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In Brief

An elderly woman presented with dyspnea and
a large right-sided pleural effusion. After a
large-volume thoracentesis, she developed acute
hypoxemic respiratory failure and was
transferred to the intensive care unit. Her case
provides an opportunity to review the
pathophysiology of reexpansion pulmonary
edema and discuss how an understanding of
pleural pressure monitoring may guide safe and
maximal fluid removal during thoracentesis.

The Clinical Challenge

An 80-year-old woman presented to the
emergency department with 3 weeks of
progressive dyspnea and orthopnea. Her past
medical history was notable for a 30 pack-year
smoking history. She denied fevers, cough,
and chest pain.

The patient was afebrile, with an oxygen
saturation of 87% on ambient air. Physical
examination was notable for decreased
breath sounds in the right posterior lung
field with associated dullness to percussion.
A chest radiograph (Figure 1) demonstrated
a large right pleural effusion that was
confirmed to be free-flowing by bedside
ultrasound, as no septations were seen and
dynamic changes in the shape of the effusion
were observed with respiration.

Thoracentesis was performed with
ultrasound guidance with removal of 2 L

Figure 1. Posterior-anterior chest radiograph demonstrating a large right-sided pleural effusion.

of serosanguinous fluid over 15 minutes. Two
hours after the procedure, the patient developed
shortness of breath and worsening hypoxemia
requiring 1.0 Fip, via a non-rebreather mask to
maintain an oxygen saturation of greater than
88%. She was transferred to the intensive care
unit for further management.

Questions

1. What are the physiologic and
pathophysiologic mechanisms of pleural

fluid formation and development of a
pleural effusion?

2. What are the characteristics and proposed
mechanisms of reexpansion pulmonary
edema?

3. Can pleural pressure monitoring during
thoracentesis reduce the risk of reexpansion
pulmonary edema?

[Continue onto next page for answers]
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Clinical Reasoning

In health, a small amount of fluid (roughly
0.3 ml/kg) continually bathes the pleural
space (1). This fluid ensures mechanical
coupling between the lung, chest wall,

and diaphragm. A pleural effusion is
caused by an imbalance between
microvascular filtration and pleural fluid
clearance, the latter driven predominately
by lymphatic drainage through the parietal
pleura.

Symptomatic reexpansion pulmonary
edema occurs in less than 1% of patients
after large-volume thoracentesis (2).
Reexpansion pulmonary edema occurs
within 24 hours of the drainage procedure
and is characterized by hypoxemia and
alveolar infiltrates in the reexpanded
lung and even rarely in the contralateral
lung (3).

There is growing enthusiasm for
using pleural manometry to measure
changes in pleural pressure during a
thoracentesis (4). Excessively negative
intrapleural pressure often signals the
inability of the lung to fully reexpand,
either due to poor compliance of the
lung or visceral pleural entrapment, and
identifies a point at which further fluid
removal may increase the risk of
reexpansion edema, procedural
discomfort, and the development of a
pneumothorax ex vacuo.

The Clinical Solution

Imaging obtained on arrival to the intensive
care unit showed improvement in the
patient’s right pleural effusion with the
interval development of airspace disease
throughout the mid and lower right lung
fields (Figure 2). Her presentation was
consistent with reexpansion pulmonary
edema precipitated by large-volume
thoracentesis. Supplemental oxygen was
administered, and the patient was given a
single dose of an intravenous diuretic
resulting in a negative 500-ml fluid
balance over 24 hours. More aggressive
diuresis was avoided, as cases of
hypotension and cardiovascular collapse
have been reported in the setting of
reexpansion pulmonary edema (5).

The patient experienced rapid clinical
improvement, and follow-up chest CT
obtained 5 days after her thoracentesis
showed resolution of the right-sided
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Figure 2. Portable anterior-posterior chest radiograph demonstrating new airspace pulmonary
infiltrates in the right mid and lower lung fields consistent with reexpansion pulmonary edema after

thoracentesis.

ground-glass opacities and airspace
disease and a persistent pleural effusion
(Figure 3).

Analysis of her pleural fluid
demonstrated an exudative effusion with
negative cytology and cultures. Diagnostic
testing was negative for tuberculosis. She
was discharged home without the need for
supplemental oxygen, and close follow up

was planned given the high index of
suspicion for malignancy.

The Science behind
the Solution

Pleural Space Anatomy
An understanding of pleural anatomy is
important when considering the function of

Figure 3. Representative images from computed tomography scans of the chest before and after

therapy for reexpansion pulmonary edema. (A) Ground-glass opacities and airspace disease in the

right lung after thoracentesis consistent with reexpansion pulmonary edema. (B) Resolution of these
abnormalities and a residual right-sided pleural effusion after diuresis and supportive care.
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Figure 4. Simplified schematic of pleural space anatomy. Note the anatomic features of the parietal pleura, which suggest its central role in pleural fluid
flow, including capillaries close to the pleural space, a thin pleural lining, and the presence of lymphatic stomata. Normal pleural fluid originates from
parietal pleural microvascular filtrate and is drained from the pleural space by the hydraulic pumping action of parietal pleural lymphatics. Pleural fluid can
also develop from movement across the visceral pleura in settings of elevated left atrial pressure and interstitial pulmonary edema.

the pleural space in both health and disease.
A simplified schematic of pleural space
anatomy is provided in Figure 4.

The pleural space in humans is
approximately 10 to 20 wm wide and is
bordered by the parietal and visceral pleural
linings. Several anatomic differences
between these two linings suggest that
the parietal pleura plays a more central
role in normal pleural fluid flow. In
humans, both the parietal and visceral
pleura receive blood flow from the systemic
circulation. However, microvascular fluid
filtration pressure is lower in the visceral
pleura because the bronchial circulation,
which supplies the visceral pleura, drains
into low-pressure pulmonary veins. The
visceral pleura is also thicker, creating a longer
distance between visceral pleural microvessels
and the pleural surface. Finally, only the
parietal pleura contains lymphatic stomata
between mesothelial cells that communicate
directly with the lymphatics and provide a
drainage system for pleural fluid (6).

The pulmonary interstitium, which
is bordered by the visceral pleura, is a
physiologically distinct compartment
from the pleural space and contains the
alveolar—capillary interface. Although they
are distinct compartments, conditions that
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drop pleural pressure may also drop
pulmonary interstitial pressure.

Pleural Liquid Flow

It is useful to remember that throughout

the body the flow of fluid between the
microcirculation and the surrounding
interstitium is governed by Starling forces. As
described in the equation below, fluid flow is
determined by the balance between hydrostatic
pressure and protein osmotic pressure.

Flow = K([Pmv — Ppmv]
—o[mmv — wpmv]),

where K is the filtration coefficient of the
capillary wall, Pmv is the hydrostatic
pressure in the microvascular
compartment, Ppmv is the hydrostatic
pressure in the perimicrovascular
compartment, o is the reflection
coefficient for total protein (which defines
how easily a protein can move across a
pore of a certain size), mmv is protein
osmotic pressure in the microvascular
compartment, and pmv is protein
osmotic pressure in the perimicrovascular
compartment.

Analysis of pleural fluid protein
concentrations suggests that pleural fluid is

primarily produced from microvascular
filtration of systemic blood flow into the
parietal pleura interstitium (6). This
filtration is driven by a hydrostatic pressure
gradient between the systemic capillaries
and the microvascular interstitium (Pmv >
Ppmv). Microvascular filtrate is then
“pulled” through the mesothelial lining of
the parietal pleura into the pleural space by
a small pressure gradient (approximately
—10 cm H,0) between the parietal pleura
interstitium and the subatmospheric
pressure of the pleural space. This negative
pressure results from a combination of
pleural surface pressure (a balance
between the opposite recoil pressures of the
lung and chest wall) and pleural liquid
pressure (which is generated largely by the
strong pumping action of the parietal
lymphatics). The parietal pleural
lymphatics have been characterized as
vacuum pumps that open into the pleural
space and generate subatmospheric
pressure through a combination of
rhythmic contractions of smooth
muscle lining the lymphatic walls and
oscillations in intrathoracic pressure with
respiration (1, 7).

For years, Starling forces were believed
to drive reabsorption of pleural fluid
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through the visceral pleura. We now
understand from studies tracking the flow
of radiolabeled proteins in sheep that pleural
fluid flows down an intrapleural pressure
gradient and enters the parietal pleural
lymphatics through stomata in the
parietal pleural lining (8). This flow is
driven by the hydraulic pressure created
by the lymphatic pumps.

The development of a pleural effusion
represents an imbalance between pleural
fluid filtration and lymphatic clearance.
Physiologic causes of pleural fluid
accumulation can be viewed in terms of the
variables outlined in the Starling equation,
as depicted in Figure 5.

Reexpansion Pulmonary Edema
Symptomatic reexpansion pulmonary
edema is an uncommon complication of
a thoracentesis, occurring in less than 1%
of procedures in recent large case series
(2, 9). The exact pathophysiology of
reexpansion pulmonary edema is unclear,
and many of the studies exploring
potential mechanisms are now several
decades old. Nevertheless, limited data
suggest that both disruption of the alveolar—
capillary barrier and excessive hydrostatic
forces contribute to the development of
reexpansion pulmonary edema.
Experimental models of reexpansion
pulmonary edema have demonstrated that
sudden ventilation and perfusion of a
chronically collapsed lung can precipitate
increased permeability edema through a
variety of mechanisms. Lung reexpansion

promotes a robust influx of inflammatory
cells to the newly aerated lung, and

toxic mediators released from these cells
may damage the alveolar—capillary barrier
(10). Oxidative injury from free radical
accumulation likely also contributes to
disruption of the capillary endothelial
lining. When chronically hypoxic

alveolar cells in areas of atelectatic lung
are exposed to a sudden increase in
oxygen tension during lung reexpansion,
there is an increase in the production of
oxygen free radicals driven in part by
recruitment of activated neutrophils (11).
Increased local production of the
chemokine IL-8 may worsen neutrophil
accumulation and free radical production, as
elevated levels of this protein have been
found in both animal and human cases of
reexpansion pulmonary edema (12, 13).
Finally, rapid lung reexpansion (as can be
seen during a large-volume thoracentesis)
can result in a sudden increase in local
perfusion due to a fall in pulmonary vascular
resistance from both lung reexpansion and
the reversal of hypoxic vasoconstriction.
Dramatic increases in capillary transmural
pressure can mechanically injure the
basement membrane of the alveolar—
capillary lining and precipitate increased
permeability edema (so-called capillary
stress failure) (14, 15).

Small clinical studies of pulmonary
edema fluid in patients with reexpansion
pulmonary edema have found protein
profiles characteristic of hydrostatic
edema suggesting that mechanisms that

Obstruction to
lymphatic drainage
(malignancy)

Decreased
microvascular
oncotic pressure
(nephrotic syndrome)

favor the formation of hydrostatic edema
likely also play an important role in
reexpansion pulmonary edema
pathogenesis (15). Chronic atelectasis can
induce local surfactant depletion and
dysfunction, increasing alveolar surface
tension and leading to areas of poorly
compliant lung. Increased retractive
forces in these poorly compliant alveoli
may lower surrounding perimicrovascular
hydrostatic pressure (Ppmv), predisposing
to the formation of hydrostatic edema
(16, 17). Furthermore, during lung
reexpansion excessively negative
intrapleural pressures (as can be seen
during a large-volume thoracentesis in the
setting of lung entrapment) may drop
interstitial hydrostatic pressure and trigger
the formation of hydrostatic edema by
increasing the gradient for filtration across
the microvascular barrier (15).

Pleural Pressure Monitoring

Several techniques are currently available
to measure changes in pleural pressure
with fluid removal during a thoracentesis
(18). These range from a water manometer
constructed from intravenous tubing (the
most commonly used method at our
institution), an electronic transducer
attached to an intensive care unit monitor,
and commercially produced handheld
digital manometers. The pressure

changes observed with these devices

can help clinicians identify conditions
when the lung is unable to fully

reexpand and potentially guide the safe

Increased
microvascular
hydrostatic pressure

(congestive heart failure) ::

)

Figure 5. Physiologic mechanisms of pleural fluid accumulation.
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A representative example of each mechanism is included in parentheses.
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Figure 6. Three distinct pleural elastance curves can be encountered when monitoring pleural pressure
changes during a thoracentesis. Curve 1 depicts a well-performed thoracentesis in the setting of normal
underlying lung and visceral pleura, where an initially positive pleural pressure gradually returns to the
resting subatmospheric pressure of the pleural space with fluid removal. Curve 2 depicts lung
entrapment, where pleural pressure rapidly falls when a diseased visceral pleura prevents full lung
reexpansion. A similar elastance profile may be encountered when chronic atelectasis creates an area of
poorly compliant lung that requires significant negative pressure for reexpansion. Curve 3 represents a
trapped lung, where an initially negative pleural pressure is encountered, indicating a chronically

unexpanded lung and a pleural effusion ex vacuo.

removal of a large fluid volume during
thoracentesis.

Three distinct pleural elastance
profiles with fluid removal can be identified
with pleural manometry (Figure 6) (19). In
the setting of a normal pleural lining and
lung parenchyma, excess pleural fluid
raises the normally subatmospheric
pressure of the pleural space to a positive
value. As fluid is removed, pleural pressure
falls to its normal resting pressure of —5 to
—10 cm H,O and then plateaus. In
conditions of pleural disease, such as
malignancy or inflammation, excessive
fluid removal causes a steep drop in
pleural pressure as full lung expansion is
inhibited by an unmoving visceral pleura
(termed lung entrapment). A similar
elastance profile may be seen when a
chronically atelectatic area of lung loses
its normal compliance (due to the loss
of functional surfactant as described

above) and requires significant negative
pressure to reexpand. Finally, when the
lung is chronically unable to expand
due to a thickened visceral pleura,
negative pressure in the pleural space may
actually exceed the negative pressure
generated by the parietal pleural
lymphatics and lead to the formation of
an effusion ex vacuo (termed trapped
lung). Identifying a negative pleural
pressure even before fluid removal
suggests the diagnosis of trapped

lung.

Along with aiding in the identification
of unexpandable lung, the use of pleural
manometry may identify a point at which
further fluid removal may be harmful. As
pressure in the pleural space falls below
the normal subatmospheric resting pressure
of =5 to —10 cm H,O, the increasing
transpleural gradient may entrain air
from the outside along the needle track

into the pleural space (creating a
pneumothorax ex vacuo), cause procedural
discomfort, and potentially lead to
reexpansion pulmonary edema. Based on
limited data, many clinicians use a pleural
pressure of —20 cm H,O as a signal to halt
further fluid removal.

Answers

1. What are the physiologic and
pathophysiologic mechanisms of pleural
fluid formation and development of a
pleural effusion?

Physiologic pleural fluid originates from
parietal pleural microvascular filtrate. A
pleural effusion results from an imbalance
between pleural fluid filtration and clearance
by parietal pleural lymphatics.

2. What are the characteristics and proposed
mechanisms of reexpansion pulmonary
edema?

Reexpansion pulmonary edema presents as
hypoxemia and alveolar infiltrates within 24
hours of pleural fluid drainage. Evidence
suggests that both injury to the alveolar-
capillary barrier and increased hydrostatic
pressure in the reexpanding lung contribute
to reexpansion pulmonary edema
pathogensis.

3. Can pleural pressure monitoring during
thoracentesis reduce the risk of reexpansion
pulmonary edema?

Pleural manometry can help identify
unexpandable lung and may identify a
point at which further fluid removal may
increase the risk of reexpansion pulmonary
edema. Many clinicians halt fluid removal
if pleural pressure reaches —20 cm H,O,
although data supporting this practice is
limited. M

Author disclosures are available with the text
of this article at www.atsjournals.org.
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