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Abstract
Title: Phenotyping Breathing Patterns and Patient-Ventilator Dyssychrony in the Acute
Respiratory Distress Syndrome - A Reapplication of the Campbell Diagram
HK Su, S Loring, D Talmor, E Baedorf Kassis
Purpose: Although many forms of patient-ventilator dyssynchrony have been observed and
reported, the nature of spontaneous patient efforts and the resulting ventilator response is an
underexplored aspect of patient management and may have important clinical implications.
Many breathing patterns are difficult to identify solely by inspection of standard ventilator
waveforms or even with esophageal manometry time tracings. The Campbell diagram (pressurevolume loops of the chest wall plotting pleural/esophageal pressure and volume changes), may
improve our ability to phenotype breathing patterns.
Methods: A retrospective analysis was performed on 56 mechanically ventilated patients with
ARDS. Subjects had an esophageal balloon placed, were placed on a control mode of ventilation.
Volumes were calculated as the integral of the flow and esophageal pressures used as a surrogate
for pleural and trans-chest wall pressures to create Campbell diagrams. Unique breathing
patterns were identified using the Campbell Diagram and qualitatively described.
Results: Unique breathing phenotypes and their characteristic Campbell Diagram appearances
were defined. Waveform data consisted of an average of 6.8 minutes per patient for a total of
384.12 minutes and 10323 breaths. Passive breathing accounted for 65.3% of all breaths
analyzed. Spontaneous patient efforts were common; active inspiratory efforts, active expiratory
efforts, and entrainment represented 25.3%, 6.4%, and 16.4% of all breaths analyzed,
respectively.
Conclusions: The Campbell Diagram is a promising tool in the identification of breathing
phenotypes. Systematically identifying and describing breathing phenotypes will set the
foundation for future investigation of their individual and unique clinical importance. Continued
application of esophageal manometry and the Campbell Diagram may allow for more accurate
phenotyping at the bedside and thus result in increased personalization of ventilator management
for patients with ARDS.
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Glossary of Abbreviations
ARDS – Acute Respiratory Distress Syndrome
VILI – Ventilator-induced Lung Injury
SILI – Self-induced Lung Injury
P-V Loop – Pressure-volume Loop
PEEP - Positive End-expiratory Pressure
Pes – Esophageal Pressure
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Introduction:
Acute respiratory distress syndrome (ARDS) is a commonly encountered problem in the
intensive care unit and is associated with significant morbidity and mortality; although survival
has improved over time with advancements in critical care, mortality remains high.1 A central
piece of the current standard of care for ARDS is the use of lung-protective ventilation strategies;
this approach to mechanical ventilation has been shown to reduce mortality,2 demonstrating the
importance of respiratory mechanics in determining outcomes in patients with ARDS. However,
patients with ARDS remain at high risk for ventilator-induced lung injury (VILI)3–5 and selfinduced lung injury (SILI)6, damage caused by the ventilator and spontaneous efforts that result
in elevated distending pressures (barotrauma), large tidal volumes (volutrauma), and shear stress
from repetitive opening and closing (atelectrauma).
Spontaneous patient respiratory muscle activity occurs in mechanically ventilated
patients with ARDS, even under deep sedation. This activity is not always synchronous with the
action of the ventilator – in fact, dyssynchrony is remarkably common.7 Mismatch between the
actions of the patient’s respiratory system and the mechanical ventilator may result in large
transpulmonary pressure swings and large tidal volumes, possibly contributing to patient
discomfort and complications related to mechanical ventilation.7,8 Although proposed
mechanisms of injury related to dyssynchrony are still speculative at this time, intuitively, any
respiratory system activity that is not synchronous with the ventilator would represent inefficient
energy expenditure and would subject the respiratory system to injurious forces. Additionally,
dyssynchrony may cause large transpulmonary pressure swings and inappropriately large tidal
volumes which may result in VILI and SILI in critically ill patients.
Although many forms of patient-ventilator dyssynchrony have been observed and
reported, the nature of spontaneous patient efforts and the resulting ventilator response
constitutes an important and underexplored aspect of patient management.6,9,10 Certain forms of
ventilator dyssynchrony have recently garnered increased attention in the literature, including
trigger dyssynchrony, flow dyssynchrony, and breath stacking.7,8,11–13 Descriptions of these
phenomena have found that they may be associated with worsened hypoxemia, increased
respiratory muscle workload, discomfort, cardiovascular compromise, increased intensive care
unit stay and mortality.7,8,13 However, the full spectrum of normal and dysregulated breathing
patterns has not been comprehensively identified, and we still do not fully understand the
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pathophysiology of mismatched patient-ventilator interactions. Clearer and more specific
phenotyping of different types of breathing patterns is needed before we can begin to understand
the clinical consequences of these events.
Some forms of gross dyssynchrony are readily identifiable non-invasively by observing
the patient at the bedside or using standard ventilator tracings (i.e. airway pressure, volume and
flow). On the other hand, others are obscure and difficult to identify without invasive methods.
In order to improve our ability to phenotype breathing patterns, we have utilized the pressurevolume (P-V) loop, also known as the Campbell Diagram, which is a classic tool for studying
respiratory physiology.14 These diagrams provide a graphical representation of the relationship
between pressure and volume during inspiration and expiration. Specifically, P-V loops of the
chest wall can be generated in mechanically ventilated patients using esophageal manometry,
since esophageal pressure (Pes) is a useful proxy for pleural pressure. This allows for accurate
and detailed characterization of breathing patterns. This retrospective study uses the Campbell
Diagram to phenotype the patient-ventilator interaction, to describe in detail the specific
breathing patterns, and to determine the incidence of these events in critically ill patients with
ARDS.
Student Role:
My role as the student researcher encompassed making contributions to study design and
methodology, generation and analysis of P-V loops, collection of measurements of interest, and
manuscript preparation.
Dr. Elias Baedorf Kassis served as my research mentor and was responsible for the
project concept, instruction in waveform analysis, formulation of methodology, data analysis,
manuscript preparation, and direct oversight of my research work.
Drs. Stephen Loring and Daniel Talmor made critical contributions to the project
concept, provided the necessary waveform datasets for analysis, and provided guidance and
oversight of the research.
Methods:
Study Population
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Retrospective analysis was performed on patients from the EPvent study15 with approval
from the Beth Israel Deaconess Medical Center institutional review board. Patients were
included if they had ARDS as defined by the American–European Consensus Conference16. Of
61 subjects, 56 had quality waveforms for analysis. Subjects were monitored and esophageal
balloon placed per previously described protocol. Patient were placed on a control mode of
ventilation with tidal volumes set to 6 milliliters per kilogram of ideal body weight, positive endexpiratory pressure (PEEP) adjusted per protocol and sedation adjusted on an individual basis.
Campbell Diagram Generation
Waveform files were considered to be of sufficient quality for interpretation if at least 2
minutes of continuous recorded data on measured variables were available without significant
interruptions. Data obtained while the esophageal balloon-catheter was inadequately inflated,
positioned in the stomach, or otherwise incorrectly positioned for optimal data acquisition was
excluded from analysis. Data acquired during and immediately following recruitment maneuvers
and during inspiratory or expiratory breath holds was excluded to avoid biasing the analysis,
since brief periods of asynchrony were commonly observed after these maneuvers. Analysis of
measured data was performed using Windaq software (DATAQ Instruments; Akron,
Ohio). Volumes were calculated as the integral of the flow and esophageal pressures used as a
surrogate for pleural and trans-chest wall pressures to create Campbell diagrams (chest wall P-V
loops).
Data Analysis
Unique breathing patterns were identified using the Campbell Diagram, searching for
phenotypes which had been identified by the authors. These phenotypes were read
independently from knowledge of individual patient details and confirmed by a second
investigator. Waveform files were subdivided into discrete intervals based on the dominant
pattern of respiratory muscle activity observed. Each breath, i.e. one full inspiratory and
expiratory cycle, was inspected for the presence of spontaneous inspiratory or expiratory
respiratory muscle activity. If a dominant breathing pattern that was stereotyped (e.g. completely
passive inspiration and expiration) was observed for an interval greater than or equal to 60
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seconds in length, then the number of breaths of that breathing pattern within that interval was
extrapolated from a respiratory rate calculated using the first 60 seconds of that interval.
Phenotypes of dyssynchrony and spontaneous respiratory activity were qualitatively
described and the number of patients exhibiting each breathing pattern and the frequency of each
phenotype was determined based upon the total recording times and the number of breaths per
recording. Means were analyzed using STATA with paired t-test and values expressed as the
mean and standard deviation.
Flow dyssynchrony was identified by inspection of the airway pressure, and correlation
to the Pes was made to characterize the spontaneous patient effort underlying the dyssynchrony.
Transpulmonary pressure fluctuations and average volume gain above baseline were
recorded for breaths demonstrating breath stacking and compared to the closest prior passive
breath. For patients exhibiting multiple entrainment events, the average values for the first, last
and middle (defined as the n/2 + 1 event, rounded down, where n is the total number of events)
events were used. Statistical analysis was performed with a paired, two-tailed t-test.
Results:
The following represents preliminary data from multiple related projects and has been
summarized for the purposes of the Scholars in Medicine graduation requirements at Harvard
Medical School for the primary author (HKS). These results are not final and should not
supersede manuscripts currently in preparation but not yet published.
Patient Population Overview
Fifty six patients were evaluated with waveforms collected on the day of enrollment.
Patients had moderate to severe ARDS and were critically ill with an average PaO2/FiO2 ratio of
146 and an APACHE II score of 26.6 (Table 1). Patients were predominantly on volume control
(89%) with the remaining patients on pressure control (Table 1). PEEP was titrated per study
protocols resulting in average PEEP of 16 cmH2O and plateau pressures on average of 31
cmH2O (Table 1). Waveform data consisted of an average of 6.8 minutes per patient for a total
of 384.12 minutes and 10323 breaths.
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Passive Breathing
Passive breathing is defined as a breath delivered by the ventilator with absent
spontaneous patient respiratory effort. Patients exhibiting this phenotype may have been
administered a neuromuscular blocking agent, so may simply not be initiating respiratory efforts.
Airway pressure delivered by the ventilator is transmitted to the pleural space, and this is
reflected in changes in pleural pressure as would be expected with positive pressure ventilation.
Thus, on the Campbell Diagram, passive breathing is characterized by a positive Pes deviation
during inspiration and a negative Pes deviation during expiration, following the compliance
curve of the chest wall. (Figure 1A-B)
The shape of this curve may vary depending on patient characteristics and pathology.
Elevations in pleural pressures (e.g. pleural effusion, edema, abdominal hypertension, obesity)
shift the line rightwards to higher pressures (Figure 1A) and a stiff, non-compliant chest wall
(e.g. scoliosis, edema, abdominal hypertension) will result in larger pressure changes for a given
volume change (Figure 1B).
Passive breathing was the most common breathing pattern in the study population. 65%
of all breaths were passive (Table 2). Patients were either mostly passive or mostly active with
23 patients who were generally passive (98.5% of breaths) and 33 patients who were passive for
less than half of their breaths (45% of breaths).
Active Inspiration
Active inspiratory efforts triggering the ventilator were a common form of spontaneous
activity. This phenotype was found in 33 patients and represented 15% of all breaths and 44% of
all active breathing.
Active inspiration is characterized on the Campbell diagram by a negative Pes deviation
at the initiation of inspiration that may or may not extend through the duration of the inspiratory
phase. Subsequent expiration may be passive or active. If the patient fully relaxes following
inspiration, the negative Pes deviation during inspiration is followed by tracings falling precisely
along the passive chest wall compliance curve. (Figure 2A) Some patients were found to have
delayed relaxation, where the Pes remained more negative during the initial phase of expiration
and then fell towards the passive chest wall. Active expiration is discussed in the following
section.
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The magnitude and shape of the inspiratory limb varies depending on patient effort, with
bigger efforts resulting in larger negative Pes deviations. Additionally, effort can be directly
calculated as work of breathing during inspiration. Work of breathing is calculated by integrating
the muscular pressure over the volume delivered, with muscular pressure calculated as the Pes
deviation from the passive chest wall at a given volume. The components of WOB can be
differentiated as work against the elastic-recoil of the lungs, work to account for airways
resistance, and work to overcome intrinsic PEEP.
If the active inspiratory effort extends beyond the set inspiratory time on the ventilator,
this can result in a stacked breath from a double trigger (Figure 2B). These events were not
common in our study population (n=2), but resulted in very high volumes (891.5mL vs 446.6mL,
p=0.07) and transpulmonary pressure (28.8 cmH2O vs 17.5cmH2O, p=0.06).
Expiratory Muscle Activity
Expiratory activity is characterized on the Campbell Diagram by a positive Pes deflection
during expiration pushing Pes beyond the expected passive chest wall compliance curve (Figure
2C). We identified two distinct phenotypes of active expiration, defined by the timing of the
expiratory push in relation to the ventilator cycle: “early” active expiration and “late” active
expiration. Expiratory activity was observed to occur most frequently late in expiration as an
end-expiratory push immediately preceding the next active inspiratory effort (Table 2). Early
active expiration occurred instead soon after or even immediately at the end of the inspiratory
phase and could extend throughout the entire expiratory cycle.
Expiratory activity was common and found in 34 (60.7%) of all patients (Table 2).
Expiratory activity can force end-expiratory volumes below the relaxation volume (the
lung volume at end-expiration in a relaxed state at a given airway pressure). On the Campbell
diagram the relaxation volume is determined by the intersection of the passive chest wall
compliance curve and the curve representing the elastic recoil pressure of the lung which can be
estimated during active breathing by the points of zero flow at end inspiration and expiration.
An additional form of expiratory muscle activity which falls outside the respiratory cycle
was also identified. This activity, which we call “bearing down,” can be independent of the
respiratory cycle (with passively delivered breaths on the vent – Figure 2D), but can result in
dramatic reduction in lung volumes. The figure illustrates an example of cyclic bearing down
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leading to large volume loss over each subsequent passive breath and an increasingly stiff chest
wall (shown by increasingly horizontal compliance curves). Episodes of bearing down were
found in 8 of the 56 patients independent from other expiratory muscle activity and were only
considered if they led to changes in volume, flow and airway pressures.
Entrainment
Entrainment is characterized by a ventilator-initiated breath with an initially passive chest
wall that is followed by a reflexive or purposeful diaphragmatic contraction. (Figure 1C-F). The
diaphragmatic contraction may be initiated during either the inspiratory or expiratory phase.
We identified three distinct phenotypes of entrainment defined by the timing of the
diaphragmatic contraction in relation to the ventilator cycle: “early”, “mid-cycle”, and “late”
entrainment (Figure 1). By this classification scheme, diaphragmatic contraction occurring
during the inspiratory phase only and concordant with the ventilator is “early entrainment”.
(Figure 1C) Diaphragmatic contraction beginning in the inspiratory phase and extending into the
expiratory phase is “mid-cycle entrainment”. (Figure 1D) Finally, diaphragmatic contraction
occurring completely during the expiratory phase and discordant to the ventilator is “late
entrainment” (Figure 1E).
Additionally, depending on the timing and force, these entrained efforts may be sufficient
to trigger the delivery of an additional breath prior to complete expiration, resulting in breath
stacking. This is called reverse triggering (Figure 1F). Diaphragmatic contraction may be
initiated during the inspiratory phase or expiratory phase, but by necessity must involve the
expiratory phase to be able to trigger a stacked breath from the ventilator.
Entrainment was very common, found in 32 (57.1%) of all patients with 1694 (16%) of
all breaths and was the most common type of active breathing pattern (Table 2) representing
47% of all spontaneous activity. Mid-cycle entrainment was the most common phenotype (20
patients with 6.7% of breaths), followed by early entrainment (28 patients for 6.3 % of breaths)
and late entrainment (20 patients with 2.4% breaths) (Table 2).
Entrainment may be found as a rare event without any underlying pattern, or with a clear
rhythmic pattern. When present in rhythmic patterns, entrainment was often found to alternate
with passive breaths or active inspiratory efforts in various ratios (e.g. repeated cycles of 3
breaths, the first passive, the second active and the third entrainment).
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Reverse triggering secondary to entrainment was common and found in 17 (%) of all
patients. Diaphragmatic contraction was initiated during the late-inspiratory phase, earlyexpiratory phase, and late-expiratory phase in 70 (38.3%), 101 (55.2%), and 12 instances (6.6%),
respectively. Reverse triggers resulted in significantly larger tidal volumes (588.5 ± 142.8 mL vs.
404.8 ± 71.1 mL, p=0.00016) and transpulmomary pressure swings (23.0 ± 7.2 cm H2O vs. 17.9
± 6.1 cm H2O, p=0.00069) compared to passive breathing.
On inspection of standard ventilator airway pressure time tracings, 24 patients were
observed to exhibit flow dyssynchrony. Correlation with Campbell Diagrams revealed that
entrainment and active inspiratory efforts together explained all flow dyssynchrony that we
observed. Of the 24 patients with observed flow dyssynchrony, entrainment appeared to be the
sole underlying cause of observed flow dyssynchrony that could be identified in 5 patients and a
major contributor in an additional 15 patients, whereas significant active inspiratory efforts
contributed to flow dyssynchrony in 19 out of 24 patients and was the sole identifiable cause of
flow dyssynchrony in 4 of these patients.
Discussion:
Intuitively, optimal ventilatory support ought to achieve synchrony with respiratory
system activity, where the timing of breath initiation, delivery and termination of the mechanical
ventilator matches the patient’s respiratory system. Any respiratory system activity that is
dyssynchronous with the mechanical ventilator would represent inefficient energy expenditure
and potentially subject the respiratory system to injurious forces. Thus, when preserved during
mechanical ventilation, spontaneous patient efforts have the potential to contribute to lung injury.
Although recent work suggests that dyssynchrony may be associated with adverse outcomes7,8
and poorer respiratory mechanics11,12 in critically ill patients, the identification and management
of spontaneous efforts and the resulting ventilator response remains an underexplored subject.
We would argue that the initial step in understanding the clinical consequences of
ventilator dyssynchrony and spontaneous breathing efforts is to clearly define, characterize and
phenotype the spectrum of both common and uncommon breathing patterns. Traditional
dyssynchrony evaluation using airway pressure measurements and standard time tracings alone
may miss subtle patient efforts and mischaracterize other patterns. Even standard time tracings
using esophageal manometry can miss the subtleties that differentiate various phenotypes.
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Therefore, the use of the Campbell Diagram represents the best and most precise method to
evaluate and monitor breathing patterns and the patient-ventilator interaction.
Generation of P-V loops of the chest wall help to differentiate and uncover these
subtleties and allow for correct identification of phenotypes. We have shown the utility of this
method recently in a publication focusing on expiratory efforts,17 and this work further illustrates
the utility of monitoring Campbell diagrams. As our analysis reveals, classic forms of
dyssynchrony represent only a small subset of dysregulated or unusual breathing patterns. Other
potentially important patterns include entrainment and expiratory activity.
Entrainment and Reverse Triggering
Entrainment remains an under-appreciated and poorly understood phenomenon which
can be difficult to assess clinically at the bedside and is likely to be misdiagnosed or missed
entirely without esophageal manometry. This feature is highlighted by our investigation of flow
dyssynchrony, which is an example of how challenging it can be to distinguish active inspiration
from entrainment. In this situation, the Campbell Diagram allowed for accurate delineation of the
timing of an inspiratory effort with respect to the initiation of inspiration and expiration.
Entrainment, as a general term, refers to a physiologic response to an external stimulus.
In respiratory physiology, entrainment is specifically characterized by ventilator-initiated breaths
with an initially passive chest wall followed by a reflexive or purposeful diaphragm contraction.
Entrainment appears to be very common among patients with ARDS and can be concordant with
the ventilator as seen in early entrainment, discordant with the ventilator in late entrainment, or
partially concordant and discordant.
The differentiation between types of entrainment may be clinically important as the
mechanical stress on the lungs and the respiratory muscles may be different depending on the
type of cycling time of the entrainment event as well as the strength of the diaphragm
contraction.
Intuitively, discordant activity may be harmful due to “eccentric” diaphragm
contraction.18,19 “Eccentric” contractions occur while muscle fibers lengthen as happens during
the expiratory phase when the diaphragm elongates.19 Eccentric contractions have been found in
animal models to lead to diaphragm injury which could contribute to diaphragm weakness and
delayed recovery.19 Conversely, diaphragm contractions during expiration have also been
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described to act as a “brake” to maintain lung recruitment.20 Mid-cycle and late entrainment may
therefore be a protective physiologic response that leads to improved lung mechanics,
oxygenation and decreased atelectrauma.
Mid-cycle and late entrainment is often found on a background of passive breaths,
suggesting a deeper level of sedation while early entrainment appears distinct and is often seen in
a mixed pattern alongside patient-initiated active breathing. Indeed, this pattern suggests that
early entrainment may be a physiologic response to make ventilator breaths more “comfortable”.
Perhaps in patients who are more awake and with a high respiratory drive who are receiving
inadequate tidal volumes, early entrainment represents the attempt to augment the ventilatordelivered breath. Additionally, regular entrainment could in theory serve to prevent disuse
atrophy, maintaining muscle strength and preventing diaphragm weakness.18
As with entrainment without reverse triggering, the clinical consequences of reverse
triggering may depend on the context, frequency and degree of excess tidal volume and
transpulmonary pressure fluctuation. Reverse triggering has previously been shown to be
associated with the delivery of tidal volumes significantly greater than the desired set volume.11
In a milieu of other dyssynchronous patient efforts, reverse triggering may be harmful, and our
work suggests the mechanism is not just volutrauma but also barotrauma, which is an important
distinction. On the other hand, it is possible that infrequent/rare events could have the opposite
impact in other patients, in whom we observed reverse triggering intermittently during periods of
relative synchrony. Just as “sighs” on the ventilator have been postulated to help maintain lung
recruitment and improve oxygenation,21 occasional reverse triggering could similarly act as
miniature recruitment maneuver.21–23 Differentiating the contexts in which these events are
potentially harmful or helpful will be critical in future research.
Expiratory Muscle Activity
Although it has not been traditionally considered a form of asynchrony, this pattern
appears likely to be significant and clinically important. Our group and others have recently
published data suggesting that expiratory activity may have underappreciated clinical
consequences.17 We demonstrated that expiratory efforts can push lung volumes below the
relaxation volume for a given PEEP, which may result in reduced lung volumes and derecruitment. Additionally, our data suggested that when patient are paralyzed or deeply sedated,
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passive breathing is restored and end-expiratory volumes are increased potentially helping
maintain recruitment.17 This hypothesis is in agreement with other recent work which found that
patients who had received neuromuscular blockade had greater end-inspiratory transpulmonary
pressures,24,25 and the removal of expiratory efforts has been postulated to be at least partially the
cause of the benefits seen clinically when using neuromuscular blockade. Unfortunately, without
the use of esophageal manometry these efforts, expiratory activity can be difficult to assess at the
bedside and can be easily missed with standard time tracings alone.
Conclusion
This analysis is an important step in improving our understanding of the patient-ventilator
interaction in critically ill patients. We believe that systematically identifying and describing
breathing phenotypes will set the foundation for future investigation of their individual and
unique clinical importance. Without specifically identifying each of these phenotypes using the
Campbell diagram, we are relying upon inaccurate and misleading markers of each pattern that
can be difficult to appreciate on clinical exam, with standard time tracings and even missed when
monitoring esophageal manometry alone without P-V loops. We are currently investigating these
next questions using a larger dataset where we will explore the underlying causes of these
phenotypes, the relationship of these phenotypes to levels of sedation and clinical status, and
how these phenotypes might correlate with outcomes. Ultimately, we hope that application of
esophageal manometry and the Campbell Diagram may allow for more accurate phenotyping at
the bedside and thus result in increased personalization of ventilator management for patients
with ARDS.
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Table 2. Incidence of unique breathing phenotypes identified
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Figure 1. Campbell diagrams (pressure-volume loops) plotting volume change (mL) vs.
esophageal pressure (Pes, cm H2O) in three patients with ARDS displaying several phenotypes
of breathing activity.
A) Passive breath with dotted line illustrating the compliance curve of the chest wall.
B) Passive breath with less compliant chest wall than panel A.
C) Early entrainment with a brief section of passive inspiration followed by an early
diaphragmatic contraction (negative Pes deviation) concordant with the inspiratory phase.
Exhalation is passive along the passive chest wall.
D) Mid-cycle entrainment with a brief section of passive inspiration followed by a diaphragmatic
contraction in partial concordance with the inspiratory phase but also partially discordant with
the end of the effort occurring during the expiratory phase.
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E) Late entrainment where the entire inspiratory phase is passive, and the diaphragmatic
contraction occurs completely during the expiratory phase and is discordant with the ventilator.
F) Reverse trigger secondary to late entrainment, where a late entrainment event with a
diaphragmatic contraction of sufficient magnitude to trigger an additional breath prior to
completion of the expiratory phase, resulting in breath stacking.
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Figure 2. Campbell diagrams (pressure-volume loops) plotting volume change (mL) vs.
esophageal pressure (Pes, cm H2O) in four patients with ARDS displaying several phenotypes of
active breathing activity.
A) Patient with active inspiratory efforts followed by passive expiration along the passive chest
wall compliance curve. This is characterized by a negative Pes deviation during inspiration, with
tracings falling back to the passive chest wall and then negative Pes deviation during expiration.
Muscular pressures (Pmus) are determined by the Pes deviation from the passive chest wall
compliance curve at a given volume. Work of breathing (WOB) is calculated as the integral of
Pmus over the volume, and WOB can be broken into different components. Resistive work is
done by Pmus to overcome high airway resistance, elastic work is done by Pmus simply to
counter the elastic recoil pressure of the lungs. B) Double trigger secondary to a prolonged active
inspiratory effort with an additional effort from the patient prior to termination of exhalation,
resulting in breath stacking and large total delivered volumes.
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C) Expiratory efforts are characterized by a positive deflection in Pes relative to the passive chest
wall. The relaxation volume (Vrel) on a Campbell diagram can be determined as the intersection
of the passive chest wall curve with the lung compliance curve (estimated by connecting the
point at roughly zero flow) and is dependent on the applied PEEP. The patient has several
breaths of active inspiration and passive expiration followed by a breath with a large expiratory
effort which pushes the lung volumes below the Vrel, thus negating the effect of PEEP in
maintaining lung volume.
D) A unique form of expiratory muscle activity which is independent of the inspiratory and
expiratory cycles. This patient has a prolonged episode of “bearing down” associated with
serially higher Pes during each delivered breath and decreasing the volume over several breaths.
The patient then takes a large breath and repeats the pattern over and over again.
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