (3.8 vs 7.9 days, P<.001).

Cerfolio and colleagues55 presented data on
creating a pneumoperitoneum in patients following
removal of the right middle and lower lobes. They
prospectively randomized 16 patients who under-
went bilobectomy: 8 patients had 1200 mL of air
injected through the right hemidiaphragm at the
time of surgery and 8 did not. On POD1, AAL
was present in 1 patient (13%) in the pneumoper-
itoneum group and 5 patients (63%) in the control
group (P<.001). By POD3, 0% versus 50% had
leaks, respectively (P<.001). Median hospital stay
in the pneumoperitoneum group was 4 days
compared with 6 days in the control group
(P<.001). Three patients in the control group were
discharged with a Heimlich valve. There were no
complications related to the pneumoperitoneum.

Thus, although little published data exists, it
seems likely that intraoperative creation of pneu-
moperitoneum reduces AL duration and LOS
following lower lobectomy or lower bilobectomy.
Again, subset analysis was not performed in the
studies of pneumoperitoneum. The authors there-
fore do not know whether there are specific
subgroups of patients (eg, those with moderate
or severe emphysema) who derive the greatest
benefit from its use. However, it is reasonable to
add pneumoperitoneum in patients undergoing
lower lobectomy or lower bilobectomy who are
felt to be at high risk for the development of an
important AL.
POSTOPERATIVE MANAGEMENT
OF ROUTINE ALs
Chest Drain Suction Management

Despite the absence of high-level evidence to
support the practice, surgeons have traditionally
placed chest drains to �20 cm H2O suction
following pulmonary resections, converting the
tubes to waterseal only when there is no visible
AL. It was suggested first in patients having
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LVRS that placing patients’ chest tubes to the
traditional �20 cm H2O suction might prolong
AALs.56,57 Many surgeons performing LVRS now
manage chest drains in these patients with water-
seal alone when waterseal is tolerated. Propo-
nents of this approach argue that its use has
played a role in reducing morbidity and mortality
following LVRS. This experience with LVRS stimu-
lated surgeons to study whether various waterseal
or reduced suction algorithms would reduce AL/
PAL, without increasing adverse events, following
other, non-LVRS pulmonary resections and in
patients without severe emphysema (Table 2).

Cerfolio and colleagues8 provided the first data
showing that waterseal may be beneficial in allow-
ing earlier sealing of AL even in patients without
severe COPD. In this study, patients with AL
present on the morning of POD2 after anatomic
or lesser resections were randomized to remain
on �20 suction (n 5 15) or to waterseal (n 5 18).
In the waterseal group, 67% of the ALs sealed by
POD3, whereas in the suction group only 7%
Table 2
Randomized prospective trials evaluating waterseal

Author Algorithm Evaluated N
Resections
Included

Cerfolio
et al8

Waterseal on POD2
after �20 cm

33 Lobectomy
and
subloba

Marshall
et al3

Waterseal after
�20 cm only while
in OR

68 Lobectomy
and
subloba

Brunelli
et al7

Waterseal on POD1
after �20 cm

145 Lobectomy

Brunelli
et al58

Alternating �10 cm
(night) and waterseal
(day) on POD1 versus
full-time waterseal
after 10 cm of suction

94 Lobectomy

Alphonso
et al5

Immediate waterseal 239 Lobectomy
and
subloba

Abbreviations: CXRs, chest radiograms; LOS, length of stay; OR
erative day; PTX, pneumothorax.
sealed (P 5 .001). Twenty-two percent of patients
placed to waterseal developed a pneumothorax
and were thus placed back to �10 or �20 cm
suction.

Marshall and colleagues3 in 2002 published
a study that evaluated a waterseal protocol that re-
moves patients from suction immediately after
leaving the operating room. This study, also
including lobectomies and lesser resections,
placed all 68 patients to �20 cm suction for the
brief period between extubation and leaving the
operating room, but patients were then random-
ized to waterseal versus continued �20 cm
suction. Patients on waterseal who developed
a pneumothorax greater than 25% were placed
temporarily back to �10 cm suction, then back
to waterseal if the space reduced. There was
a significant reduction in AL duration (1.50 vs
3.27 days; P 5 .05) in the waterseal group. Dura-
tion of chest drainage was not significantly
reduced. There was no significant reduction in
LOS (although it was shorter in the waterseal
algorithms

CXRs
Obtained
to Rule
Out PTX

Benefit to
Waterseal

Significant
Benefits

r

Yes Yes Greater AL sealing
by POD3

r

Yes Yes Reduced AL
duration

No No Do not recommend
waterseal because
of trend to
increased
complications

No Yes (to
alternating
suction/
waterseal)

Shorter tube
duration,
LOS, less PALs vs
full-time
waterseal

r

No Yes Recommend
waterseal
because no
differences were
found and
waterseal
promotes
mobilization

, operating room; PALs, prolonged air leaks; POD, postop-



Management of Air Leaks 443
group; P 5 .18). Twenty-seven percent of patients
in the waterseal group developed a pneumothorax
greater than 25%, but none of these caused clin-
ical compromise. In follow-up, no patient had
a clinically significant residual space or pleural
effusion.

Brunelli and colleagues7 found no benefit to
waterseal, and a slightly higher complication rate
in those placed to waterseal on POD1. These
investigators randomized 145 patients with AL on
POD1 to waterseal versus continued �20 cm
suction. The study included only patients having
lobectomy, in contrast to the previous 2 studies.
There was no change in AAL duration or rate of
PAL. There was a 31.9% cardiopulmonary compli-
cation rate in the waterseal group versus 17.8% in
the suction group, but this did not reach statistical
significance (P 5 .056).

There are a several ways to explain the differing
results between the first Brunelli and colleagues7

study and the studies by Cerfolio and colleagues8

and Marshall and colleagues3 that found a benefit
to waterseal. First, it is possible that including
lesser resections in the latter 2 studies led to their
superior results with waterseal; it may be that
waterseal is effective in lesser resections but not
in lobectomies. Second, it is possible that the
use of pleural tents by Brunelli and colleagues7 in
all upper and bilobectomies rendered unimportant
a possible benefit of waterseal. A final factor that
may partly account for the difference in results is
that, in the study by Brunelli and colleagues,7

chest radiograms were not obtained routinely after
going to waterseal. It is therefore not clear whether
some of the patients in the waterseal group may
have developed an undocumented sizeable pneu-
mothorax. Only 2.8% (n 5 2) of the patients in the
waterseal arm of this study were converted back
to suction; in both patients this was due to the
development of severe subcutaneous emphy-
sema and desaturation. This result is in compar-
ison with 27% in the Marshall and colleagues3

study and 22% in the Cerfolio and colleagues8

study being converted back to suction. It is thus
possible that many patients in the Brunelli and
colleagues7 study were left with a large pneumo-
thorax that might explain the failure of the suction
arm to reduce AL duration and the slightly
increased rate of cardiopulmonary complications.

Brunelli and colleagues58 performed another
randomized trial in lobectomy patients that
showed a benefit to a version of part-time water-
seal termed alternate suction compared with that
of full-time waterseal. The investigators hypothe-
sized that alternate suction, consisting of �10
cm suction during the nighttime and waterseal
during the day, might combine the benefits of
suction (pleural apposition) and waterseal
(reducing the volume of AL; simplifying early
ambulation). After maintaining �10 cm suction
until the morning of POD1, 94 patients with AAL
were randomized at that point to full-time water-
seal versus alternate suction. The investigators
found no difference in duration of AAL or rate of
cardiopulmonary complications between the
groups, but there was shorter chest tube duration
(P 5 .002), shorter hospital stay (P 5 .004), and
fewer PALs (P 5 .02) in the alternate suction group.
In this study, chest radiograms were again not ob-
tained routinely or after initial placement to water-
seal, so there were likely some patients in the
waterseal group who were left with an undiag-
nosed, sizeable pneumothorax. It is thus possible
that the use of alternate suction by Brunelli and
colleagues58 served as the equivalent of the proto-
cols of Cerfolio and colleagues8 and Marshall and
colleagues3 of returning to�10 suction in the pres-
ence of a new or enlarging (Cerfolio) or greater
than 25% (Marshall) pneumothorax.

Alphonso and colleagues5 in 2004 performed
a randomized trial that included patients having
lobectomy and wedge resection (n 5 239), and it
differed from the other randomized studies in
that patients were allocated to waterseal or
suction (�2 kPa) immediately at the completion
of surgery, such that the patients with waterseal
never experienced suction. No difference was
found between the 2 groups on a Kaplan-Meier
analysis of AL duration (P 5 .62). None of the
data on complications, LOS, or criteria for return-
ing to suction, were provided in the study. Chest
radiograms were obtained only on days 1, 3, and
7, so it is possible, as in the studies by Brunelli
and colleagues,7,58 that some unrecognized pneu-
mothoraces were present in the patients with
waterseal. It is possible that the absence of even
an initial, brief period of suction to promote initial
pleural apposition contributed to the lack of
benefit seen in the waterseal group.

The data from these 5 randomized studies
provides evidence that some version of reduced
or part-time suction may reduce the duration of
AL following pulmonary resection in most patients.
However, the ideal waterseal or suction algorithm
remains uncertain. Many potential algorithms (eg,
continuous use of �10 cm of suction until cessa-
tion of AL) have never been studied. Available
evidence suggests that alternate �10 cm of
suction, or straight waterseal following a brief
period (in the operating room only or overnight)
of suction, are reasonable in patients with less
than a large AAL. Provided that a sizeable pneu-
mothorax, progressive subcutaneous emphy-
sema, or clinical deterioration does not develop,
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waterseal could be maintained until chest tube
removal. Optimal management with a straight
suction protocol mandates a chest radiogram after
being placed to waterseal. These protocols are
less likely to be successful in patients with
substantial restrictive lung disease, for whom
complete reexpansion without suction is unlikely,
and in cases with increased risk of postoperative
bleeding, for which tube patency may be critical.
In those situations, waterseal or reduced suction
algorithms may be contraindicated.

One retrospective study addressing the use of
waterseal strategies sheds further light on an
important aspect of the topic. This retrospective
analysis of a prospective database by Cerfolio
and colleagues21 was designed establish whether
waterseal was safe and effective in patients with
an AL and a pneumothorax. Of 86 such patients,
16% failed waterseal because of increasing
subcutaneous emphysema or expanding, symp-
tomatic pneumothorax. Multivariate analysis sug-
gested that leak greater than or equal to 3 in the
AL classification of Cerfolio and colleagues8 and
pneumothorax greater than 8 cm in size predicted
failure of waterseal.
POSTOPERATIVE MANAGEMENT OF PALs

It is rare that aggressive reinterventions are
required to treat PALs. In several published series
including more than 100 patients with PALs, the
incidence of reoperation was less than 2%.1–7

The most common treatment of PALs is watchful
waiting with continued chest drainage. More than
90% of PALs stop within several weeks following
operation with this form of management alone.

With continuing pressure to minimize resource
use, strategies have evolved that allow treatment
of PAL in the outpatient setting. These strategies
involve using a one-way valve attached to the
chest drain and regular outpatient visits to monitor
cessation of the AAL.9,59–62 A valved, outpatient
system such as a Heimlich valve can only be
considered in patients who have no more than
a small, stable, asymptomatic pneumothorax on
waterseal. Portable, closed one-way egress
devices63 are likely to be equally effective but
have not been as well studied in this setting.

There are a combined 148 patients described
within the 6 publications that report results of
outpatient, one-way valves for PAL. Of these
patients, all but 5 (3.4%) had their leak success-
fully managed in this manner. Three patients
(2.0%) were readmitted with increasing pneumo-
thorax or subcutaneous air leading to a change
in therapy, and 3 patients developed infectious
problems; none requiring reoperation. Only 1 of
the publications describing the use of Heimlich
valves describes concurrent oral antibiotics while
the tube remains in place.9 However, the authors
believe that the disadvantage of oral antibiotic
coverage of skin flora while a Heimlich is in place
is outweighed by its potential advantage.

It is common to have a patient with a Heimlich
valve or other portable, one-way device in place
who shows persistent evacuation of a few bubbles
from the drain when coughing but who remains
without leak on tidal breathing. Kato and
colleagues64 reported 6 patients with this sort of
AL and all had at least some degree of residual
postresectional pleural space. In 4 of these
patients the tube thoracostomy was clamped,
and 3 of the 4 had the drain successfully removed
3 to 5 days after clamping. In the remaining 2
patients, the tube was successfully removed
without a trial of test clamping at 11 and 21 days
after the operation. Kirschner65 described a similar
approach in an undisclosed number of patients
with PAL beyond the first postoperative week.
He coined the term provocative clamping. Cerfolio
and colleagues9 reported 9 patients with persis-
tent ALs after 2 weeks of outpatient management
with a Heimlich valve in whom they performed
provocative clamping. All had successful tube
removal without subsequent complication.

If a period of watchful waiting is unsuccessful in
treating PALs, one must consider active interven-
tions to mechanically seal the site of leak. Several
methods to accomplish pleurodesis have some
support in the literature. The instillation of scle-
rosing materials into the pleural space through the
thoracostomy tube may promote symphysis of
visceral and parietal pleura and leak closure. Tetra-
cycline/doxycycline and talc are effective for pleu-
rodesis in some cases.66,67 The potential for
microscopic contamination of the pleural space
after a prolonged period with a Heimlich valve miti-
gates against the routine use of a foreign body such
as talc. An antibiotic such as doxycycline may thus
be preferable for pleurodesis in this scenario.

Autologous blood patch is another nonsurgical
option to treat prolonged or persistent ALs
following operation or spontaneous pneumo-
thorax.68–73 Blood-patch pleurodesis involves the
instillation of autologous blood into the pleural
space through a chest catheter. It is simple, rela-
tively painless, and often effective, but some infor-
mation suggests that blood-patch pleurodesis
may also carry an increased risk of intrathoracic
infection.72,73 It may be that the infection rate will
be higher if the blood patch is used after a portable,
valved device has been in place for some weeks.

Invasive procedures are indicated to treat PALs
if more conservative measures like watchful
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waiting, chemical pleurodesis, or blood-patch
pleurodesis fail. Some patients may not be candi-
dates for instillation of materials through the thora-
costomy tube. Pneumoperitoneum instilled via
a transabdominal catheter has been reported to
be effective in some cases.74,75 Surgical options
to accomplish pleural symphysis or control the
source of an AAL include video-assisted thoraco-
scopic surgery (VATS) with parenchymal stapling,
VATS with chemical pleurodesis, VATS with
pleural abrasion,76,77 VATS with application of
topical sealants,78,79 and the less well-supported
use of VATS with laser sealing of the site of
leak.80 These procedures should ideally be per-
formed promptly after it is clear that bedside pleu-
rodesis has failed, so that an evolving partial
pleurodesis does not complicate the operation.
Tissue flaps including omental or muscle flaps
placed at rethoracotomy can also be used to oblit-
erate the pleural space in patients with incomplete
lung expansion and residual ALs.81 However, most
of the published experience with these flaps
involves treatment of true bronchopleural fistulas
and not AALs.82–85

Some support for recently introduced broncho-
scopic techniques also exists in the literature, but
with limited levels of evidence. Ferguson and
colleagues,86 for example, suggest that an endo-
bronchial artificial valve may limit PALs after lung
volume reduction procedures.

Other rarely used interventions have been re-
ported to successfully treat PAL in special circum-
stances. For example, patients with PALs from
incompletely resected pulmonary malignancy
may benefit from radiation therapy to treat the
malignancy and limit the AL.87 For patients who
are intubated and whose PAL causes significant
inspiratory volume loss, a double-lumen endotra-
cheal tube with single-lung ventilation may help
to seal the leak and allow adequate ventilation.88

Another technique described for PAL is the use
of tissue expanders to create an artificial
symphysis between the tissue expander and the
visceral pleura.89

In summary, prolonged alveolar AALs will
usually stop with conservative therapy alone that
most appropriately consists of outpatient manage-
ment with a Heimlich valve. Gradual escalation of
therapy is indicated after a period of a few weeks,
and there is a spectrum of choices for therapy that
includes sclerosing agents instilled via tube thora-
costomy, recently propose bronchoscopic inter-
ventions, VATS or thoracotomy for direct repair
of the leak site or pleurodesis, or tissue flap trans-
position. Of the more aggressive interventions
described for treatment of PALs, one technique
cannot be recommended in preference to another
based on the available evidence. Clinical judg-
ment, taking into consideration individual patient
factors and knowledge of all available options,
offers the best solution to complex PAL
management.
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