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Physio-pathology of pleural space

The pleura is a serous membrane which includes the 
lungs and the adjoining structures. It is formed by two 
membranes: the visceral and the parietal ones. The two 
membranes continue one on the top of the other at the 
hilum and are separated by a thin film of serous liquid  
(≈0.3 mL/kg) (1,2). 

The visceral pleura is the inner one and covers the 
lungs, blood vessels, bronchi and nerves. It is vascularized 
by the arterial, venous and lymphatic vessels of the lungs 

and bronchi. It receives its innervation from the autonomic 
nervous system and has no sensory innervation. In fact, 
only the parietal pleura has pain sensitivity. The parietal 
pleura almost completely covers the costal surface of the 
thoracic wall, of the mediastinum, of the diaphragm and it 
forms the pleural domes at the level of the upper thoracic 
strait. It is divided into three parts: costal, diaphragmatic 
and mediastinal. It is vascularized by the arterial, venous 
and lymphatic vessels of the chest wall and innervated by 
the phrenic and intercostal nerves (3). The pleural sinuses 
are pleural cavity recesses created by the pleurae folding 
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and they are: the costo-phrenic, the costo-mediastinal, 
the azygoesophageal and the aortic-esophageal recesses. 
They contribute to the movement of the lungs during the 
breathing.

The left and right pleurae are not connected. In fact, in 
the case of pleural effusion it could remain localized in a 
single pleural cavity.

The pleura consists of a single layer of mesothelial cells 
resting on a sheet of loose connective tissue containing 
collagen, elastic fibers, blood and lymphatic vessels, nerves 
and cells with the characteristics of fibroblasts (4,5). 
Epithelial cells present numerous microvilli on their surface 
that favor the reabsorption by pinocytosis of proteins and 
the sliding of the two pleural sheets. The phospholipids 
that are released by exocytosis from the mesothelial cells, 
are similar to those present in the alveolar surfactant and 
perform a lubricating action that facilitates the movements 
of pleural sheets (6).

This mechanism has a fundamental role in preventing 
injury during the pleurae sliding. The mesothelial cells 
have also an important role in the defence of the lung. 
In fact, they have multiple pattern recognition receptors, 
activated by injuries or bacterial presence, and they are able 
to produce cytokines and chemokines, such as IL-8, IFNs, 
TNF and MCP-1. These molecules recruit neutrophils 
and mononuclear cells, that enter through gap junctions 
between the cells of the pleural sheets. Those cells also 
express adhesion molecules, such as ICAM-1, in order to 
keep the white blood cells in the pleural space. The pleural 
fluid participates at the defence mechanism too. It contains 
immunoglobulins (i.e., IgA and IgG) and complement. The 
pleurae also play a role in the resolution of inflammation (7-12). 

The pleural cavity is a virtual space, containing 
lubricating fluid that allows the visceral and parietal sheets 
to slide one over the other. In order to fully understand 
the pleural alteration caused by a pulmonary resection it is 
important to explain the mechanism by which the pleural 
space is kept free from air and liquid. The turnover of the 
pleural fluid is ensured by the filtration of the capillaries and 
by the lymphatic drainage at the level of the parietal pleura.

The pleural fluid is a plasma filtrate produced by the 
flowing of the parietal pleura circulation. The visceral 
pleura does not participate to this process because of its 
thickness (visceral permeability is 10-fold lower than the 
parietal one). The pleural fluid contains a low protein 
concentration (<1.5 g/dL), mainly albumin, glucose and 
electrolytes. While in the serum there is a higher content of 
Na and Cl, in the pleural fluid the concentration of HCO3 

prevails. The glucose content is similar in the two fluids. A 
small number of cells (mainly white blood and mesothelial 
cells) can be found (1,700 cells/mm3) (13-16).

Among its roles, pleura helps the mechanical coupling 
between the lungs and the chest wall. In order to make it 
work efficiently the liquid volume should be negligible. 
During the inspiration, in fact, the visceral pleura follows 
the thoracic wall movements and this is allowed by the 
presence of a sub-atmospheric pressure within the pleural 
cavity. From the base to the top of the pleural cavity the pressure 
of the pleural liquid (Pliq) becomes more sub-atmospheric, 
being about zero at the bottom and ∼−10 cmH2O at mid-heart 
level. The pressure is made more sub-atmospheric by the 
drainage of the lymphatics. Since the pressure of the pleural 
fluid is more sub-atmospheric than the elastic return force of 
the lung, corresponding to the “pleural surface pressure” (Ppl), 
the visceral and the parietal pleurae push one against the 
other. At the functional residual capacity, Ppl is ∼−4 cmH2O 
at mid-heart level. Ppl depends on the elastic capacity of the 
lung: in fact approaches to zero in an emphysematous lung 
and becomes more negative than −4 cmH2O in a fibrotic 
lung (17-20).

The pleural fluid is reabsorbed by the lymphatic system. 
The liquid filters through pores of 0.3–40 µm of diameter 
and it runs into the lymphatic vessels, organized into two 
anastomosed webs (21,22). The vertical distribution of Pliq 
pressure does not fully reflect a hydrostatic situation. It 
varies with height because of gravity and intrapleural fluid 
circulation. Thus, there is a little flow from the top to the 
bottom, which minimally affects the hydrostatic gradient. 
At the top of the cavity the sub-atmospheric pressure 
causes microvascular filtration from the capillaries of the 
parietal pleura into the pleural space (23,24). This pressure 
is stronger than the one exerted by the elastic forces of 
the lung and ribcage for the spring-back, and it keeps the 
visceral and parietal pleura in close apposition. In this 
scenario it is important to underline that actually the most 
important flow is the one which follows a pathway from the 
costal to the mediastinal and diaphragmatic regions, richer 
in lymphatics. The reabsorption velocity is in the order of 
2 mm/min but it can be markedly increased (in the order 
of 40 times) to prevent fluid accumulation. Pleural fluid 
turnover is estimated to be 0.15 mL/kg/h and the fluid 
renewals in about 1 h (15). 

Pleural effusion

When the pleural fluid production exceeds its reabsorption, 
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it  tends to accumulate in the pleural cavity.  This 
accumulation is called pleural effusion (15). The pleural 
effusion is usually classified as exudative or transudative, 
based on the chemical characteristics. A content of proteins 
superior to 3 g/dL and a density greater than 1.016–1.018 
are considered exudative. In some alterations, the effusion 
could have mixed features. The pleural effusion is usually 
a negative prognostic factor which increases the morbidity 
and mortality of the underlying disease.

According to the Starling law (Figure 1), there are several 
mechanisms by which the pleural fluid volume can expand 
between the pleurae:

(I) Increased hydrostatic pressure: both arterial and 
venous hypertension can exceed the capillary 
capacity and cause excessive flow through the 
pleurae. The main causes of increased hydrostatic 
pressure are congestive heart failure, superior vena 
cava syndrome, portal hypertension and pulmonary 
hypertension. This type of effusion is mainly a 
transudative;

(II) Reduced intravascular oncotic pressure: albumin 
is the main protein responsible for keeping 
the oncotic plasmatic pressure. This protein 
is produced by the liver, so it can be decreased 

because of hepatic diseases or a severe state of 
malnutrition. Moreover, it can be lost with urine 
in the context of a nephrotic syndrome, through 
an altered intestinal permeability in some enteric 
pathologies, through the injured burned skin, or 
in a condition of myxoedema. Hypoalbuminemia 
is also a consequence of an increased metabolism, 
in a malignancy syndrome. This is typically a 
transudative effusion;

(III) Increased intrapleural oncotic pressure: this situation 
is caused by a persistent pleural effusion that can 
attract further accumulation of transudative fluid;

(IV) Reduced intrapleural negative pressure: this 
condition is known as “trapped lung”. Because 
of a diffuse condition of atelectasis (due to a 
respiratory flow obstruction or a contraction 
from fibrosis) the lung cannot completely expand, 
so the negative pressure of the pleural cavity 
decreases. The effusion is usually a transudative;

(V) Reduced lymphatic drainage: the lymphatic 
vessels can be constricted by malignancy, 
lymphadenopathy, carcinomatosis or yellow nails 
syndrome. The flow can also be discontinued 
because of a trauma. This is mainly an exudative 
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Figure 1 The Starling equation explains the fluid’s movement between the capillaries and the interstitial space. The flow depends on 
four main pressures: the capillary hydrostatic pressure (Pc) and the interstitial osmotic pressure (πi), which tend to drive the liquid in the 
interstitial space; the interstitial hydrostatic pressure (Pi) and the capillary osmotic pressure (πi) that, on the contrary, push the fluid back 
to capillaries. The resulting filtration volume per second (J) is the result of these forces: J = (Pc + πi) − (Pi + πc). Moreover, the lymphatic 
system has a fundamental role in the clearance of the pleural space.
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or a mixed effusion;
(VI) Increased capillary permeability: this can be 

due to an injury (a direct or indirect trauma) or, 
more frequently, to a context of lung or pleural 
inflammations, infections, mesenchymal diseases, 
pulmonary infarction or embolism, sarcoidosis, 
malignancy, drugs reactions, hypersensibility 
or uraemia. This kind of effusion is usually an 
exudative or it can have mixed characteristics;

(VII) Altered permeability of the pleural membranes: 
in a context of pulmonary oedema (mainly 
consequence of a heart failure), the fluid can flow 
across the visceral pleura into the pleural cavity. It 
is typically a transudative;

(VIII) Microperforated extravasation across the 
diaphragm: microstructural diaphragmatic 
or lymphatic defects permits the flow from a 
peritoneal effusion during hepatic hydrothorax, 
cirrhosis, intra-abdominal abscess, peritoneal 
dialysis, pancreatitis and cholecystitis. This kind 
of effusion is usually an exudative.

Although it can be caused by all of these mechanisms, 
the most frequent are: congestive heart failure, pneumonia, 
malignancy and pulmonary embolism. (13,24-29).

Pneumothorax (PNX)

PNX is characterized by the presence of air or gas in 
the pleural space. When the parietal or visceral pleura 
is breached the pleural cavity is exposed to a positive 
atmospheric pressure, the air will enter this space and the 
lung will collapse. Any condition that impairs the structural 
integrity of the pleural membranes can produce a PNX:

It can be classified in three categories:
(I) Spontaneous: it occurs in patients without a history 

of any event known to cause PNX. It is observed in 
young people and it seems to be related to rupture 
of small peripheral apical sub-pleurical blebs;

(II) Iatrogenic: it may happen after invasive thoracic 
procedures such as thoracentesis, transbronchial 
lung biopsy and subclavian vein catheterization. 
Although,  i t  may complicate  any invas ive 
procedures involving neck or abdomen;

(III) Traumatic: it is caused by a penetrating or no 
penetrating chest trauma. While the first one may 
be easily diagnosed, the second one should prompt 
a careful search for ribs fracture, oesophageal 
injuries and bronchial rupture (30-32).

Modifications after pulmonary resection

In the treatment of several lung diseases, a radical or partial 
lung resection may occur. Though thoracic surgery can 
solve or improve the symptoms, it alters the physiological 
mechanical and fluid setting and the water balance of the 
lung and the pleurae (33). The main conditions that may 
need a thoracic surgery are chronic obstructive pulmonary 
disease (COPD), emphysema, air blebs, lung cancer, PNX 
and mesothelioma.

There are several surgical procedures and approaches 
used to treat these conditions. The most common types are:
	Pneumonectomy (removal of an entire lung);
	Lobectomy (removal of an entire lobe);
	Sublobar resection (removal of part of a lobe);
	Segmentectomy (removal of a segment);
	Wedge resection (removal of a triangle-shaped slice 

of tissue);
 Pleurectomy (removal of a part of pleura).
During the post-surgery course, it is necessary to drain 

the pleural cavity. However, the complete removal of the 
gas is one of the main causes of the residual lung over-
distention, which can lead to severe consequences. Thus, 
it is necessary to drain the pleural fluid with an adequate 
suction pressure.

Two different drainage phases can be identified:
(I) Right after closing the thorax: this allows the air 

removal and promote lung re-expansion. In this 
phase there is an increased risk of hydrothorax, air 
leak and lung oedema;

(II) A postponed stage when the pleural fluid has 
accumulated substituting the air bubble: in this 
phase there is an increased risk of hydrothorax, that 
should be avoided. 

The initial drainage of the gas is performed by opening 
the thoracic tube positioned in the retrosternal region where 
the air collects during the supine posture. Vice versa, in the 
presence of hydrothorax, the pleural fluid is drained in a 
effective way with the tube positioned in the lower part of the 
pleural space (costo-diaphragmatic dorsal sinus) (33-35).

A single drain is used by most of surgeons to remove 
both the air and the pleural fluid (34).

In 2011, with the aim to reach a uniform definition of 
classification and management of pleural space after lung 
surgery, the most important European and American Thoracic 
Surgery Societies published a joint position paper (20).

The terms “active drainage” and “passive drainage” have 
always been subjects of discussion and misunderstanding. 
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Briefly, it should be described an “active drainage” when 
a sub-negative pressure from the outside is applied to the 
pleural space through the use of a pump (siphon effect), 
and a “passive drainage” when inner pressure is higher than 
atmospheric one. To simplify the distinction between the 
two terms, “external aspiration applied” may be used in the 
case of an “active drainage”, and “no external aspiration 
applied” in the case of a “passive drainage” (36).

According to these statements two main kinds of suction 
may be considered:
	Regulated (variable) suction: an external active 

suction capable of adapting its negative pressure 
depending on the variability of internal pleural 
pressure. This drainage manages to keep the pressure 
value inside a well-defined scale of values;

	Unregulated (fixed) suction: this drainage is still 
connected to an external suction, but it does not 
modify its pressure according to the intrapleural 
changes (37).

Anatomic modifications 

In the post-surgical period, lungs, pleurae and pleural cavity 
go through several important modifications which alter 
their physiological behavior.

With the term “post-operative residual pleural space” 
we refer to a free volume resulting from a pulmonary 
resection, which is usually diagnosed in 90% of cases of 
lobectomy. The residual space depends on both the pre-
surgery pulmonary compliance and the pleural lymphatic 
vessels absorption pressure; it is usually occupied by a shift 
of the mediastinum and the diaphragm, by an increase in 
the volume of the remaining lung, and, in part, it is filled by 
the pleural fluid (38).

Therefore, as mentioned before, there are different 
mechanisms underlying the definitive lung volume.

First of all, it depends on the persistence and size of 
the air leak, regardless of the efficiency of the intrapleural 
drainage system. In fact, air flowing through the split 
provides a continuous refueling of the pleural space 
and decreases the negative intrapleural pressure. This 
mechanism opposes to the natural lung recoil and leads to a 
decrease in post-surgical lung volume.

When there is not any impairment of the lymphatic 
vessels drainage capacity during the pre-surgery conditions, 
the lymphatic flow is able to increase, minimizing the 
volume of fluid in the pleural cavity. On the contrary, if an 
alteration of the lymphatic system occurs, both pre-existed 

or caused by the surgery itself, this process is slowed down 
to the detriment of residual lung volume.

The disease that required surgery may play a significant 
role in the formation of the residual space. It has been 
demonstrated that patients treated with partial resection 
because of chronic pleuro-parenchymal inflammatory or 
infective diseases (tuberculosis, fungal infections, abscess, 
bronchiectasis and empyema) present a residual air space 
more often than patients undergoing surgery to treat lung 
cancers (39-40).

Another pivotal element which affects the residual 
lung volume is the persistence of the pre-surgery disease, 
such as emphysema or fibrosis. In a fibrotic lung, after 
pulmonary resection, pleural pressure (Pliq) becomes more 
sub-atmospheric and overcomes the lymphatic draining 
activity; this leads to an enhanced hydrothorax risk, due 
to the persistence of the gas bubble. On the contrary, the 
emphysematous lung increases Pliq implying a higher 
risk of air leak. Furthermore, the emphysematous tissue 
tends to reduce the elastic recoil while fibrosis may narrow 
parenchymal re-expansion due to fibrotic scares and residual 
granulomas (33).

Finally, the type of resection can influence the 
mechanism of persistent air spaces. The air leak tends to 
be more important and persistent after more complex and 
invasive operations. Technical and physical obstacles and 
supplement procedures, during surgery, could increase the 
risk of air leak. Decortication may be a compelling cause 
of a persisting space. The incidence of an air leak enduring 
longer than 5 days is about 3.5% after wedge resection, 
6.7% after segmentectomy and 8.6% after lobectomy (37).

Thus, the resulting volume is the consequence of both 
the new equilibrium between filtration and absorption of 
the pleural fluid and the new mechanical coupling between 
the lung and the chest wall.

From the point of view of pleural space, it may be 
obliterated by several mechanisms.

As stated before, the remaining lung tissue struggles 
to expand and to fill the enlarged space. Because of the 
increased negative intrapleural pressure the mediastinum 
tends to shift towards the resection side, the diaphragm 
usually lifts up and the ribs move closer to each other. The 
consequence of these modifications is that the ribcage 
becomes smaller.

Furthermore, as a result of the surgery, the pleural 
sheets can be occupied by fibrosis or empyema or a visceral 
inflammatory peel. Obviously, all of these alterations tend 
to face the lung expansion.
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As a result, the final pleural cavity depends on the 
balance of all of these mechanisms (39,40).

Physiology of the remaining lung

According to the definition of the respiratory system 
compliance (Crs = ∆V/∆P), the air volume (∆V) is equal to 
the ratio between compliance (Crs) and pressure (∆P): ∆V = 
Crs/∆P. The clearance value is calculated through the lung 
compliance (Cl) and the chest wall clearance (Cw) values, 
following the formula: 

1 1 1
crs cl cw

= +

The lung and the chest wall compliances usually match 
and are approximately 0.2 L/cmH2O. So, the respiratory 
system compliance is physiologically 0.1 multiplied the lung 
compliance. 

Considering the physiology of the lung after surgery, the 
compliance is strictly connected to the volume of resection. 
The more tissue is surgically removed the more the lung 
compliance is reduced. This means that in order to re-
expand the lung to its original volume and fill the whole 
chest volume, a greater pressure is required. This over-
distension may be reached to the detriment of lung natural 
shape. Since it is important to avoid over-distension and 
prevent damage of the residual lung, the post-operative 
pleural pressure throughout the pleural space should not 
exceed the pre-operative one. 

This condition is improved leaving an air bubble inside 
the pleural cavity and regulating the pressure created 
by the suction line. The air bubble reduces the pleural 
pressure and opposes to the excessive deformation of the 
parenchyma. Moreover, the suction line should generate a 
pressure as equal as possible to the pre-operative one.

The variability of air volume is estimated monitoring 
the values of air bubble pressure, through a chest tube  
(∆V = Crs/∆P). The air pressure must be regulated in order 
to keep the ratio between the respiratory system and the 
lung compliance equal to 0.1.

According to the gradient of gas partial pressure between 
blood and air, the air bubble tends to be progressively 
reabsorbed if no leaks are present (≈1%/day). This process 
starts slowly, because the CO2 flow to the bubble amperes 
the O2 flow to the blood. Moreover, the N2 low solubility 
in the blood concurs to further decrease the reabsorption 
process. A possible approach to increase the reabsorption 
process could be washing the cavity with oxygen. 

Another interesting aspect is that the air bubble causes 
a decrease in pleural pressure. According to Starling’s law 
this modification increases pleural fluid filtration. So pleural 

effusion will slowly take the place of the air bubble (38,41).

Pathological complications

When the air bubble is completely reabsorbed without 
being substituted by pleural fluid, over distension of the 
lung may occur. It usually happens at the end of inspiration, 
while during the expiration phase the parenchyma collapses 
protecting the tissue from this injure. It takes place more 
frequently after pneumonectomy for treating emphysema. 
In fact, the recoil pressure of the lung of these patients is 
already strongly decreased before the treatment.

Over distension is one of the most feared complications 
of lung resection, since it may not only produce lung injure, 
but it could also cause three major complications: air leak, 
hydrothorax and lung edema.

One of the most common problems of lung resection is 
the persistent air leak (PAL). Usually it is generated because 
of a lack in the intra-operative seal. It can be supplied by 
a major airway (broncho-pleural fistula) or a peripheral 
airway (broncho-alveolar-pleural fistula).

As well as the risk of over distension, the probability of 
air leak occurrence during inspiration is greater in patients 
treated for emphysema. This risk is also elevated in patients 
attending surgery to remove fibrotic tissue. As stated above, 
this may happen because the pressure generated inside the 
pleura is more negative (33).

In recent studies, Refai and coworkers have demonstrated 
that the duration of PAL was linked with two parameters 
in the immediate post-operative period: air leak flow and 
pleural pressure. 

Even if the pleural pressure seems to be one of the most 
important parameters to be considered, it is not possible to 
monitor it closely because of the lack of a specific system. 
Thus, the purpose of the study was to measure, in non 
complicated patients, the parameters of pleural pressure 
with a pressure sensor. 

Authors’ hypothesis was that the value of pleural pressure 
analyzed immediately before the removal of chest tube after 
non-complicated pulmonary lobectomy may be considered 
a “physiologic” pressure occurring after surgery during the 
phase of recovering. Refai and coworkers concluded that what 
is commonly defined as water seal (or no suction) actually 
expresses the pleural pressures ranging from −13 to −20 cmH2O, 
depending on different techniques of surgery, being aware 
that a large variability within the same type of lobectomy 
can occur (36).

Another possible complication after thoracic surgery 
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is hydrothorax, a clinical condition characterized by a 
pathological liquid collection in the pleural space. The 
cause, however, has not to be referred only to the surgical 
damage but also to the proper management of the  
sub-atmospheric pressure applied to the chest tube.

As well known, in physiological conditions the Pliq pressure 
in the costo-diaphragmatic sinus is close to 0 cmH2O. After the 
surgical procedure, this value can change becoming positive, 
because of the increasing amount of flowing liquid.

It is possible to overcome the problem by placing the 
chest tube open to atmosphere: in this way the fluid will 
drain into the tube when the pressure in the hydrothorax 
exceeds the atmospheric pressure. In order to prevent the 
liquid/air draw back during inspiration, when the pressure 
becames more negative, it could be useful to insert a one-
way valve in the tube (3).

One of the most common and severe complications of 
thoracic surgery is lung edema.

The pathophysiological meaning can be described as 
an abnormal accumulation of fluid in the extravascular 
compartments of the lung.

Lung edema can be classified in four main categories:
(I) Increased hydrostatic pressure edema:

 Two pathophysiological and radiological phases 
are recognized in the development of pressure 
edema:
	Interstitial edema;
	Alveolar flooding or alveolar edema.

 These phases are virtually identical for left-sided 
heart failure and fluid overload.

(II) Permeability edema with diffuse alveolar damage 
(DAD);

(III) Permeability edema without diffuse alveolar 
damage;

(IV) Mixed edema due to simultaneous increased 
hydrostatic pressure and permeability changes.

After thoracic surgery edema can be due to:
	Massive presence of fragments, reactive oxygen 

species and activated macrophages and neutrophils 
may cause alveolar insult. This damage determines 
inhibition of the fluid reabsorption;

	Excessive fluid perfusion volume, which overdoes 
the drainage capacity of the remaining pulmonary 
lymphatic tissue; 

	Reduction of the pulmonary capillary bed with 
edema due to low outflow;

	Hyperinflation of the remaining lung. It has been 
demonstrated that avoidance of post-pneumonectomy 

pulmonary edema can be achieved by solely changing 
the management of the pneumonectomy space, 
through a balanced drainage system;

	As well known, local hypoxia is one of the most 
important factors in edema evolution. It can be 
caused by edema itself or by ventilation/perfusion 
mismatch;

	Mechanica l  s t ress  on  the  cap i l l ar ies ,  h igh 
intraoperative ventilation pressures, transfusions of 
fresh frozen plasma and abnormal pre-operative lung 
function increase the permeability of the alveolo-
capillary membrane;

	Pulmonary hypertension and increased pulmonary 
vascular resistance (38,42); 

	Pulmonary congestion and over distension that leads 
to increased microvascular filtration (33).

Future of management of pleural space after 
pulmonary resection

While the pre-operative assessment seems to be important 
to predict long-term clinical conditions, it does not permit 
a prediction in the early post-operative period. For this 
reason, an intensive early assessment may be useful to 
diagnose possible post-surgery initial complications. It may 
be of crucial importance to know the elastic properties of 
the lung parenchyma in order to set an appropriate pleural 
pressure which may prevent over distention (33).

Brunelli et al. found that the air leak flow and the pleural 
effusion analyzed at the sixth post-operative hour may 
predict the duration of the air leak (43).

The edema formation may decrease surfactant activity 
and cause pulmonary atelectasis. The value of instillation of 
surfactant is still under investigation (33).
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