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Driving Pressure and Transpulmonary Pressure
How Do We Guide Safe Mechanical Ventilation?
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oncern over the potential for lung injury due to

mechanical ventilation has fueled investigations on
lung protection in the operating room.'™ Based on the
intensive care literature,* tidal volume (V) and positive
end-expiratory pressure (PEEP) settings have been the
focus of intraoperative clinical trials.” Recent results in
acute respiratory distress syndrome (ARDS)® and surgical
patients®” have suggested that the benefits associated with
V. and PEEP settings are mediated by driving pressures.
As our understanding of the physical and biologic effects
of mechanical ventilation evolves, the concepts of driving
pressure and transpulmonary pressure have been increas-
ingly used to quantify the mechanical forces acting over the
lungs during mechanical ventilation and to guide clinical
care. In this perspective, we discuss the definition of those
concepts, their measurement in the clinical setting, their
interpretation, and their use in typical scenarios.

What Are“and
Apply to Mechanical
induced Lung Injury?

and How Do They
entilation and Ventilator-

To prevent lung injury during mechanical ventilation, the fac-
tors causing most injury to the lungs must be identified. In the
centuries-old engineering field of materials science, limits of
maximal stress and strain are listed as key possible causes for
materials to fail and rupture under the action of external loads.
Recently, these concepts of stress and strain have been applied
to increase understanding of mechanisms of injury during

mechanical ventilation®"* and better explain the positive clini-

5-8,10-12

cal outcomes associated with lung-protective ventilation.
is defined as a

in the
dimension. For instance,
is defined as by the

length (fig. 1). The most pertinent strain in ventilation is
the - created by inspiration and expiration.

is a measure of a
from its

is as change in
In materials, is

Volumetric strain during ventilation has
components and is

throughout the lungs.?

What Is the Relevance of These Concepts for
Prevention of Lung Injury?

During tidal breathing, the - in -- is rep-

resented by! and the initial lung volume corresponds to
the functional residual capacity

lung

. Global volumetric

ship shows that

of
concept. For instance, with a

of 500ml, a
during anesthesia would have a
500/2,000). That same V_ in an patient
) would produce a strain of /500), a four-
fold increase in strain and augmented risk of injury.

These considerations also suggest that, while reducingV. is
important in surgical and ARDS patients,*'"* V__is not the final
determinant of lung injury. This is because it does not take the

size of lung parenchyma to which thatV_ applies (FRC) into

injurious lung arguments are consis-
tent with recent clinical outcome results in ARDS and surgical

patients showing that the effect of V. on clinical outcomes is

mediated by a variable associated with lung strain.>”
The of lung i e.g., as lung dere-

cruitment develops, also increases the risk for lunﬁ inI'uri.

This is because this heterogeneity can produce
B D - oy o

inflamed lungs of anesthetized ventilated large animals even

if those whole-lung strains are acceptable.®'? Theoretical

computations indicated that in heterogeneously inflated

Systemic inflammation, a common clinical finding, ampli-

fies the injurious effect of strain.'®"
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Fig. 1. Driving pressure (AP) is calculated as the difference between plateau pressure (Ppm) and positive end-expiratory pressure (PEEP).
Driving pressure is composed of two pressures: that distributed to the lung itself, the transpulmonary pressure (AP,), and that applied to the
chest wall (AP, ). Rearrangement of the standard respiratory system compliance (C.) equation leads to driving pressure as equal to the tidal
volume (V;) divided by C,,. Strain is a measure of material deformation relative to its original state. For example, the linear displacement of a
spring (AL) relative to its rest length (L ), or equivalently the ratio of V; to functional residual capacity (FRC). As C.¢ changes in proportion to
FCR, i.e., FRC = k x G, V./C,, is an approximation of tidal volume normalized to FRC, and AP is proportional to lung strain. TLC, total lung

capacity; V , lung volume.

L’

What Is Driving Pressure and How Is It Measured?

Driving pressure is defined as plateau pressure minus
PEEP (fig. 1).'° Plateau pressure is measured at the end of
an inspiratory pause during volume-controlled constant
flow ventilation and at the end of inspiration during pres-
sure-controlled ventilation. Accordingly, in the absence of
respiratory muscle effort by the patient, driving pressure is
the pressure above PEEP applied to the entire respiratory
system to achieve tidal ventilation. A caveat on the compu-
tation of plateau pressures is that they cannot be presumed
to represent end-inspiratory alveolar pressures when end-in-
spiratory flows are not zero, indicating lack of equilibration
between airway and alveolar pressures. During volume-con-
trolled ventilation, an inspiratory pause greater than or equal
to 3s provides best accuracy for plateau pressure measure-
ments in normal and diseased lungs.”'® Short inspiratory
pauses of 0.5s overestimate plateau pressure by 11% in
ARDS patients and 17% in chronic obstrictive pulmonary
disease patients."” Examination of the airway pressure tracing
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available in current anesthesia machines for the presence of
a plateau at the end of the inspiratory pause allows for bet-
ter decision on reliability of plateau pressure measurement.
Auto-PEEP is another potential source of error by leading
to driving pressure overestimation as the end-expiratory
pressure in alveolar units would be higher than the PEEP set
in the ventilator and used to compute the driving pressure.

It is important to recognize that driving pressure and
total airway pressure measured during mechanical ventila-
tion have two components: one related to the expansion of
the lungs, the other to the expansion of the chest wall. Each
of these two components can change substantially during
disease and surgical conditions and affect the interpretation
of the driving pressure measurements.

What Is Transpulmonary Pressure and How Is It
Measured?

Transpulmonary pressure is defined as the pressure differ-
ence between the airway opening and the pleural surface

Williams et al.



(g. 2).1%2°Accordingly, transpulmonary pressure comprisgoints, the airway pressures (plateau pressure at end-inspira-
the pressure to move air through the airways (airway opetion and PEEP at end-expiration) are presumed to represent
ing — alveolar pressure) and the pressure to overcome thlgeolar pressures, a reasonable assumption in the absence of
lung tissue elastic recoil (alveolar — pleural pressure), the s trapping This approach to measure transpulmonary

ter most frequently associated with lung injiAlthough ~ pressure may have led to the misconception that it exclu-
continuous estimation of transpulmonary pressure is fesively expresses pressures at the alveolat*I&¥&he

sible, it is usually assessed at two critical points during tesential concept is that in static, i.e., zero ow, conditions
breathing cycle: the end of inspiration, relevant to prever(end-inspiration and end-expiration), the transpulmonary
hyperin ation, and the end of expiration, relevant to avoidpressure approximates the lung tissue elastic recoil compo-
lung derecruitment. If respiratory ows are zero at thesaent, which is the relevant pressure to quantify stress applied

Fig. 2. Airway opening, esophaged)l @hd transpulmonary pressufjesié@surements.i®de ned as the difference between airway

opening pressure (blue lines) and pleural pressure. Pleural pressure is frequently estimated from esophageal balloon pre ssure measuremen

(RP.)- Using a speci c protocol, the esophageal balloon is placed in the lower third of the esophagus (A). CardidB ogekat ons in P

lines) indicate accurate placement of the balloon, which can be con rmed by observation of similar airwayneessiemant P
as gentle chest compressions are performed during expiratory pause or with occluded airwagaopeaiestiAatéd as the cif-

ference between airway and esophageal pressures (red and orange lines). Interventions such as pneumoperitoneum (I3, mid panel) produ

a marked change in driving pressures (P = plateau prggswiau® positive end-expiratory pressure, PEEP). In this exe mple, P
mcreased bycr uo Yet P(end-inspiratory, P, El, minus end-expiratqry, FEE) does not increase to the same degree as P and

P, The change in i this example wasm/ IjO This demonstrates that part of the increases in, Peaadige to the chest wlll

component and not to pressures applied to the lung parenchyma. This contribution of the chest wall is evidenced by thz increased El to E

oscillation in Pafter as compared to before pneumoperitoneum. In addition, the esophageal pressure at grieEegpiratiom (P

time scale) is positive before pneumoperitoneum while it is negative after pneumoperitoneum. This implies mechanical conditions consisten

with lung collapse after pneumoperitoneum. Indeegddidhilet ihcrease by the same magnitude as P, it also increased, indic ating loss

of lung compliance. Such conditions could prompt use of higher PEEP to prevent lung derecruitment. EE, end-expiratory; El, end-inspirator
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to lung tissue beyond airwdygresumably responsible for strategy does not. A key assumption of the second approach
injury during mechanical ventilatidh. is that pleural pressures are zero at zero airway pressure.This
While assessment of airway pressures to calculateuld be questionable in resting conditions, and, more
transpulmonary pressure is simple, estimates of pleural prearkedly, in conditions consistent with increased pleural
sure are di cult to obtain. Esophageal manometry is curpressures such as in obese and ARDS patiemd,pre-
rently the most widely accepted method to estimate pleurabmably during laparoscopic and abdominal procedures. In
pressures in the clinical settiid For this, a special bal- such cases, that assumption could lead to inadequate use
loon, either incorporated in a stand-alone catheter or as paft PEEP. The approaches based on absolute or di erential
of a naso- or orogastric tube, is positioned with a speci esophageal pressure to estimate pleural pressure do not pro-
protocof*?”in the lower third of the esophagus and con-vide equivalent measuremefitand direct comparison to
nected to a pressure transducer ( g. 2A). Correct ballooan accepted standard are needed.
position is con rmed by the presence of cardiac oscillation Recently,an alternative method to assess transpulmonary
in the esophageal pressure trace ( g. 2B) and measuremprgssure without an esophageal balloon has been proposed
of airway opening and esophageal pressure swings wathd validateéf. It is based on a PEEP-step maneuver and
occluded airway opening ( g. 2&j.Esophageal pressure measurement of changes in end-expiratory lung volumes
measurements obtained in this manner more speci calsing the spirometer available in some ventil&tors.
assess periesophageal values, approximately at a third to half
of the dorsal-to-ventral chest lengtf In supine patients, \What Is the Physiologic Interpretation of Driving
they overestimate ventral pleural pressures and underestressure and What Are Its Clinical Applications?

mate dorsal values given the ventral—-dorsal increase of pIB‘Hrving pressures provide an easily measured correlate of
ral pressuré. global lung straif? Driving pressure can be expressed as
Two approaches are used to apply esophageal prgss ratio between Vand respiratory system compliance
sure as a surrogate for pleural pressure and computaQyl 1) Respiratory system compliance correlates with the
of transpulmonary pressure. One assumes pleural presgiiiged lung volunf@Accordingly, driving pressure can be
as equal to the absolute esophageal pressure directly _riﬁ?&preted as a measurement proportional to theov-
from the transducer measurements along the breathipgyized to aerated lung volume and, thus, to be related to
cycle* These measurements can be made at end-inspif@spal lung straifThis concept also clari es the contrast
tion (transpulmonary pressure is equal to plateau pressgggween the strictly volumetric information provided by
minus esophageal pressure at end-inspiration) and end"i"f’?and the additional information on lung strain/(itial
piration (transpulmonary pressure is equal to PEEP minys, volume) contained in the driving pressure ( g. 1).
esophageal pressure at end-expiration). Such esophageqi agreement with these physiologic principles, recent
pressure measurements can be a ected by the weight of th@dies con rmed that driving pressure explains clinical
mediastinum, abdominal pressure, and esophageal ballggficomes related to lung-protective mechanical ventilation
positioning, and correction factors have been proposed ftter than tidal volumes both in the intraoperéfiand
account for thos#:* the intensive catesettings. Intraoperatively, a large regis-
The second approach assumes that, while absoly9 study on patients undergoing noncardiothoracic sur-
esophageal and pleural pressures can dier, their changegy with general anesthesia and mechanical ventilation
are equivalerit:* Using this approach, pleural pressureghdicated that the driving pressure presented a continu-
and transpulmonary pressure can be measured in two way(ss and dose-dependent relationship to the odds ratio of
which present close agreenténtcompliance-derived major postoperative pulmonary complications (pneumonia,
and release-derived. In the compliance-derived strategiyyimonary edema, need for reintubation, and ARDS).
transpulmonary pressure is calculated as the product of tigta-analysis of randomized controlled trials of protective
plateau pressure and the ratio of compliances of the respiyantilation during general anesthesia indicated that the only
tory system and lurig®*The compliance ratio is estimated ventilatory parameter associated with an increase in postop-
during a tidal volume in ation (from PEEP to end-inspi- erative pulmonary complications was driving pressure with
ratory pressures) from¥nd changes in airway and esoph-an odds ratio of 1.1%.
ageal pressures. This compliance-derived method assume intensive care, an analysis of randomized trials of ven-
that in each patient, the changes in esophageal and airviiggtion in ARDS patients found that an increase in driving
pressures are linear during tidal volume in ation and PEEpressure of @m H,0 was associated with increased mor-
changes. In the release-derived strategy, transpulmonaality (relative risk, 1.41), even if plateau pressures_and V
pressure is measured as the change in airway and esophagsealin ranges accepted as protective (plateau pressures less
pressure from atmospheric pressure due to tidal in atioman or equal to 3ém H,O and V. less than or equal to
and PEEP® The release-derived strategy involves openingml/kg; relative risk, 1.36)In that study, a driving pressure
of the ventilatory circuit to atmosphere, with risk of lunggreater than 1&m H,0O was associated with increased mor-
derecruitment and hypoxemia, while the compliance-basedlity® A subsequent investigation of ARDS patients with
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driving pressures above and less than that threshold fouprdssure, titration of mechanical ventilation to these values
that the higher driving pressure was associated with highgould avoid end-expiratory alveolar collapse.
lung stres¥. Application of such transpulmonary pressure based

While these are not prospective studies, the broad rangpproaches lead to improved oxygenation, respiratory sys-
of cases and patients included support the use of drivitem compliance, and a trend to reduction in mortality in
pressure as a marker of outcomes in mechanically ventilaatients with ARDS># Given the signi cant number of
patients.These studies also suggest that the traditional lirhitpoxemic patients with unrecognized ARES)se of
of airway pressure (glgss than or equal to 8& H,0%%)  esophageal pressure monitoring might be considered in
may not be enough to prevent lung injury. Instead, limitingany patient with worsening hypoxemia. In obese patients
or minimizing driving pressures could be a more relevawith respiratory failure, low to negative transpulmonary
target. Current estimates for safe driving pressures ramgessure predicted lung collapse and intratidal recruitment/
from 14 to 1&m H,0.> Yet there are caveats to such aderecruitment, providing guidance for PEEP selection and
concept to be discussed below. recruitment maneuvef3.In the intraoperative setting,

Of note, spontaneously breathing patients during presranspulmonary pressure has been used to determine opti-
sure-support ventilation can generate negative pleuralal PEEP in patients undergoing laparoscopic bariatric
pressures large enough to result in largand resulting  surgery?!
end-inspiratory plateau pressures above set peak pressuréBhe use of transpulmonary pressure as a correlate
Such plateau pressures can be measured with an inspafalung stress has limitatichsCompared to the simple
tory hold and allow for assessment of driving pres8uresneasurement of driving pressure, esophageal manometry
Importantly, such observation is indicative of large antequires additional equipment and training in placement

potentially injurious transpulmonary pressures. and interpretation, hindering its clinical @5€he esoph-

ageal pressure is a ected by several factors such as posture,
What Is the Physiologic Interpretation of weight of the mediastinum, esophageal smooth muscle
Transpulmonary Pressure and What Are Its compliance and reactivity, and patient e 6ithe esopha-
Clinical Applications? geal balloon pressures re ect measurements at the location

where the balloon is actually placed, i.e., at the height of

Transpulmonary pressure is the physical quantity measur . o : .
the mechanical load applied to the lung during ventilatior#ﬂ% esophagusRegional variations in lung expansion are

. not necessarily accurately captured by esophageal manom-
Accqrdlngly, transpulmonary pressure r_epresents the Strgt?fl. Despite such limitations, recent data in supine large
applled. o th'e lung parenghy%hﬁgpzotentlally conducive animals and cadavers support that end-expiratory esopha-
to ventilator-induced lung injuf§®?” (note that pressure

has units of force/area). Traditional teaching has focusé§al balloon pressures are reliable estimates of end-expira-
) g ry pleural pressures at the level of the esophagus, and that

IclTn a|irr\1/y33/ F\);;izlérgjcisargggstureﬁ ﬁf(;'il;\tgrbbeirst;ﬁg;na&Qgi-inspiratory transpulmonary pressure estimates end-in-
g injury. 2 spiratory pressures in the nondependentdup@viding a

as maximum safe limits during mechanical ventilation. . : )
9 %dede measurement with value superior to other current
i

The concept of transpulmonary pressure, and the .cl|n|c nical measurements to guide safe mechanical ventilation.
and experimental evidence that folloviétt, emphasize

that absolute airway pressures available in the anes
sia machine or mechanical ventilator are not the ultimat g
measure of lung stress. Instead, the transpulmonary pres freooure Diverge and How Delviterpret These
provides a more accurate measurement of lung stress chmStanceS?
risk of injury?*? While driving pressures are easier to assess for guidance to
In healthy lungs, ventilator-induced lung injury occursavoid ventilator-induced lung injury, there are limitations. A
when stresses result in lung volumes nearing total lumgajor limitation of driving pressure is its dependence on the
capacity, corresponding to a transpulmonary pressyseoperties of the whole respiratory system and not exclu-
approximately 26m H,O.% In the clinical setting, upper sively the lungs. External to the lungs, the properties of the
limits for tidal changes in transpulmonary pressure of 15 étest wall including the abdomen in uence driving pressure
20cm HO in healthy patients and 10 to &@ H,0O for =~ measurements. This in uence could be misleading as chest
ARDS patients have been recommenéfed. wall properties do not re ect increased risk of injéifjaus,
Transpulmonary pressure has been used most frequemlyconditions where the chest wall compliance is normal
in the intensive care unit to guide PEEP setting in the mosind constant, changes in driving pressure will provide an
di cult patients, including patients with ARDS and obese appropriate surrogate for changes in transpulmonary pres-
patients>*-4The essential rationale is to adjust PEEP tsures and lung strain. However, when chest wall compliance
values assuring a positive end-expiratory transpulmonasyabnormal or variable, direct assessment of transpulmo-
pressure (e,gend-expiratory transpulmonary pressure, (hary pressure could be required to appropriately quantify
to 10cm H,0). Based on the de nition of transpulmonary potentially damaging stress applied to the lungs. Common

hen Do Driving Pressure and Transpulmonary

Williamet al. Anesthesiolo@p19; 131:155-63 159
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clinical situations in which chest wall compliance leads to a
divergence between driving pressures and transpulmonary
pressures are related to increased intraabdominal pressure
due to abdominal insu ation, intraabdominal hypertension,
obesity, ascites, and body posffidhand also to thoracic
trauma, edema of intrathoracic and abdominal tissues, and
pleural e usior?’ In such cases, airway pressures by thern-
selves may be misleading to set mechanical ventilation.

Laparoscopic surgery reduces the compliance of tae
chest wall, increasing airway presstifé¥et, because air-
way pressures are distributed to the lung and chest vall
according to their corresponding compliances, airwey
pressures are not fully transmitted to the lungs in terms of
equivalent increases in transpulmonary pressures ( g. zB).

Robotic surgery, a specic type of laparoscopic surgei”
presents analogous situations frequently exacerbated by Fig. 3. Approach for use of driving and transpulmonary pres-
Trendelenburg position and use of special framework (( sures to guide mechanical ventilation during anesthesi:.. Limits
2B)5 Direct human data in these conditions to provide p{esen;ei arel_be_ntseg on curtrentt %xperig]enteg ‘?‘”dI_CH”i‘ |at| _Iitler

; ; ; B ; R ature. >afle IMITS have not yet been ae ned In clinical trials.
quanti cation of the distribution of airway pressures to thi PBW, pre dige d body weight I);EEP, positive end-expiralary pres-
lungs and chest wall have only recently been presgnted. sure; V/ tidal volume.

Measurements of transpulmonary pressure have hi¢
lighted the possibility of distinct lung stresses during
experimental intraabdominal hypertensfof.Increasing there is substantial risk for ventilator-induced lung injury,
intraabdominal pressure increased plateau pressure by afoeituse of methods to estimate transpulmonary pressure
half of the applied intraabdominal pressure, but producesich as esophageal manometry is advisable to guide ventila-
minimal change in transpulmonary pressure in healtipry management ( g. 3).
lungs, emphasizing that airway pressures do not re ect
transpulmonary pressutéimicreased driving pressures with Research Support
high intraabdominal pressures without a correspondin . .
transpulmonary pressure increase have been also obse orted by National Institutes of Health grant Nos.
for unilateral atelectadisin contrast, both driving and 01 HL121228 and UG3HL140177 (Bethesda, Maryland;
transpulmonary pressures increased with high intraabdoff}-Pr- Vidal Melo) and Harvard Anesthesia T32 grant No.
inal pressures in the presence of lung irffuinglicating 4T32GM007592-39 (to Dr.Williams).
that lung mechanical properties and chest wall compliance )

a ect changes in driving and transpulmonary pressures. “OMPEeting Interests

Obese patients frequently pose challenges for e ectivée authors declare no competing interests.
mechanical ventilatioi.Increased abdominal weight exerts
pressure on the diaphragm, inqreasing plegral pr@ss“réorrespondence
Measuring esophageal pressure in obese patients can help to
determine optimal levels of PEEP and guide lung recruithddress correspondence to Dr. Vidal Melo: 55 Fruit St,
ment When directly guided by esophageal manorffetry Gray Bigelow 444, Boston, Massachusetts 02114.VidalMelo.
or indirectly through electrical impedance tomography, Marcos@mgh.harvard.edu. Information on purchasing
PEEP levels to achieve an end-expiratory transpulmonafgprints may be found at www.anesthesiology.org or on the
pressure greater than or equal ton0H,0 during laparo- masthead page atthe beginning of thisissue. A s
scopic bariatric surgeries were higher than routinely usédticles are made freely accessible to all readers, for personal
PEEP values: 15 to &6 H,0 before abdominal insu ation ~ use only, 6 months from the cover date of the issue.
and 19 to 4@m H,O after insu ation. These numbers are
consistent with average supine esophageal pressures of fiZ=%rences
+ 3.9 in the obese versus 6.9 +c3rlH,O in controls:’
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