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Introduction

For many decades, pressure-based respiratory mechanics
have served to aid the judgment of clinicians when
monitoring mechanical ventilation and making import-
ant decisions in respiratory care. However, measurements
based on airway pressure (P, ) alone have limited ability
to generate individualized insights for a diverse patient
population with varied pathologic conditions. While the
passive lungs are the primary target of attention, P, -
based interpretations may be influenced by differences in
breathing pattern, alterations in chest wall activity
(including diaphragmatic function), changes in lung
volume, asymmetry of lung disease, abdominal disten-
sion, etc. All of these factors may complicate the
interpretation of respiratory mechanics and make fixed
criteria for safe ventilation difficult to apply.

Functional residual capacity (FRC) and calculated
transpulmonary pressure (P,,) are two components of
the bedside monitoring array recently introduced into
clinical practice. Used separately, and together, they
complement and may improve interpretations stemming
from parameters of lung mechanics based on P, alone.
As a more physiologic approach, monitoring FRC and P,
represents an opportunity to individualize the interpre-
tation of lung mechanics and guide development of a
ventilator strategy tailored to the specifics of a given
patient.

In this update, we briefly address the management
rationale and technical background for monitoring FRC
and calculating P, placing major emphasis on the
potential clinical applicability of these two missing pieces
in bedside monitoring.
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Esophageal pressure and calculated
transpulmonary pressure

P, (alveolar pressure — esophageal pressure [Pes]) is a
conceptual step closer to what is actually needed for
monitoring when the object of interest is the lung itself.
Pes has been used in the physiology laboratory to
estimate pleural pressure for more than five decades
[1,2]. Balloon catheter systems have been shown to be
both precise and practical in measuring local Pes [3]. The
small quantity of gas within the balloon tends to concen-
trate where the pressure of the surrounding tissue is most
negative. A series of holes in the catheter, arranged in a
spiral pattern along a 10 cm length, transmits the most
negative pressure surrounding the catheter in a given
horizontal plane [4]. Using this system implies that
important logistical aspects, such as positioning of the
esophageal balloon catheter [5], amount of insufflated gas
and compliance of the balloon, have been addressed so as
to promote fidelity of the Pes measurements [1].

Baydur’s technique for placing the esophageal balloon
[5] has been tested and found to be generally valid in
spontaneously breathing subjects in sitting, supine, and
lateral positions. This maneuver is conducted by
occluding the airways at end-expiration and measuring
the ratio of changes in esophageal and airway pressure
during spontaneous inspiratory efforts made during
occlusion. With lung volume unchanging, the fluctua-
tions of both esophageal and airway pressure should be
theoretically equivalent [5]. In subjects who are not
spontaneously breathing, however, other cues and feed-
backs must be used to assure appropriate positioning of
the catheter that senses esophageal pressure. The tech-
nique used by Talmor, Loring and colleagues in passively
ventilated patients [6] involved advancing the catheter
into the stomach as a first step. This initial location was
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verified by transiently increasing balloon pressure with
abdominal compression. Subsequently, the catheter was
withdrawn into the esophagus, using obvious cardiac
oscillations and changes in P_, during tidal ventilation to
adjust the esophageal balloon catheter to the correct
position [6]. This method may reduce the technical
challenges accompanying placement in the clinical
setting during passive mechanical ventilation without
affecting catheter reliability.

Interpreting Pes measurements: what is Pes really
measuring?

According to observations made by Agostoni et al. [7-9],
tidal changes in Pes correlate with those of the pleural
pressure applied to the surface of the lung, thereby
enabling a valid estimation of P, based on the difference
between estimated alveolar pressure and Pes [7-9].
However, the pressure vector generated by the weight of
mediastinal content (mediastinal artifact) may increase
Pes in the supine position [10]. Additionally, Pes repre-
sents the least positive local pressure along its own
horizontal (gravitational) plane in the upright position
[4]; even with position unchanged, absolute P_, values
elsewhere in the chest are theoretically different. For such
reasons, the ability of Pes to track global average changes
in pleural pressure may be limited when supine and in
the presence of asymmetrical lung disease [11].

Absolute values of Pes are not only influenced by the
‘mediastinal artifact’ as a result of re-positioning from
sitting to supine, but also by elevation of intra-abdominal
pressure (IAP) and position-related lung volume changes.
Recently, Owens et al. [12] concluded that Pes measure-
ment artifacts imposed by mediastinal weight and
postural effects are within a clinically acceptable range.
These authors [12] compared the changes in end-expira-
tory Pes secondary to position changes in a cohort of
overweight/obese spontaneously breathing patients with
those occurring in lean subjects. Despite sitting and
supine end-expiratory Pes values that were higher in the
overweight/obese cohort than in the lean cohort, the
observed changes in end-expiratory Pes as a result of re-
positioning from sitting to supine were unexpectedly
similar in both groups [12]. These results point toward a
relatively constant increment in Pes attributable to
‘mediastinal artifact’ when supine, independent of the
body mass index (BMI). Moreover, elevated IAP and
reduced chest wall compliance appear to explain compo-
nents of the higher end-expiratory Pes values encountered
in both positions among overweight/obese subjects [12].

After all these considerations, it might be concluded
that despite strong studies supporting Pes as a reliable
surrogate for pleural pressure [1-3], esophageal balloon
estimation of pleural pressure may be influenced by
regional characteristics of the sampled horizontal plane
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when supine, and also by pulmonary and/or extra-
pulmonary conditions, such as elevated IAP, obesity, and
heterogeneity of lung disease [13,14]. Whatever the
shortcomings of esophageal manometry may be, the
reported data support its reliability in sampling a local
region surrounding the lung when supine — the poten-
tially critical and clinically relevant dependent zone.

The role of transpulmonary pressure in acute lung injury
Acute lung injury (ALI) and the acute respiratory distress
syndrome (ARDS) are challenging respiratory conditions
that require careful tuning of mechanical ventilation set-
tings to improve oxygenation without inflicting injury
[15]. To achieve adequate physiologic goals and simul-
taneously prevent ventilator-induced lung injury (VILI),
transpulmonary pressure monitoring has been proposed
as a promising approach to guide ventilation strategy in
ALI/ARDS settings [6]. Airway pressure-based plateau
and positive end-expiratory pressure (PEEP) values are
simply not enough.

An influential study already mentioned [6] evaluated
the value of monitoring Pes and calculating P_, in order
to find a level of PEEP that could maintain oxygenation
while theoretically preventing lung injury secondary to
alveolar collapse or overdistension in patients with ALI/
ARDS [6]. Patients in the “esophageal pressure-guided
group” underwent mechanical ventilation with PEEP
adjusted by Pes measurements and P_, calculations; the
“control group” of patients was mechanically ventilated
according to the ARDS Network (ARDSnet) recommen-
dations [15]. PEEP levels were adjusted to achieve an
end-expiratory P_, within a positive range of 0-
10 cm H,0O and tidal volume was limited to keep end-
inspiratory P, <25 cm H,O — a threshold never en-
countered in any of the studied patients. At 72 hours, the
patients in the “esophageal pressure-guided group” had a
ratio of partial pressure of arterial oxygen to the fraction
of inspired oxygen (PaO,/FiO,) which averaged 88 mm Hg
higher than in the control group. Similarly, improvement
in respiratory-system compliance was also observed in
the “esophageal pressure-guided group” However, despite
trends toward improved survival, this study does not
provide uncontestable data supporting reduction in
mortality associated with this mechanical ventilation
strategy guided by P, estimations in patients with ALI/
ARDS [6].

Other studies suggest Pes measurement as a physio-
logically defensible and reliable tool for estimating P, in
critically ill patients [13,14,16]. As an example of such
enthusiastic reports, Grasso et al. [16] evaluated whether
keeping end-inspiratory P_, within a theoretically innocu-
ous range might allow safe increases of PEEP in pursuit
of improved oxygenation. These authors found that
relaxing the excessively prudent P, -based criteria for
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safe ventilation (justified by P_, calculations) may avoid
unnecessary use of extracorporeal membrane oxygena-
tion (ECMO) in patients with ALI/ARDS from influenza
A (HIN1) infection [16]. Although such data are
encouraging, we believe that although clinically feasible,
measuring P and calculating P, as a strategy for setting
the parameters of ventilator support must be embraced
with caution, especially in the setting of lung injury,
where the tension of the alveolar microenvironment may
only be roughly represented by the P, Additionally,
increasing PEEP using P, monitoring might be consider
‘safe” with regard to the mechanics of pulmonary injury,
but may be simultaneously associated with hazardous
consequences for hemodynamics [17].

The degree to which Pes is influenced by positioning,
abdominal distension, spontaneously breathing efforts,
and other conditions associated with reduced chest wall
compliance in the setting of ALI/ARDS is still unclear
and requires further clinical investigation. For example,
estimates of P, based on Pes measurements are almost
certain to imprecisely represent all stresses within an
asymmetrically compromised lung [11]. The volume-
altering effects of unilateral pleural effusion were radi-
cally different for the two lungs of experimental animals,
and yet the calculated P, was little affected by fluid
instillation [11]. In other words, we cannot expect a
single local pressure to represent stresses everywhere
across the topography of a heterogeneous thorax.

Nonetheless, P, monitoring deserves credit for shifting
the attention of clinicians to a more individually-tailored
physiologic understanding of the respiratory function
changes that occur during ALI and, although not perfect,
estimations of P, are of more help in elucidating the
interactions between patient characteristics, disease
conditions and ventilator settings than are pulmonary
mechanics based on airway pressure alone [17] (Table 1).

Monitoring functional residual capacity

Measuring absolute resting gas volume (FRC) is an
essential component of the testing battery needed to
interpret lung mechanics in the out-patient pulmonary
function laboratory. However, the measurement of FRC
in the ventilated patient has faced logistical and technical
challenges [18]. In a dynamic process of evolution,
attempts to monitor FRC that were based on body
plethysmography and planimetry (X-ray quantification
method) [19] have now migrated to more sophisticated
ventilator-integrated systems. These newer methods
allow bedside measurement of FRC without interrupting
mechanical ventilation, making accurate FRC measure-
ment feasible in the critically ill [20]. Conceptually, FRC
provides information to the clinician that cannot be
easily inferred from the P, , tidal flow, and volume data
available to this point in time.
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Technological development of serial FRC testing

a. Equilibration method
Gas-dilution methods for quantifying FRC were
developed as early as 1800 using inspired hydrogen
[21]. Closer to the present day, helium gas equilibration
methods have been used for research in patients. Such
techniques involve manual (bag) ventilation after
disconnection of the endotracheal tube from the
mechanical ventilator, so that a fixed volume and
concentration of helium is uniformly distributed
between the lungs and bag after approximately
10 breaths taken through a closed circuit. The propor-
tion of helium remaining in the bag after the equilibra-
tion period provides a direct dilution estimate of FRC,
which has been reported accurate when compared to
other methods [22]. This method requires interruption
of care to connect the tracer gas, thereby increasing
the risk of lung de-recruitment and cannot be con-
ducted in unstable patients. Moreover, accuracy
depends on the timing and skill of the operator
conducting the measurement.

b. Wash-out methods
When tracer gas is added to or washed from the lungs
during ventilation with serial fixed tidal volumes, the
rate of change to the new concentration relates
inversely to FRC. With this rationale, a method for
estimating FRC from the wash-in/wash-out rate of a
‘tracking’ gas was first described by Durig in 1903 [23]
and then by Darling et al. in 1940 [24]. Variants of such
methods have used changing concentrations of sulfur
hexafluoride (SF6), oxygen (O,) and/or nitrogen (N,).
In 1993, Fretschner et al. [25] measured FRC via
integrated nitrogen wash-in/out in a test lung model
and in ventilated patients exposed to FiO, changes of
0.3 — a method that involved intra-breath signal
synchronization of flow and FiO,. This innovation
allowed for the determination of FRC values without
ventilator disconnection, but incurred an error of
approximately 20 % [25].
Recently, intricate and rapidly responding sensors have
used sampling of respired gases from the ventilator
circuitry to calculate FRC more safely and with relative
accuracy without the need to interrupt ventilation.
Gas-automated FRC measurement has been improved
by using precise solenoid control and software
synchronization of signals (flow and gas concentration)
during ventilation. One example (Engstrom Care-
station® technology, GE Healthcare Madison, WI) of
this approach directly measures the end-expiratory
lung volume by slightly altering the delivered FiO, level
(step changes of only 0.1) for short periods of time
using its volumetric O, and CO, measurement
capability [26]. In a previous study we compared this
method with (‘gold standard’) quantitative computer
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Table 1. Potential added values of two newly available tools in bedside monitoring*

Transpulmonary pressure

Functional residual capacity

Non-invasively estimates lung-distending pressure
Samples ‘local’ (but potentially critical) dependent zones of the lungs
Presents a new approach for setting ‘effective’ PEEP level in ALI/ARDS patients

Offers the potential for monitoring ‘true’ driving pressures across the lung
(tidal changes in P_), despite abnormalities of the chest wall and effort

Non-invasively estimates ‘functional’lung size, which refines compliance and
resistance calculations

Helps monitor disease progression and resolution

Allows assessment of the impact of common interventions: PEEP and
positioning

Complements P in the setting of non-symmetrical lung and chest wall
diseases (e.g., atelectasis, effusion, etc.)

Optimizes lung-protection strategy by determining the size of the 'baby lung,
allowing for calculation of the ‘strain ratio’

*see text for limitations. ALI: Acute lung injury; ARDS: Acute respiratory distress syndrome; P, Transpulmonary pressure; PEEP: Positive end-expiratory pressure.

tomographic (CT) imaging and found that this auto-
mated method correlated well (across a wide range of
end-expiratory lung volumes) [20].
c. Technical limitations

Some limitations, however, must be acknowledged
regarding the measurement of FRC by gas washout in
clinical practice. For example, rapid and/or irregular
respiratory rates with large variations in tidal volume
may alter FRC values and/or prevent gas-automated
methods from performing the measurement [27].
Abnormal metabolic states because of high fever and/
or agitation, as well as neurological conditions that
alter respiration may also influence FRC measurements
by varying CO, production and breathing patterns
[27,28].

Rationale for monitoring FRC in the critical care setting
FRC has been studied in ventilated patients for more
than twenty years [29]. The effect of PEEP on FRC has
been assessed and quantified by many investigators [30—
32], whose work taken together has concluded that PEEP
invariably increases FRC determined by gas dilution
methods, according to the well known pressure-volume
(P-V) relationship of the respiratory system [30-32]. In
one study, this incremental effect of PEEP was observed
with normal lungs, primary lung disease, and secondary
lung disease for PEEP values up to 15 cm H,O; FRC
increased in proportion to the applied PEEP increments
[30].

The FRC measured in response to PEEP admixes
volumes resulting from recruitment of reopened units
and expansion of the already patent ones. Such infor-
mation, however, if used in conjunction with spirometric
P-V information, may theoretically help elucidate actual
consequences of PEEP application.

FRC measurements must be evaluated in conjunction
with data regarding oxygenation as well as tidal com-
pliance [33-36]. Although the latter relates inversely to
the stiffness of the lung and/or chest wall, the tidal
compliance traditionally used at the bedside does not

necessarily track lung volume, as further increments of
PEEP above a specific level may simply cause over-
distension — indicated by accompanying increases of
elastance [33]. Studies conducted in lung injury models
have investigated the relationship between FRC and tidal
compliance [33-35]. In a porcine oleic-acid-injury study,
Rylander et al. [37] found that FRC was a more sensitive
indicator of PEEP-induced aeration than was compliance.
Additionally, Lambermont et al. [34] showed that FRC
may potentially be useful in identifying an optimal PEEP
level when it is associated with the best compliance and
lowest dead space to tidal volume ratio [34]. There is still
no irrefutable information regarding the range of values
of FRC to be expected in the setting of ALI/ARDS.
However, much of the available data strongly supports
the potential use of FRC in therapeutic decision-making
and its utility as a diagnostic tool. Perhaps relating FRC
to its expected values is not as important as knowing the
response of FRC to interventions or to the course of
disease.

Clinical implications of FRC measurement
Important information can be extracted from the FRC
value, because this measurement correlates with ‘func-
tional’ (aerated and communicating) lung size [28].
Resting aerated lung volume is tightly correlated with
oxygenation [36], estimated risk for VILI [15], work of
breathing [38] and gas trapping [39]. As such, FRC could
be used as an indicator of disease progression and
response to therapy. Finally, FRC can also help monitor
the relationship between body position changes and the
physiological response of the compromised respiratory
system [39]. Clinical experience shows that oxygenation
is markedly affected by postural changes in certain
patients. These hypoxemic episodes may be the result of
position-related ventilation/perfusion changes associated
with abrupt reductions in FRC or to regional perfusion
changes [40,41].

Regarding the role of FRC in interpretation of lung
mechanics, changes in lung volume could help
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characterize the nature and severity of lung disease.
Resistance and compliance are expressed in absolute
terms (cm H,O/1/s and ml/cm H,O, respectively) that vary
with aerated lung dimensions. Knowing the FRC value
facilitates the separation of restrictive from obstructive
disease and allows better interpretation of parenchymal
gas exchanging efficiency [42]. Additionally, since
‘specific compliance’ and ‘specific elastance’ account for
the resting size (volume) of the aerated lung, the response
of the respiratory system to an imposed stress may be
best evaluated when FRC is known [43]. By determining
the size of the ‘baby lung, FRC has the potential to
elucidate the mechanical stress incurred during tidal
breathing and the risk for VILI in the setting of ALI/
ARDS [43, 44]. We must recognize that FRC values could
lead to subject-specific interpretations of lung stress
(P,), and may be integral for assessing lung strain (tidal
volume/FRC) — commonly equated with tissue ‘stretch’
[44]. With current techniques, valid FRC measurements
can be obtained to calculate a strain ratio. The latter
references the end-tidal volume to its resting level, with
strain ratios exceeding 1.5-2.0 signaling concern for lung
overstretch [44] (Fig. 1).

Similar principles relate to airway resistance. Whether
in obstructive disease, ALI/ARDS, or other volume-
reduced states (e.g., surgical reduction of lung tissue,
effusion-compressed lung), knowledge of FRC also
enables calculation of specific resistance and provides
better information regarding airway status [43, 44].
Additionally, non-symmetrical disorders of the chest wall
(e.g., unilateral pleural effusion and increased IAP) may
cause P_, and FRC to dissociate from each other [11].
Such dissociation may also be characteristic of some
other lung disorders (e.g., secretion plugging, unilateral
pneumonia, atelectasis, embolism, pneumothorax, etc.).
In other words, separations or disconnections among
these monitored mechanic variables, especially if
trended, graphed and/or indexed, could be valuable in
diagnosis and monitoring.

Conclusion

Calculating P, based on Pes measurements and
monitoring FRC are two complementary pieces of the
diagnostic/monitoring puzzle to be added to traditional
pulmonary mechanics stemming from P, and tidal air
flow. Mechanical ventilation guided by P_, calculations
opens possibilities for personalizing and improving the
analysis of the mechanics of pulmonary injury. It seems
clear that these newly available tools, used separately
and/or together, have potential to improve delivery of
respiratory care by characterizing the response to
interventions or to the course of disease. Moreover,
recognizable patterns and trends in correlated indexes of
FRC and P_, in addition to traditional monitoring tools,
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Figure 1. Potential roles of transpulmonary pressure (P.,) and
functional residual capacity (FRC) in bedside monitoring of
risk of ventilator-induced lung injury (VILI). Negative values of
end-expiratory P, (total positive end-expiratory pressure [PEEP, ] -
end-expiratory esophageal pressure [Pes_ ]) suggest collapse in the
region of the balloon. Tidal reversal to positive end-inspiratory P,
values (plateau airway pressure [P, , 1 - end-inspiratory esophageal
pressure [Pes 1) suggests potentially damaging tidal opening/
collapse cycles. Resting lung volume (FRC) may be used in astrain’
equation (see text and Table 1) in which end-inspiratory and end-
expiratory absolute lung volumes are required, in addition to PEEP_ -

and Pes_, V- tidal volume, C : lung compliance.

could help diagnose and/or provide an early warning to
the clinician of impending danger in the settings of chest
wall abnormalities (e.g., elevated IAP) and the asym-
metrically distributed lung diseases often encountered in
critical care. Instead of the first response being crisis
intervention or expensive testing, earlier evaluation and
prevention could be achieved by using and understanding
FRC and P, values. Computer technology already
deployed should make such derived information easy to
display.
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