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Abstract

Rationale: Spontaneous breathing during mechanical
ventilation increases transpulmonary pressure and VT,
and worsens lung injury. Intuitively, controlling VT and
transpulmonary pressure might limit injury caused by added
spontaneous effort.

Objectives: To test the hypothesis that, during spontaneous effort
in injured lungs, limitation of VT and transpulmonary pressure
by volume-controlled ventilation results in less injurious patterns
of inflation.

Methods: Dynamic computed tomography was used to
determine patterns of regional inflation in rabbits with injured
lungs during volume-controlled or pressure-controlled
ventilation. Transpulmonary pressure was estimated by using
esophageal balloon manometry [PL(es)] with and without
spontaneous effort. Local dependent lung stress was estimated
as the swing (inspiratory change) in transpulmonary pressure
measured by intrapleural manometry in dependent lung and was
compared with the swing in PL(es). Electrical impedance

tomography was performed to evaluate the inflation pattern in a
larger animal (pig) and in a patient with acute respiratory
distress syndrome.

Measurements and Main Results: Spontaneous breathing
in injured lungs increased PL(es) during pressure-controlled
(but not volume-controlled) ventilation, but the pattern of
dependent lung inflation was the same in both modes. In
volume-controlled ventilation, spontaneous effort caused greater
inflation and tidal recruitment of dorsal regions (greater than
twofold) compared with during muscle paralysis, despite the
same VT and PL(es). This was caused by higher local dependent lung
stress (measured by intrapleural manometry). In injured lungs,
esophageal manometry underestimated local dependent pleural
pressure changes during spontaneous effort.

Conclusions: Limitation of VT and PL(es) by volume-controlled
ventilation could not eliminate harm caused by spontaneous
breathing unless the level of spontaneous effort was lowered and local
dependent lung stress was reduced.
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Spontaneous breathing has traditionally
been considered beneficial in patients
receiving mechanical ventilation (1, 2).
Important advantages of spontaneous
breathing include improved gas exchange
(1–3) and less deconditioning of respiratory
muscles, especially the diaphragm (4).
Reflecting this, epidemiologic data indicate
that the use of partial ventilator support

(i.e., not complete) has been increasing
over the last 20 years (5). However,
accumulating evidence also points to the
potential for harm (6). Spontaneous
breathing effort during mechanical
ventilation may injure the lung in
experimental models (7–10), and in
patients with acute respiratory distress
syndrome (ARDS), it may injure the lungs
(11–15) and the diaphragm (16). Finally,

the impact of superimposed spontaneous
breathing seems to be greater when the
underlying lung injury is more severe
(8–10, 15).

Although spontaneous effort during
mechanical ventilation can have an impact
on lung function in several ways (17–21), a
major mechanism is that spontaneous
breathing during mechanical ventilation
adds negative pleural pressure (Ppl) to the

Table 1. Respiratory Measurements

Ventilator
Mode Baseline

Lung
Injury

Spontaneous
Breathing Paralysis

PaO2
/FIO2

, mm Hg
PCV 4756 27 78.86 23 1046 31 35.16 7.3*
VCV 76.46 36 39.76 15*

Plateau airway pressure, cm H2O
PCV 11.06 1.1 22.46 2.7 24.96 1.7 26.26 1.2*
VCV 26.96 2.6 27.36 2.1

Mean airway pressure, cm H2O
PCV 6.76 1.0 9.56 1.2 14.16 0.8 14.06 0.9
VCV 12.06 1.3† 13.16 1.1*

Dynamic compliance of respiratory
system, ml/cm H2O

PCV 3.56 0.6 1.036 0.2 1.006 0.1 0.926 0.1
VCV 0.906 0.1 0.906 0.1

Change in esophageal pressure,
cm H2O

PCV 3.36 0.7 3.56 1.6 25.16 1.6 2.96 0.7*
VCV 25.26 1.6 3.56 0.6*

Peak transpulmonary pressure,
cm H2O

PCV 5.46 2.0 16.26 3.3 23.16 2.3 18.36 1.1*
VCV 21.36 2.8 20.16 3.6

Mean transpulmonary pressure,
cm H2O

PCV 0.66 2.2 3.46 1.9 10.36 1.5 6.96 1.4*
VCV 7.86 2.0† 7.46 0.9

Peak transalveolar pressure,
cm H2O

PCV 2.86 2.1 14.36 3.2 20.86 2.6 16.66 1.8*
VCV 18.36 3.0 17.26 3.6

VT, ml $ kg21

PCV 11.06 1.2 8.06 0.9 8.36 0.7 7.96 1.0
VCV 8.26 0.5 8.06 0.7

Respiratory rate, min21

PCV 35.16 6.4 55.06 3.9 1136 6.3 1046 13
VCV 1156 6.5 1136 14

PaCO2
, mm Hg

PCV 426 6.5 536 12 536 11 546 4.7
VCV 586 8.8 616 12

pH
PCV 7.396 0.06 7.336 0.1 7.326 0.04 7.326 0.03
VCV 7.336 0.07 7.326 0.06

Lactate, mmol $ L21

PCV 1.46 0.6 0.96 0.2 1.26 1.1 1.06 0.5
VCV 1.06 0.8 1.16 0.7

Definition of abbreviations: PCV = pressure-controlled ventilation; VCV = volume-controlled
ventilation.
Transpulmonary/transalveolar pressure was calculated using esophageal pressure.
*P, 0.05 versus spontaneous breathing within group.
†P, 0.05 versus PCV.

At a Glance Commentary

Scientific Knowledge on the
Subject: Spontaneous breathing
during mechanical ventilation
combines negative pleural pressure
with positive airway pressure; this
increases transpulmonary pressure and
VT and can worsen lung injury. Many
believe that injury caused by
spontaneous effort can be prevented
by controlling VT and transpulmonary
pressure.

What This Study Adds to the
Field: Using rabbit and pig models, as
well as data from a patient with acute
respiratory distress syndrome (ARDS),
we found that these assumptions are
not true. Volume-controlled
ventilation prevented increases in VT

and in transpulmonary pressure
calculated using esophageal pressure,
but it did not prevent injurious
patterns during spontaneous breathing
(i.e., pendelluft, local volutrauma, tidal
recruitment). Injurious patterns were
caused by higher local lung stress
calculated using a pleural sensor at
dependent lung. Because atelectatic
lung tissue behaves in a solid-like
manner, it poorly transmits
inspiratory “swings” in pleural
pressure from dependent regions to
the remainder of the lung surface;
thus, during spontaneous effort,
esophageal manometry
underestimates local lung stress in the
dependent regions. Limitation of VT

and transpulmonary pressure
calculated on the basis of esophageal
pressure by volume-controlled
ventilation cannot eliminate harm
caused by spontaneous breathing in
ARDS, unless the level of spontaneous
effort is lowered and local lung stress
is reduced.
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positive airway pressure (Paw); the greater
transpulmonary pressure (PL) increases the
VT and worsens lung injury. However,
because spontaneous effort generates
additional distending pressure (i.e., the
contribution of Ppl), limitation of Paw
alone cannot prevent injury (7–10). In
contrast to pressure-preset ventilation,
volume-controlled ventilation limits
“ventilator” breaths by measuring
delivered VT; when a spontaneous breath
is added to a ventilator breath, volume-
controlled ventilation limits the VT,
and by lowering the Paw, it limits the
PL (20, 22).

Therefore, we hypothesized that
controlling VT and PL during volume-
controlled ventilation may limit injurious
inflation patterns resulting from added
spontaneous effort. We used established
models of acute lung injury (rabbit [8],
pig [9]), and measured esophageal
pressure (Pes) and Ppl directly at
dependent lung regions [Ppl(dep)], as
well as distribution of ventilation using
dynamic computed tomography (CT) and
electrical impedance tomography (EIT).
Illustrative data were also obtained from a
patient with ARDS.

Methods

This study was approved by the Osaka
University Medical School Laboratory
Investigation Committee, the Faculdade de
Medicina da Universidade de São Paulo
Ethics Committee for Experimental Studies,
and the Faculdade de Medicina da
Universidade de São Paulo Ethics Committee
for Clinical Studies. Detailed methods are
described in the online supplement.

Experimental Protocol: Rabbit
Studies
Male New Zealand White rabbits (n = 11)
were anesthetized and ventilated via a
tracheostomy. An esophageal balloon
(SmartCath; BiCore Monitoring Systems,
Irvine, CA) was inserted to measure Pes.
Before the induction of lung injury,
regional Ppl measurements were performed
in four animals, and dynamic CT was
performed in seven animals. Next, acute
lung injury was established as previously
described (23). Mechanical ventilation
was applied with assisted pressure-
controlled or volume-controlled
ventilation: VT, approximately 8 ml $ kg21

(maintained by adjusting inspiratory
pressure during pressure-controlled
ventilation); respiratory rate, 80–120
min21; inspiratory time, 0.3 seconds

(volume-controlled ventilation employed
constant flow and no plateau time); flow
trigger, 0.5 L $min21; and positive
end-expiratory pressure (PEEP), 3 cm H2O.
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Figure 1. Impact of spontaneous breathing on waveforms during PCV. The right traces illustrate events
during paralysis, and the left traces illustrate events during spontaneous breathing. (A) The presence of
spontaneous breathing caused a negative deflection in Paw. (B) Spontaneous breathing caused a negative
deflection in Pes (approximately25 cmH2O). (C) The negative deflection in Pes corresponded to an increase
in PL(es) (approximately 15 cm H2O). (D) The flow–time trace demonstrates that the peak inspiratory flow is
slightly higher in the presence of spontaneous breathing. Paw=airway pressure; PCV=pressure-controlled
ventilation; Pes=esophageal pressure; PL(es) = transpulmonary pressure (calculated as Paw2 Pes).
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Figure 2. Impact of spontaneous breathing on waveforms during VCV. The right traces illustrate
events during paralysis, and the left traces illustrate events during spontaneous breathing. (A) The
presence of spontaneous breathing caused “scalloping” of the ascending pressure–time curve (red
arrows). (B) Spontaneous breathing caused a negative deflection in Pes during inspiration, and this
resulted in scalloping of the corresponding Paw trace (A). (C) The effect of spontaneous breathing on
mean Paw is explained (and countered) by the negative deflection in Pes; thus, the PL(es) (end
inspiration, mean, end expiration) is unchanged. (D) The flow–time trace, which illustrates the start
and end of inspiration, demonstrates comparable inspiratory flow in the presence and absence of
spontaneous breathing. Paw = airway pressure; Pes = esophageal pressure; PL(es) = transpulmonary
pressure (calculated as Paw2 Pes); VCV = volume-controlled ventilation.
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Animals were randomly assigned to one of
two experimental sequences:

d Assisted pressure-controlled ventilation
followed by assisted volume-controlled
ventilation

d Assisted volume-controlled ventilation
followed by assisted pressure-controlled
ventilation

In each ventilator mode, spontaneous
breathing was preserved for 60 minutes;

spontaneous effort was then terminated
using neuromuscular blockade (rocuronium
bromide) for 15 minutes.

Regional Ppl measurement. Regional
Ppl was directly measured at the most
caudal, dependent lung regions (n = 4) using
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Figure 3. Changes in esophageal and dependent pleural pressure in normal and injured lungs. (Upper panels) In normal lungs, the mean changes in
esophageal and dependent pleural pressure were identical during spontaneous breathing and during muscle paralysis in both VCV (left panel) and PCV
(right panel). (Lower panels) In injured lungs, spontaneous breathing was associated with a more negative mean change in Ppl(dep) than in Pes in both
VCV and PCV. Muscle paralysis was associated with a smaller (i.e., less positive) change in dependent pleural pressure than in esophageal pressure
in both VCV (left panel) and PCV (right panel). The magnitude of the spontaneous effort [Pes and local Ppl(dep)] was greater in injured lung than in
normal lung (compare with upper panels). n.s. = not significant; PCV = pressure-controlled ventilation; Pes = esophageal pressure; Ppl(dep) = pleural
pressure measured at dependent lung regions; VCV = volume-controlled ventilation. #P , 0.05 versus normal lung.
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a micropressure sensor (Codman &
Shurtleff, Inc./Johnson & Johnson,
Raynham, MA) with and without
spontaneous breathing, during both
ventilator modes, and in normal and
injured lungs in the same animals (see
Figure E1 in the online supplement). The
swing in Ppl(dep) [ΔPpl(dep)] was
compared with the corresponding swing in
Pes (ΔPes) recorded at the same time in
each animal (and condition). PL(es) was
defined as PL calculated using Pes, whereas
PL(dep) was defined as PL calculated using
regional Ppl at dependent lung regions [Ppl
(dep)]. The swing in PL(es) [ΔPL(es)] was
measured as the difference between the
airway driving pressure and ΔPes
corresponding to the same time phase,
and we calculated this at peak inspiratory
effort as follows (Paw and PEEP
measured in the trachea): ΔPL(es) =
Paw2 PEEP2 ΔPes. In addition, DPL(dep)
(as an index of local lung stress) was
calculated as follows (Paw and PEEP
measured in the distal airway): DPL(dep) =
Paw2 PEEP2DPpl(dep).

Dynamic CT. Dynamic CT (time
resolution, 0.05 s) was performed with and
without spontaneous breathing, during both
ventilator modes, and in normal and injured
lungs in the same animals (n = 7). Tidal
recruitment, distribution of aeration, and
distribution of tidal gas content were
estimated as previously described (8, 10).

Experimental Protocol: Pig Study
We conducted an illustrative experiment in
a larger animal (pig) model to evaluate
regional inflation using EIT (Timpel, Sao
Paulo, Brazil). After establishing acute lung
injury, EIT signals were recorded at the sixth
intercostal space during pressure-controlled
and volume-controlled ventilation with
spontaneous breathing (VT, approximately
6 ml $ kg21), and they were analyzed
with subdivision of the thorax into
four (ventrodorsal) zones as previously
described (9, 10).

Observational Data: Patient with ARDS
In a 61-year-old man who developed
postoperative ARDS, EIT was recorded
while he breathed spontaneously during
pressure-controlled ventilation and volume-
controlled ventilation (VT, 6–7 ml $ kg21),
as well as after paralysis with the same
ventilator settings. Regional distribution
of ventilation was analyzed with the

subdivision of the thorax into two zones
(nondependent and dependent halves).

Statistical Analysis
Results are expressed as mean 6 SD. Two-
way analysis of variance was used to
evaluate the effects of time and group on
respiratory variables and CT findings. For
within-individual comparison, a paired t
test was used, and to compare ΔPL(es) with
ΔPL(dep), an unpaired t test was used.
Statistical significance was inferred when
P, 0.05.

Results

All animals completed the protocol.

Respiratory Variables: Rabbits
Oxygenation decreased during paralysis
(vs. spontaneous breathing) in pressure-
controlled and volume-controlled
ventilation. Plateau airway pressure was
lower with spontaneous breathing than with
paralysis during pressure-controlled

ventilation (Table 1). Spontaneous effort
resulted in lower mean Paw during volume-
controlled ventilation but not during
pressure-controlled ventilation (Table 1,
Figures 1 and 2).

Spontaneous breathing generated
substantial negative swings in Pes with both
ventilator modes (Figures 1 and 2). During
pressure-controlled ventilation, the peak
and mean values of PL(es) were increased
by spontaneous breathing; this did not
occur during volume-controlled ventilation
(Figures 1 and 2). The mean PL(es)
was higher during pressure-controlled
ventilation than during volume-controlled
ventilation. The transalveolar pressure
(calculated to account for any resistive
component) was increased by spontaneous
breathing during pressure-controlled
ventilation but not during volume-
controlled ventilation (Table 1).

Esophageal Pressure versus Regional
Ppl: Rabbits
Regional Ppl(dep) was measured in the
dependent lung. In noninjured lungs, ΔPes
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Figure 4. Illustrative esophageal and local pleural pressure in normal lung. The black traces illustrate
the Paw, DPes, and airway flow during VCV and PCV in the normal lung (with and without
spontaneous breathing). The blue trace represents regional pleural pressure [DPpl(dep), obtained in
most caudal, dependent pleura] superimposed onto the DPes black traces, demonstrating that DPes
and regional DPpl(dep) are comparable in the normal lung under all studied conditions. The black

and blue arrows represent the individual values of DPes and DPpl(dep), respectively. Paw = airway
pressure; PCV = pressure-controlled ventilation; DPes = change in esophageal pressure; DPpl(dep) =
change in regional pleural pressure measured at dependent lung regions; VCV = volume-controlled
ventilation.
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and ΔPpl(dep) were similar in the presence
and absence of spontaneous breathing, with
no differences between the two modes of
ventilation (Figures 3 and 4). The occlusion
test confirmed that, in the absence of lung
injury, the magnitude of ΔPaw, ΔPes, and
ΔPpl(dep) was almost identical (Figures E2
and E3).

In injured lungs during spontaneous
breathing, ΔPes and ΔPpl(dep)
(i.e., negative deflection) were each greater
than in normal lung (P, 0.05), and the
magnitude of ΔPpl(dep) (i.e., negative
deflection) was almost twofold greater than
ΔPes (Figures 3 and 5). In contrast, during
paralysis, the magnitude of ΔPpl(dep)
(i.e., positive deflection) was less than ΔPes;
these effects were similar in pressure-
controlled and volume-controlled
ventilation (Figures 3 and 5). The same
discrepancies between ΔPes and ΔPpl(dep)
were confirmed during occlusion testing in
the injured lung (Figures E4 and E5).

Continuous recording of Pes and
Ppl(dep) was done during volume-controlled
ventilation to evaluate the transition from

spontaneous effort to controlled ventilation
as muscle paralysis gradually became
complete (Figure 6). With full spontaneous
effort (no paralysis), ΔPpl(dep) values were
greater (i.e., more negative) than ΔPes
values, but at full paralysis, the magnitude of
the positive deflections in Ppl(dep) was less
than in Pes. Further, the magnitude of
ΔPpl(dep) induced by spontaneous effort
was proportional to the intensity of the
effort (assessed by negative deflection of
Pes). Finally, in volume-controlled
ventilation, DPL(dep) was significantly
higher than ΔPL(es) (i.e., 17.26 2.8 vs.
13.76 2.5 cm H2O; P, 0.05).

Dynamic CT: Rabbits
Regional lung aeration, expressed as a
percentage of total lung mass, was derived
from dynamic CT (Table 2, Figures 7 and
8). Paralysis increased the fraction of
nonaeration (and decreased the fractions of
normal aeration and poor aeration) in both
ventilator modes. Tidal recruitment was
greater with spontaneous than with

controlled breaths in pressure-controlled
and volume-controlled modes, and no
differences in tidal recruitment were
observed between the two modes. During
paralysis, tidal recruitment was observed
only in the superior aspects of consolidated
regions, whereas during spontaneous
breathing, tidal recruitment occurred
throughout the consolidated regions
(Figures 7 and 8).

In normal lung, there were no
differences in the regional distribution of
tidal gas content between either mode, with
or without spontaneous breathing (Table 3).
In contrast, in the injured lung, paralysis
was associated with an increase in tidal gas
content in the nondependent lung, and
spontaneous breathing resulted in a shift of
this increased tidal gas content to the
dependent lung regions. The effects were
similar in both ventilator modes and
occurred without increasing VT and PL(es)
during volume-controlled ventilation.

EIT: Pigs
When spontaneous effort was present,
pendelluft (i.e., movement of alveolar air
from nondependent to dependent lung
regions) was observed during volume-
controlled and pressure-controlled
ventilation (Figure E6). In the initial stages
of inspiration (until peak inspiratory flow
was reached), spontaneous effort during
volume-controlled ventilation caused
the same magnitude of local lung
inflation at dependent regions as during
pressure-controlled ventilation (zone 4;
see Figure E6).

EIT: Patient with ARDS
The patient’s characteristics are described
(Table 4). Spontaneous effort caused
pendelluft during pressure-controlled
(Figure 9A) and volume-controlled
(Figure 9B) ventilation in our patient with
ARDS. The magnitude of local dependent
lung inflation was greater than twofold with
spontaneous effort (Figure 9B) than with
muscle paralysis (Figure 9C), despite
maintaining constant VT and PL(es) during
volume-controlled ventilation.

Discussion

The main findings in this study are that,
contrary to our hypothesis, volume-
controlled ventilation prevented increases in
VT and PL(es), but it did not prevent
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Figure 5. Esophageal and dependent pleural pressure in injured lung. The black traces illustrate the
Paw, DPes, and flow in the injured lung during VCV and PCV (with and without spontaneous
breathing). The blue traces represent regional pleural pressures [DPpl(dep), obtained in most caudal,
dependent pleura] superimposed onto the DPes black traces, demonstrating that DPes and regional
DPpl(dep) were different in the injured lung. Spontaneous effort (inspiration) resulted in a greater and
more rapid deflection in Ppl(dep) than in Pes in both VCV and PCV. In contrast, during paralysis, the
inspiratory rise in Pes was greater than the rise in Ppl(dep). The black and blue arrows represent the
individual values of DPes and DPpl(dep), respectively. Paw = airway pressure; PCV = pressure-
controlled ventilation; DPes = change in esophageal pressure; DPpl(dep) = change in pleural pressure
measured at dependent lung regions; VCV = volume-controlled ventilation.
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injurious inflation patterns during
spontaneous breathing (i.e., pendelluft,
local volutrauma, tidal recruitment).
Furthermore, no differences in the
patterns and magnitudes of dependent
lung inflation were observed between
volume-controlled and pressure-
controlled ventilation. During volume-
controlled ventilation, the injurious
inflation pattern reflected higher local lung
stress in the dependent regions, and

ΔPL(dep) was associated with vigorous
spontaneous effort.

A key mechanism illustrated by these
findings may be that injured lung exhibits
“solid-like” behavior (in contrast to the
“fluid-like” behavior of normal lungs),
regardless of ventilator modes. Such
solid-like behavior results in impaired
surface transmission of ΔPpl from the
region of application (e.g., diaphragmatic
surface in spontaneous effort) to the

remainder of the lung surface. This
explains why, during spontaneous effort,
esophageal manometry underestimates
local lung stress in the dependent lung.
Therefore, limitation of VT and PL(es) by
volume-controlled ventilation cannot
eliminate harm caused by spontaneous
breathing in ARDS unless the level of
spontaneous effort is lowered and local
dependent lung stress, ΔPL(dep), is
reduced.
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Figure 6. Transition from spontaneous effort to paralysis in injured lung during VCV. Intravenous rocuronium (a neuromuscular blocking agent) was
injected (arrow), and the following effects were observed. The inflation limb of the Paw was scalloped during spontaneous breathing; this scalloping
diminished as the muscle paralysis developed and the negative deflections in Pes became less marked. The Ppl(dep) (blue trace; superimposed upon
the Pes black trace for comparison) had a greater (i.e., more negative) deflection than Pes during spontaneous breathing, and the differences between the
two deflections diminished as paralysis developed. At full paralysis, the deflections in Ppl(dep) were smaller than deflections in Pes. Importantly, the
magnitude of ΔPpl(dep) [thus PL(dep), reflecting local lung stress] induced by spontaneous effort was proportional to the intensity of the effort. Finally,
airflow was unchanged throughout. I.V. = intravenous; Paw = airway pressure; Pes = esophageal pressure; PL(dep) = transpulmonary pressure calculated
using Ppl(dep); Ppl(dep) = pleural pressure measured at dependent lung regions; VCV = volume-controlled ventilation.

Table 2. Dynamic Computed Tomographic Findings in Injured Lungs

Ventilatory
Mode

Spontaneous Breathing Muscle Paralysis

Hyperinflation
(%)

Normal
Aeration (%)

Poor
Aeration (%)

Nonaeration
(%)

Tidal
Recruitment (%)

Hyperinflation
(%)

Normal
Aeration (%)

Poor
Aeration (%)

Nonaeration
(%)

Tidal
Recruitment

(%)

PCV 0.36 0.4 21.06 5.4 28.96 11 49.56 9.5 11.06 3.8 0.16 0.1 13.66 6.7* 18.16 3.3* 68.66 6.4* 4.76 2.6*
VCV 0.46 0.8 18.26 7.9 29.56 7.3 52.16 12 9.86 3.2 0.06 0.0 14.76 4.7* 17.86 4.5* 67.66 7.6* 4.16 2.8*

Definition of abbreviations: PCV = pressure-controlled ventilation; VCV = volume-controlled ventilation.
*P, 0.05 versus spontaneous breathing.
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Volume- and Pressure-Preset
Ventilation
Spontaneous effort increases PL (and VT)
during pressure-preset ventilation (22, 24,
25). Indeed, almost all evidence of injury
caused by spontaneous effort during
mechanical ventilation has been acquired
in the setting of pressure-preset
ventilation (7–12). During pressure-

preset ventilation, pressure (by definition)
is controlled and volume (and flow) is
variable; in contrast, during volume-
controlled ventilation, volume (and flow)
is controlled and Paw is variable (22, 24,
25). Recent reviews highlight such
important features of volume-controlled
ventilation [i.e., no changes in VT, PL(es)
with vs. without spontaneous effort] in

contrast to pressure-preset ventilation
(22, 24, 25). For these reasons, it is
commonly thought that, because volume-
controlled ventilation prevents increases
in VT and PL(es), it will prevent additional
injury caused by superimposed spontaneous
breathing.

Solid-Like Behavior, Pressure
Transmission, and Regional Inflation
The occurrence of differential inflation
patterns (i.e., spontaneous breathing vs.
paralysis) in volume-controlled ventilation,
despite constant VT and PL(es), is a
paradox. The PL is derived from measurement
of Ppl and is expressed as PL = Paw2 Ppl. In
the normal lung, dynamic changes in Ppl
during inspiration (i.e., ΔPpl) induced by a
positive pressure breath or a spontaneous
breath are almost identical in all regions of
the lung (Figures 3, 4, E2, and E3). This is
termed “fluid-like behavior,” so called
because the lung behaves as a continuous
elastic system characterized by rapid
transmission of ΔPpl (26–28).

However, in injured solid-like lungs,
the transmission of ΔPpl is poor, and ΔPes
does not reflect regional ΔPpl (29). In the
present study, positive pressure breaths
resulted in ΔPes (i.e., positive deflection)
values that were consistently greater than
the corresponding swings in directly
measured Ppl(dep) (Figures 3, 5, and E4).
In contrast, spontaneous breaths resulted
in ΔPes (i.e., negative deflection) values
that were consistently smaller than the
swings in the corresponding Ppl(dep)
(Figures 3, 5, and E5). The direction of the
discrepancy between ΔPes and ΔPpl(dep)
depended on whether the breath was a
positive pressure breath or a spontaneous
breath and did not depend on the
ventilator mode.

Because regional ΔPpl(dep) was more
negative than ΔPes during spontaneous
effort, limitation of PL(es) [and ΔPL(es)] did
not fully translate into limitation of PL(dep)
[and ΔPL(dep)]. This explains why, during
volume-controlled ventilation, spontaneous
breathing induced ventilation in dependent
lung regions (reflected in improved
oxygenation) as compared with muscle
paralysis, despite the same VT and PL(es).
This was associated with pendelluft and
greater tidal recruitment through the entire
dependent lung (Figures 7–9), and this
pattern was observed in experimental and
human ARDS. In contrast, paralysis caused

Figure 7. CT images of injured lung during PCV. These CT images normalize all shades between
black and white (1100 to 2200 Hounsfield units) as gray to illustrate nonaeration in end expiration
and end inspiration. Tidal recruitment was greater during spontaneous breathing than during
muscle paralysis. During paralysis, tidal recruitment occurred only in the upper zones of the
consolidated regions, whereas during spontaneous breathing, tidal recruitment occurred
throughout all zones of the consolidated regions. CT = computed tomographic; PCV = pressure-
controlled ventilation.

Figure 8. CT images from injured lung during VCV. These CT images normalize all shades between
black and white (1100 to 2200 Hounsfield units) as gray to illustrate nonaeration in end expiration
and end inspiration. Tidal recruitment was greater during spontaneous breathing than during muscle
paralysis. During paralysis, tidal recruitment occurred only in the upper zones of the consolidated
regions, whereas during spontaneous breathing, tidal recruitment occurred throughout all zones of
the consolidated regions. CT = computed tomographic; VCV = volume-controlled ventilation.
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a shift of ventilation toward nondependent
lung (reflected in worse oxygenation); here
ΔPes values were greater than regional
ΔPpl(dep), leading to tidal recruitment only
in the upper aspects of consolidated lung.
In summary, in the presence of solid-like
lung regions, global monitoring of VT and
Pes will likely misrepresent the local lung
stress in the dependent lung regions and
lung inflation patterns.

Clinical Implications
The results obtained in this study cannot
immediately be applied to patients with

ARDS. However, the present results
obtained from experimental studies are
corroborated with EIT data derived
from a study in a large animal (pig;
see Figure E6), as well as data derived
from a study of a patient with ARDS
(Figure 9).

Volume-controlled ventilation is the
most common mode of mechanical
ventilation employed in patients with
ARDS, especially in North America (5).
Because VT is tightly controlled in volume-
controlled ventilation, it appears as if
“global” PL is adjusted to maintain the

constant VT. However, it is the Paw that is
adjusted by the ventilator to take account
of changes such as the occurrence of
spontaneous effort. In the setting of solid-
like lung behavior, regional ΔPpl values
are not transmitted homogeneously, and
thus there is no “singular” ΔPL that the
ventilator can track. Thus, volume-
controlled ventilation is not likely to
protect against injurious inflation
patterns induced by higher local lung
stress in the dependent regions.

We reasoned that the injurious
inflation pattern during spontaneous

Table 3. Regional Distribution of Tidal Gas Content

Ventilatory Mode
Lung Region
of Interest

Distribution of Tidal Gas Content (%)

Normal Lung Injured Lung

Spontaneous Breathing Muscle Paralysis Spontaneous Breathing Muscle Paralysis

PCV Nondependent 42.36 7.6 40.96 10.3 39.66 8.8 56.56 11.1*
Dependent 57.76 7.6 59.16 10.3 60.46 8.8 43.56 11.1*

VCV Nondependent 40.16 7.3 42.16 7.3 38.66 8.2 60.06 10.0*
Dependent 59.96 7.3 57.96 7.3 61.46 8.2 40.06 10.0*

Definition of abbreviations: PCV = pressure-controlled ventilation; VCV = volume-controlled ventilation.
*P, 0.05 versus spontaneous breathing in injured lung.

Table 4. Patient’s Characteristics

Characteristic Data

Age, yr 61
Sex Male
Height, cm 170
Weight, kg 133
Surgery Coronary artery bypass graft surgery with one internal

thoracic artery and two saphenous veins
Extracorporeal circulation time, min 114
Amount of lost blood, ml 700
Blood transfusion No
pH 7.32
PaO2

/FIO2
, mm Hg 175

PaCO2
, mm Hg 42.8

Base excess 24.4
Lactate, mg/dl 28

Spontaneous Breathing

Muscle Paralysis: VCVPCV VCV

Peak airway pressure, cm H2O 21.4 23.6 23.6
Positive end-expiratory pressure, cm H2O 8.2 8.4 8.2
VT, ml 491 406 400
VT, ml/kg 7.4 6.2 6.1
Respiratory rate, breaths/min 15 15 15
Minute ventilation, L/min 7.4 6.1 6
Peak flow, L/min 37.2 21.2 20

Definition of abbreviations: PCV = pressure-controlled ventilation; VCV = volume-controlled ventilation.
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breathing with volume-controlled
ventilation was caused by discrepant ΔPpl
[ΔPes vs. ΔPpl(dep)] owing to solid-like
lung behavior. Although ΔPes was
carefully validated using the standardized
occlusion test, Pes tends to demonstrate
broad hysteresis because of the balloon
properties, especially in a fast maneuver
during the occlusion test, and this
suggests a limitation in tracking rapid,
dynamic changes (especially during a
strong spontaneous effort). In this
situation, ΔPes might underestimate a
rapid, negative change in dependent Ppl.
To be more certain that lung solid-like
behavior accounts for the observed
effects, additional Ppl sensors (as well as

corresponding regional volume changes)
would need to be placed in different lung
regions to determine the spectrum of Ppl
responses to diaphragm- (or ventilator)-
induced swings.

We describe injurious inflation
patterns evaluated during spontaneous
breathing (i.e., pendelluft, local volutrauma,
tidal recruitment) with use of two different
techniques of dynamic lung imaging.
Although spontaneous breathing during
mechanical ventilation was proven to
worsen histologic lung injury (7, 8), we did
not confirm the evidence of lung injury
specific to the regions where injurious
inflation patterns occurred (i.e., dependent
lung regions). An additional risk may

be incurred by spontaneous effort in
the context of volume-controlled
ventilation using low VT, where
substantial inspiratory effort can cause
negative Paw that, in turn, can precipitate
alveolar flooding, especially in injured
lungs (17, 21). Also, asynchrony between
the patient’s (spontaneous) effort and
the ventilator (e.g., double triggering,
reverse triggering) can worsen lung
injury (18–20).

The concerns about injury during
volume-controlled ventilation are supported
by clinical demonstration of increased survival
after early use of neuromuscular blockade in
patients with severe ARDS (15). In that study,
both groups received volume-controlled
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Figure 9. EIT waveforms in a patient with ARDS. (A) PCV and spontaneous breathing. (B) VCV and spontaneous breathing. (C) VCV and muscle paralysis.
The red bars indicate the duration over which spontaneous effort reached its peak. During (A) PCV and (B) VCV, spontaneous effort caused a significant
increase in dependent lung volume associated with pendelluft (i.e., stealing of air from nondependent to dependent lung). This causes tidal recruitment
and possibly local volutrauma at the dependent lung regions. This magnitude of local dependent lung inflation during spontaneous breathing (red arrow in
B) was greater than twofold that observed during muscle paralysis (red arrow in C). This occurred during VCV despite use of the same VT and
transpulmonary pressure. ARDS = acute respiratory distress syndrome; EIT = electrical impedance tomographic; PCV = pressure-controlled ventilation;
VCV = volume-controlled ventilation.
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ventilation targeting the same plateau
pressure and VT, but the placebo group
(without muscle paralysis) developed a
greater incidence of pulmonary
barotrauma and higher mortality (15),
consistent with the ideas that
spontaneous breathing is injurious in
severe ARDS and that volume-controlled
ventilation may not be protective.

The data in the present study suggest
that lung injury caused by spontaneous
effort in ARDS cannot be prevented by
limiting plateau pressure, VT, and PL(es).
Importantly, the patterns and magnitudes
of injurious inflation during spontaneous
effort were similar in both modes (volume
controlled and pressure controlled) of
ventilation. Local dependent lung stress
[i.e., ΔPL(dep)] is a key determinant of
injurious inflation during spontaneous
effort, regardless of ventilator modes;
therefore, the most effective approach to
reduce injury caused by spontaneous effort

may be to minimize local dependent lung
stress (i.e., to reduce the magnitude of
spontaneous effort). Indeed, the gradual
transition from spontaneous to fully
controlled breaths illustrates such a change
(Figure 6).

To minimize injury caused by
spontaneous effort, careful monitoring of
effort, including physical assessment,
standard ventilator parameters, and
esophageal manometry, may provide early
detection of respiratory drive. Reducing the
intensity of spontaneous effort [i.e., ΔPL(dep),
local lung stress] by treatment of acidosis,
sufficient sedation, and analgesia or use of
neuromuscular blockade (15, 30) may then
be appropriate, particularly if the ARDS
is severe and the effort substantial. An
alternative approach may be the
application of sufficient PEEP after lung
recruitment (10) to reduce atelectasis and
maximize fluid-like lung behavior; this
would diminish pendelluft, and Pes would

then more accurately reflect changes in
regional Ppl.

Conclusions
Volume-controlled ventilation did not
prevent injurious inflation patterns
during spontaneous breathing, despite the
same VT and PL(es) as during muscle
paralysis. Injured lung tissue is solid-like,
and this may explain why esophageal
manometry underestimates local lung
stress in the dependent lung during
spontaneous effort. Therefore, limitation
of VT and PL(es) by volume-controlled
ventilation cannot eliminate harm caused
by spontaneous breathing in ARDS;
instead, this requires a lowering of the
level of spontaneous effort or recruitment
of the lung to minimize solid-like
behavior. n

Author disclosures are available with the text
of this article at www.atsjournals.org.
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Mutz N. Long-term effects of spontaneous breathing during
ventilatory support in patients with acute lung injury. Am J Respir Crit
Care Med 2001;164:43–49.

3. Neumann P, Wrigge H, Zinserling J, Hinz J, Maripuu E, Andersson LG,
Putensen C, Hedenstierna G. Spontaneous breathing affects
the spatial ventilation and perfusion distribution during
mechanical ventilatory support. Crit Care Med 2005;33:
1090–1095.

4. Sassoon CS, Zhu E, Caiozzo VJ. Assist-control mechanical ventilation
attenuates ventilator-induced diaphragmatic dysfunction. Am J Respir
Crit Care Med 2004;170:626–632.

5. Esteban A, Frutos-Vivar F, Muriel A, Ferguson ND, Peñuelas O,
Abraira V, Raymondos K, Rios F, Nin N, Apeztegu ı́a C, et al.
Evolution of mortality over time in patients receiving
mechanical ventilation. Am J Respir Crit Care Med 2013;188:
220–230.

6. Yoshida T, Fujino Y, Amato MB, Kavanagh BP. Fifty years of
research in ARDS: spontaneous breathing during mechanical
ventilation - risks, mechanisms & management. Am J Respir Crit Care
Med 2017;195:985–992.

7. Yoshida T, Uchiyama A, Matsuura N, Mashimo T, Fujino Y.
Spontaneous breathing during lung-protective ventilation
in an experimental acute lung injury model: high
transpulmonary pressure associated with strong spontaneous
breathing effort may worsen lung injury. Crit Care Med 2012;40:
1578–1585.

8. Yoshida T, Uchiyama A, Matsuura N, Mashimo T, Fujino Y. The
comparison of spontaneous breathing and muscle paralysis in two
different severities of experimental lung injury. Crit Care Med 2013;41:
536–545.

9. Yoshida T, Torsani V, Gomes S, De Santis RR, Beraldo MA,
Costa EL, Tucci MR, Zin WA, Kavanagh BP, Amato MB.
Spontaneous effort causes occult pendelluft during
mechanical ventilation. Am J Respir Crit Care Med 2013;188:
1420–1427.

10. Yoshida T, Roldan R, Beraldo MA, Torsani V, Gomes S, De Santis RR,
Costa EL, Tucci MR, Lima RG, Kavanagh BP, et al. Spontaneous
effort during mechanical ventilation: maximal injury with less positive
end-expiratory pressure. Crit Care Med 2016;44:e678–e688.

11. Leray V, Bourdin G, Flandreau G, Bayle F, Wallet F, Richard JC, Guérin
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