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Regional distribution of transpulmonary pressure
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Abstract: The pressure across the lung, so-called transpulmonary pressure (P;), represents the main force
acting toward to provide lung movement. During mechanical ventilation, Py is provided by respiratory
system pressurization, using specific ventilator setting settled by the operator, such as: tidal volume (Vy),
positive end-expiratory pressure (PEEP), respiratory rate (RR), and inspiratory airway flow. Once P is
developed throughout the lungs, its distribution is heterogeneous, being explained by the elastic properties
of the lungs and pleural pressure gradient. There are different methods of P calculation, each one with
importance and some limitations. Among the most known, it can be quoted: (I) direct measurement of
Py; (II) elastance derived method at end-inspiration of Py; (III) transpulmonary driving pressure. Recent
studies using pleural sensors in large animal models as also in human cadaver have added new and important
information about P; heterogeneous distribution across the lungs. Due to this heterogeneous distribution,
lung damage could happen in specific areas of the lung. In addition, it is widely accepted that high P; can
cause lung damage, however the way it is delivered, whether it’s compressible or tensile, may also further
damage despite the values of P achieved. According to heterogeneous distribution of Py, across the lungs,
the interstitium and lymphatic vessels may also interplay to disseminate lung inflammation toward peripheral
organs through thoracic lymph tracts. Thus, it is conceivable that juxta-diaphragmatic area associated strong
efforts leading to high values of P;, may be a source of dissemination of inflammatory cells, large molecules,

and plasma contents able to perpetuate inflammation in distal organs.
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Transpulmonary pressure (P.) and structural
components of the alveolo-capillary membrane

termed “transpulmonary pressure” (Py).
Positive pressure mechanical ventilation differs
considerably from the physiologic negative pressure that is

During spontaneous breathing in normal subjects, the generated by spontaneous breathing, as present in humans.

inspiratory effort that is exerted by respiratory muscles
decreases the already negative pleural pressure further,
and drags lung tissue from the resting position (functional
residual capacity) toward a superior point in the pressure-
volume (PV) curve. The pressure gradient across the lung is

© Annals of Translational Medicine. All rights reserved.

In normal ventilation, humans are able to vary the breathing
pattern within specific amplitude and time domains (1),
and increase/decrease ventilation rate as a consequence
of metabolic fluctuations. On the other hand, mechanical
ventilators pressurize the respiratory system using a tidal
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volume (Vy), positive end-expiratory pressure (PEEP),
respiratory rate (RR), and inspiratory airway flow (V’),
which are adjusted by the operator. During spontaneous
breathing or positive mechanical ventilation, for the overall
lung expansion, certain components of the alveolar-capillary
membrane need to be stretched by Py, for example epithelial
and endothelial cells, fibroblasts and extracellular matrix
(ECM) itself. Importantly, both the degree and the rate of
stretch each of these cells as well as matrix components may
promote damage, resulting in so-called ventilator-induced
lung injury (VILI) (2).

Despite their relatively high numbers and importance
in terms of responsiveness to cyclic stretch by genomic
alterations (3), as well as synthesis and secretion of ECM
proteins (4), the contribution of cells to the mechanical
properties of lungs is comparatively small. In fact, collagen,
elastin and proteoglycans (PGs) confer the majority of
mechanical properties of the lungs. Collagen represents
one of the major proteins resisting the load induced by
large P; variation, while elastin confers the elastic recoil
to the resting position (5). Other important load-bearing
proteins are glycoproteins (fibronectin and laminin),
glycosaminoglycans (GAGs), and PGs (6). The non-
fibrilar component, mainly hyaluron, and PG, connects the
collagen and elastin fibers extremities, which can stabilize
the ECM scaffold (2). It has been acknowledged that there
is a threshold where the stress-strain relationship of this
compartment loses its linearity, which corresponds to the
point at which the ECM fibers of the lung skeleton become
fully unfolded.

P, is heterogeneously distributed across the
vertical gradient of the lung

Since the introduction of radioactive gases in investigations
of the respiratory system (7,8), it is well known that the
regional distribution of inspired gas across normal lungs
is heterogeneous, being partly explained by the elastic
properties of the lungs and vertical gradient of pleural
pressure (9). For example, at low lung volume (below the
resting position, i.e. FRC), the most dependent lung zones
can be exposed to more positive pleural pressure and, as
a consequence, are the first to close their distal airways
during deflation and the last to reopen them during the next
inflation, which in turn can affect the static volume-pressure
(PV) relationship of the lungs (10). The PV curve can also
be affected by posture. Washko et 4l. showed in healthy
subjects that the average decrease in P from the upright
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to supine is lower than 3 cmH,O (11). Nevertheless, even
adding 3 cmH,O for a compensation shift of the PV curve,
healthy individuals may still show negative values of P;. The
authors have used esophageal pressure (Pes) manometry as
surrogate of pleural pressure variation, and it is clear that
Pes, at best, reflects the pressure in neighbor pleural space
regions, overestimating it in non-dependent regions due to
mediastinum mass displacement, and underestimating it in
dependent areas (12).

There are different methods that can be used to
calculate Py, ranging from direct measurement of Py at
end-expiration to the elastance derived method at end-
inspiration. Also, transpulmonary driving pressure (APy)
can be calculated in different ways. All those methods
show advantages and have limitations (13). Recently, it has
been pointed out some implications about these different
methods of P, calculation:

Direct measurement of Py,

After placing intra-pleural sensors both in dependent
and non-dependent regions in large animal model of
lung injury and human cadavers, Yoshida et 4. (14) were
able to show that the esophageal pressure balloon, that
is, the Pes measurement, more closely reflects the intra-
pleural pressure in dependent lung zones. In addition,
the measurements were done at different PEEP levels. At
the lowest PEEP level, P at end-expiration was negative
for both animal and human cadaver models. If they
were placed according to an esophageal-pressure-guided
protocol (15), they would have their PEEP levels adjusted at
8 and 10 cmH, O, respectively, without taking into account
the oxygenation index. In healthy individuals, it has been
shown that the superimposed pressure across the vertical
gradient is approximately 4.5 cmH,O (16). Since the Pes
signal better reflects the pressure conditions around itself,
it is conceivable that the PEEP level in subjects would be
adjusted to 5 cmH,0O (15). On the other hand, in ARDS
patients, the most dependent lung region can achieve
superimposed pressure as high as 10.5 cmH,O, which might
represent the lowest value of PEEP in these patients when
aiming to keep those zones open at end-expiration.

Elastance derived method at end-inspiration of P,

This is a simplified method that computes P as the product
of the airway pressure during tidal inflation and the ratio
between lung and respiratory system elastance. Thereby,
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the measurement of absolute Pes is not required. On the
other hand, one should assume that the lung and respiratory
system PV curves are linear in the range of PEEP and V;
used in clinical settings (17). Recently, Yoshida ez al. (14)
showed that the elastance derived method at end-inspiration
overestimated P;. Authors concluded that this would not
necessarily invalidate the method, but instead indicated that
this technique delivered the highest level of inspiratory lung
stress, which might be guide adjustments of mechanical
ventilation aimed at avoiding VILI. Another study showed
that the PEEP level necessary to reach an end-expiratory Py,
of 0 cmH,O differed from the PEEP level targeting a chest-
wall elastance-based end-inspiratory Py, of 26 cmH,O (18).
Thus, in ARDS patients, a combination of both methods
would be misleading.

Transpulmonary driving pressure (AP;)

The transpulmonary driving pressure (AP;) is defined as
the difference between Py at end-inspiration and Py at
end-expiration. It reflects the distending pressure taken
by the lungs when V. is delivered. The use of AP, offers
some advantages against absolute P; values. First, AP, does
not account for the static stress caused by PEEP, which
contributes less to lung injury and sometimes can mitigate
it (19). Second, APy is not influenced by the distending
pressure necessary to move the chest wall (20). Third, it
is conceivable the AP, would better reflect the presence
of regional inhomogeneity in mechanical properties. An
increase in AP; would better suggest local tissue tension
than respiratory system parameters which may carry some
artifacts (21). Hence, it seems that AP might be a better
surrogate of lung stress and may even be a better predictor
of clinical outcomes than AP (22). AP, is calculated as:

A]~)L = (PPL/\T - PFSO, end—insp) - (PEEPTOT - PF,SO, end-exp) [1]

Further analyzing the Yoshida’s paper, about regional
Py, it can be drawn some conclusions about regional APy
(Inspiration — Expiration) due to the presence of dependent
and non-dependent sensors at different PEEP levels. At low
PEEP level (4 cmH,0), in which the authors recognized the
presence of ~30% atelectasis, the inspiratory and expiratory
P, were 6 and -2.5 cmH,0O, and the AP; was 8.5 cmH,O at
dependent areas, higher than the non-dependent, in which
the AP; was 6 cmH,0O. Likely, the regional increment in
AP, at dependent area can be dependent of opening and
closing instability, in which some areas may suffer from
cyclic overdistension. At a high PEEP level (for example,
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24 ¢mH,0), in the absence of atelectasis, the AP, was
7 ¢cmH,0O in non-dependent areas, and 5 cmH,O in
dependent areas, likely reflecting locally overdistension
(Figure I). Although these values seem relatively low, it must
be kept in mind that they reflect the lung compartment
only. Nevertheless, during assisted spontaneous breathing
the effect of regional AP; can be very extreme.

P, during assisted spontaneous breathing:
unraveling effector

A previous experimental study using pleural sensors showed
a uniform distribution of AP, along the gravitation gradient
during spontaneous breathing (23). However, this was
assessed in healthy subjects, and probably may reflect the
homogeneous stress distribution across the lung surface,
by decreasing Ppl at all points. In contrast, in lung disease,
the stress distribution may be inhomogeneous, mainly due
to altered ventilation and the shape of diaphragm. Yoshida
et al. showed that in an injured lung, local negative pleural
pressure generated by diaphragmatic contraction is not
uniformly transmitted, but is concentrated in dependent
lung done. More importantly, esophageal manometry
underestimated the respiratory efforts swings (24). It’s
reasonable that, during lung-protective ventilation with low
V1, the presence of increased inspiratory efforts can result
in a hidden and local P, of the dependent lung. In this
line, Bellani et 4. compared the AP, during spontaneous
assisted breathing and fully controlled ventilation, trying
to match similar conditions of airflow and volume between
both ventilatory conditions (25). For this purpose, in order
to achieve matched volumes and airflows, the authors
performed the analysis only on combinations of similar
mean inspiratory flows between spontaneous assisted and
controlled ventilations, discarding the others combinations
of volumes and airflows for the same timeframe. Although,
this reflects the careful methodologic approach performed
by the authors, it poorly reflects the clinical condition
presented by critical ill patient with distinct airflow
and volumes. In addition, the effect of AP, whether in
spontaneous assisted or controlled ventilation on gas
exchange and global hemodynamics could not be evaluated.
On the other hand, Henzler et al. (26) studied the effects
of compared spontaneous breathing during BIPAP with
controlled ventilation by matching AP, on gas exchange and
hemodynamics. Interestingly, they showed similar effects on
arterial partial oxygen pressure, but higher oxygen delivery
in spontaneous breathing during BIPAP than controlled
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Figure 1 Schematic drawing showing two theoretical conditions at low and high PEEP levels. At low PEEP level, the transpulmonary

Normal

driving pressure (APL) is higher at the dependent lung region, and could be explained by the presence of opening and closing, in which

some areas may suffer from cyclic recruitment. At high PEEP level, the APL is higher at the non-dependent lung region likely reflecting

locally overdistension.

ventilation, which may be related to better hemodynamic.
In order to achieve comparable AP between spontaneous
breathing and controlled ventilation, V- was increased up to
12 ml/kg, one more indicative that comparable AP; cannot
be achieved by similar V- and airflow between spontaneous
breathing and controlled ventilation.

High AP, may cause harm to the lungs but does
the way that it is delivered matter?

During controlled ventilation, AP is achieved by a
positive increase in airway and pleural pressures, leading
to compressive stress into the lung structure. Although,
it’s widely accepted that alveolar pressure rarely shows
lower values compared to pleural pressure, the delivery
of stress into the alveolar surface during controlled
ventilation (compressive stress) can substantially differ
from that observed during spontaneous breathing (tensile
stress). In fact, this has been observed at the cellular
level (27). One way to compare compressive and tensile
stresses is through the application of whole-body chamber
and the application of negative pressure to the thorax
and/or abdomen. In this line, Grasso et 4l. showed that
ventilation with negative pressure may fundamentally
differ from that achieved with positive pressure in terms
of transmission of applied pressure, development of
transpulmonary distending pressure, volumes of recruited
lung, and distribution of lung aeration during inspiration
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and expiration. Additionally, both negative and positive
pressures ventilation were matched by Vi of 12 mL/kg,
which nowadays, would not be feasible to clinical practice
in ARDS condition. In a sequential study, by applying
constant or transient negative abdominal pressures, authors
showed that applying a distending pressure over a broad
abdominal area associated to PEEP led to the recruitment
of atelectatic areas, closer to diaphragmatic lung regions. In
addition, the application of continuous negative abdominal
pressure with PEEP or PEEP alone led to similar values of
esophageal pressure. This reflects that regional recruitment
did not affect overall chest wall compliance, and could
be more related to a region juxta diaphragmatic. In fact,
this has been observed elsewhere (24). More recently,
continuous negative abdominal pressure (-5 cmH,0) was
associated to protection against VILI (28). The mechanism
of protection may rely on the selective recruitment of
dorsal atelectatic lung, which may increase the area able
to be ventilated and reduce the stress across caused by V.
This regional recruitment is achievable by mitigating the
abdominal influence into the thoracic cavity and reducing
Ppl in the dependent regions, which in turn can increase
the regional P;. This regional recruitment is different from
that obtained by PEEP increase, which may overinflate
those regions already inflated, usually observed in non-
recruitable lungs (29). Additionally, in rats, it has been
shown that gentle spontaneous breathing with esophageal
pressure variation around 2.5 cmH,O and moderate PEEP
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level reduced inflammatory mediators as also maintained
epithelial integrity (30). The esophageal decay and the
generated Py performed in rats represents one-half to that
performed in healthy humans (31), reaching values around
5 ¢cmH,O for a quite breathing pattern. Therefore, taking
into account the magnitude of decrease in continuous
negative abdominal pressure done in experimental scenario
(=5 emH,0), it is quite conceivable to have these beneficial
effects of spontaneous breathing, which would represent the
tensile stress, in mild ARDS patients with gentle inspiratory
efforts (-5 ecmH,0) (32) when medium levels of pressure
support are adjusted (25).

Regional distribution of AP, and edema
development: Can interstitium and lymph flow
intermediate this interaction?

Increased inspiratory efforts during mechanical ventilation
reduce intrapleural pressure which can achieve sub-
atmospheric, i.e., negative levels. Pleural space has been
acknowledged as an interstitial tissue devoid of solid
matrix (33) and its pressure can be considered the sum of
pleural liquid pressure (Pliq) with dynamic deformation
pressure (Pdef) exerted at focal points of contacts between
sliding surfaces. The lymphatic flux depends on lymphatic
conductance and intraluminar hydraulic pressure (Plymph).
It has been shown that Plymph significantly decreases
during spontaneous breathing, but not in controlled
mechanical ventilation. This depicts that to produce and
move lymph fluids from peripheral regions of the lung
forward, there is a dependence of cardiorespiratory activity
(34,35). Interesting, it has been shown a dependence of
lung height for fluids propagation from peripheral regions
of lung parenchyma and regional pleural lymphatic flux
toward drainage thoracic lymph tracts. From the highest
(non-dependent) to the lowest (dependent) sites of
pleural compartments, there is a progressively increase in
lymphatic flux, supporting the existence of local differences
in fluid dynamics in the pleural and lung compartments.
The higher lymphatic flux at the dependent lung regions
added by the intense AP, presented at this region may
favor the occurrence of interstitial and/or alveolar edema
formation. At the initial stage of edema formation, fluid
accumulation in lung parenchyma is mainly prevented by
lymphatic activity (36). However, mechanical ventilation
with the presence of inspiratory effort is associated to
local increment in AP;. These large swings may disturb
ECM organization (27) and provoke distortion or
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decrement in PGs content, which have important roles
in maintaining the dryness of lung tissue (35) by pushing
outward against the nonextensible collagen fibers due to
their energy of hydration (27). In addition, the increase in
pulmonary capillary permeability, inherent to several lung
conditions, can likely increase the translocation of fluids
from interstitium toward alveolar space (37). Within this
scenario, the lymph flow activity may not pace the rhythm
of edema formation, which at last stage is characterized by
flooded alveoli, mainly at the dependent lung regions.
Considering the preservation of lymph flow conductance,
the maintenance of mild-to-moderate spontaneous
breathing during mechanical ventilation may enhance
lymph flow and contribute to clearance of edema from
lungs (38). This beneficial effect was not observed after
solely PEEP application (39). However, it is not clear
whether this exchange of fluids from thoracic to abdominal
cavities may be dangerous. Although the communication
between abdominal and thoracic cavities through the lymph
flow has been reported (40,41), the likely consequences
of this dangerous talk are poorly described. Papazian
et al. (42) showed that the early administration of a
neuromuscular blocking agent improved the adjusted
90-day survival and increased the time off the ventilator
without increasing muscle weakness. One of the attributed
reasons for clinical improvement was the prevention of
asynchrony and decrease in metabolic needs demanded by
the respiratory muscles in the early phase of mechanical
ventilation in ARDS (43). One contributing factor could
be the dissemination of inflammatory cells and their milieu
from the thoracic cavity where the lungs is situated toward
abdominal cavity perpetuating the distal inflammatory
response. This phenomenon has been observed in
intestinal ischemia and reperfusion experimental studies
causing bronchial hyper-reactivity (44,45). Whether the
implementation of assisted spontaneous breathing during
the early phase of ARDS, when the primary cause to
institute the mechanical ventilation has not been solved,
may perpetuate distal inflammation through lymph flow is
not known. In a previous European cohort study, Esteban
et al. (46) showed that the weaning period represents around
40% of the total duration of stay in ICU. Similar proportion
could be admitted in a recent and large observational
study about the prevalence of ARDS (47), since the total
time of invasive mechanical ventilation was comparable
(around 8 days). Experimental studies have highlighted
that spontaneous breathing promotes trans-diaphragmatic
lymphatic return (48), which may affect extrapulmonary
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Figure 2 Schematic drawing showing the lateral view of lung and diaphragm. At the dependent region, where APL is higher due to intense

decrease in pleural by inspiratory effort, it may favor lymph flow spreading which may contain inflammatory cells, large molecules, and

plasma content which may trigger distal organ failure.

organs. Taking into account the regional Py at the juxta-
diaphragmatic area with strong efforts (24), it is possible
that this region could represent the source of dissemination
of inflammatory cells, large molecules and plasma contents
able to trigger and perpetuate inflammation in distal organ
(Figure 2).

Conclusions

The net increment in pressure domain related to the
lung expansion represents the Py, which can distort some
important components of the alveolar-capillary membrane.
This distortion promoted by Py is heterogeneous across
the vertical gradient of the lungs. There are different forms
of calculation of P;, each one with own strengths and
limitations. The heterogeneous distribution of Py seems
to be important in several conditions during mechanical
ventilation, but especially during assisted spontaneous
breathing, where pleural pressure swings could be magnified
at the dependent regions if inappropriate PEEP levels are
used. The consequences of this localized Py are not fully
recognized. Here, we pointed out the importance of this
P, heterogeneity related to lymph flow drainage, which
can communicate thoracic and abdominal cavities and
contribute to spread inflammation.
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