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Mechanical ventilators display detailed waveforms which contain a wealth of clinically relevant infor-

mation. Although much has been written about interpretation of waveforms and patient-ventilator

interactions, variability remains on the nomenclature (multiple and ambiguous terms) and waveform

interpretation. There are multiple reasons for this variability (legacy terms, language, multiple defini-

tions). In addition, there is no widely accepted systematic method to read ventilator waveforms. We

propose a standardized nomenclature and taxonomy along with a method to interpret mechanical

ventilator displayed waveforms. Key words: patient-ventilator interactions; asynchrony; dyssynchrony;
waveforms; mechanical ventilation. [Respir Care 0;0(0):1–�. © 2022 Daedalus Enterprises]

RESPIRATORY CARE � � � VOL � NO � 1

RESPIRATORY CARE Paper in Press. Published on November 30, 2021 as DOI: 10.4187/respcare.09316

Copyright (C) 2021 Daedalus Enterprises ePub ahead of print papers have been peer-reviewed, accepted for publication, copy edited 
and proofread. However, this version may differ from the final published version in the online and print editions of RESPIRATORY CARE



Introduction

A wise man once said that which is simple is rarely seen,
and that which is seen is seldom understood. What to say
about that which is complicated?
The ventilator waveforms provide us with a continuous

stream of information on both physiology and patient-ventila-

tor interactions. This information is invaluable for patient

care. As critical care providers, we need to change how we

see the mechanical ventilator screen. Too often, training on

ventilator waveforms is based on simple pattern recognition

(eg, double triggering, missed trigger) and ends up being just

an experience-based exercise rather than a systematic process.

A physician in training spends countless hours learning

how to read EKGs. The electrical manifestations of the

heart’s activity provide a window into the heart’s physiology

and function. Knowing how to read an ECG is a key skill that

all clinicians must master. In daily clinical practice, we

have continuous ECG monitoring at the bedside that

provides important information. Many centers have

individuals monitoring continuously to recognize dan-

gerous patterns. We print, interpret, and document ECG

strips every shift in our ICU. Comparing this to our

practice with ventilators, the deficit in our approach im-

mediately becomes evident. Yes, we observe the venti-

lator display and document settings, but we do not

collect any information on the interpretation. Of course,

there are clinicians around the world who do routinely

read ventilator waveforms and interpret patient-ventila-

tor interactions, but this seems to be the exception

rather than the rule.

Another challenge is the plethora of terms used to

describe patient-ventilator interactions. There is no standar-

dized vocabulary to describe what we see. Review articles,

research studies, and case reports use different names and

definitions for patterns observed.1,2 Some use the etiology

(eg, reverse trigger), the outcome (eg, breath-stacking), pat-

terns (eg, double trigger), or ambiguous terms (eg, flow

asynchrony) that we use and understand; yet, it generates

problems in education, research, and scholarship.3

There are some historical and practical reasons for our

practice deficit. First, early ventilators did not provide

graphical displays. Second, the nature of the display, being

an instantaneous image and having no printout, makes it

harder for us to document and analyze the waveforms.

(Some ventilators allow screen captures to be saved as

image files, but this is far from convenient.) Finally, and

perhaps most important, there was never a widely accepted,

formal, systematic method to read these waveforms as there

is for ECGs.4 Most of us have relied on self-study, experi-

ence, and learning from mentors.

Here we propose a standardized nomenclature and taxon-

omy along with a method to read ventilator waveforms based

on knowledge of modes of mechanical ventilation, the physi-

ology of the respiratory system, and the analysis of interac-

tions of patient with the ventilator. The method has 3 steps,

which lead to complete analysis of the waveforms.

Step 1. Define the TAG for the Mode (What the

Mode Actually Does)

To define a mode, you must learn a small but specialized

vocabulary of standardized terms and the taxonomy used to

classify modes. We have written extensively on this topic.5-7

Briefly, a mode can be identified as a specific combination of

3 components, the control variable, the breath sequence, and

the targeting scheme (Fig. 1). We summarize these 3 compo-

nents with an abbreviation called the taxonomic attribute

grouping (TAG). Clinicians can classify modes of any venti-

lator using the taxonomy.5 We have classified all the modes

on almost every ventilator used in the United States.8 The

mode taxonomy itself has been described in most current

textbooks that contain chapters on mechanical ventilation.9-14

We maintain an evolving public database containing every

mode on every ventilator (see related supplemental material

at http://rc.rcjournal.com). Also, a subset of these modes, for

ventilators at our hospital, has been placed on a pocket card

that we call the TAGMode Table (Fig. 1).

There are several reasons why classifying a mode is

an essential step, but the main one is that the commer-

cial name of the mode does not necessarily represent

the mode’s actual behavior. The classic example that

highlights this is the mode named pressure regulated

volume control (VC) (on Getinge Servo ventilators),

which is often thought to be a VC mode.15 It is available

on many other ventilators but with different proprietary

mode names (eg, VC plus or volume guarantee) or can

be activated under another mode name (eg, VC + auto

Dr Mireles-Cabodevila is affiliated with Cleveland Clinic Lerner College of

Medicine of Case Western Reserve; Respiratory Institute, Cleveland Clinic

and Simulation and Advanced Skills Center, Education Institute, Cleveland

Clinic, Cleveland, Ohio. Dr Siuba is affiliated with Cleveland Clinic Lerner

College of Medicine of Case Western Reserve; and Department of Critical

Care, Respiratory Institute, Cleveland Clinic, Cleveland, Ohio. Mr Chatburn

is affiliated with Lerner College of Medicine of Case Western Reserve

University; Simulation Fellowship, Education Institute, Cleveland Clinic and

Enterprise Respiratory Care Research, Respiratory Institute, Cleveland

Clinic, Cleveland, Ohio.

Dr Mireles-Cabodevila is a co-owner of a patent for mid-frequency

ventilation. He discloses relationships with American College of Physicians

and Jones & Bartlett publishers. Mr Chatburn discloses relationships with

IngMar Medical, Vyaire Medical. He is a co-owner of a patent for mid-

frequency ventilation. Dr Siuba has disclosed no conflicts of interest.

Supplementary material related to this paper is available at http://rc.

rcjournal.com

Correspondence: EduardoMireles-Cabodevila MD. E-mail: Mirelee@ccf.org.

DOI: 10.4187/respcare.09316

PATIENT-VENTILATOR INTERACTIONS AND READING WAVEFORMS

2 RESPIRATORY CARE � � � VOL � NO �

RESPIRATORY CARE Paper in Press. Published on November 30, 2021 as DOI: 10.4187/respcare.09316

Copyright (C) 2021 Daedalus Enterprises ePub ahead of print papers have been peer-reviewed, accepted for publication, copy edited 
and proofread. However, this version may differ from the final published version in the online and print editions of RESPIRATORY CARE

http://rc.rcjournal.com
http://rc.rcjournal.com
http://rc.rcjournal.com
mailto:Mirelee@ccf.org


flow on the Dräger V500 ventilator) with the name of

the mode not even changing. All these modes have the

same TAG, PC-CMVa, that tells us the control variable

is pressure (PC), the breath sequence is continuous

mandatory ventilation (CMV), and the targeting scheme

is adaptive (a). We will describe all these further below,

but the point is that to be able to read the ventilator

waveforms we must understand what the ventilator is

programmed to do. The TAG tells you that. It defines

the mode’s 3 components (control variable, breath

sequence, and targeting scheme) that help you analyze

the waveforms to read the patient physiology (step 2)

and patient-ventilator interaction (step 3).

Step 2: Determine the Load

The ventilator’s pressure, volume, and flow waveforms

contain important information on the physiology of the respi-

ratory system. Without any other intervention, just by

observation of the waveforms, the clinician can determine

the main loads of the respiratory system (Fig. 2).

During inspiration, the respiratory muscles or/and the

ventilator generate pressure to deliver flow and volume

against the counterpressure from the resistive and elastic

properties of the respiratory system. The mathematical

model describing this is the equation of motion for the re-

spiratory system. There are many forms of this equation,

but a simple version is expressed as

Pmus þ Pvent ¼ E� V þ R� _V (1)

where Pvent is the inspiratory pressure generated by the

ventilator (above PEEP), Pmus is the inspiratory pressure

generated by the respiratory muscles, E is elastance (cm

H2O/mL), V is volume (mL), R is resistance (cm H2O/L/s),

and V̇ is flow (L/min), all measured relative to their end-ex-

piratory values. The term E � V has the dimensions of

pressure and is called the elastic load (PE, the force to

expand the chest wall and lungs). The term R � V̇ also has
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IMV(2) - spontaneous breaths suppress mandatory breaths
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Fig. 1. Summary of ventilator mode taxonomy and sample of a taxonomic attribute grouping (TAG) mode card. A mode can be described by 3
components: breath control variable, breath sequence, and targeting scheme. We use a TAG to summarize these features. We can classify all
modes present on a ventilator using a TAG mode card, which allows rapid identification of each mode’s features. WOB = work of breathing,

SIMV = synchronized intermittent mandatory ventilation.
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the dimensions of pressure and is called the resistive load

(PR, the force to cause flow through the airways, both natu-

ral and artificial). Pvent and/or Pmus has to overcome the

elastic load and resistive load to achieve movement of air.

A note to the reader: Elastance is the inverse of compli-
ance. When we say high elastance, it means low compliance
and vice versa. They are used interchangeably throughout
the text. For example, we use elastance when referring to the
equation of motion and compliance when discussing the time
constant as it simplifies the mathematics. For interpreting
waveforms, we use compliance as this is what most clinicians
use at the bedside.
Having defined the concept of load, we will now describe

the process for identifying the dominant load (resistive or

elastic), or if there is evidence of patient effort (Pmus), which

makes determination of resistance and elastance difficult. To

be able to read the load or identify the presence of Pmus, we

start by identifying the breath control variable (it is defined

in the TAG). The breath control variable is the output the

ventilator controls, either pressure or volume.

In VC modes, by definition, the ventilator controls the

inspiratory flow waveform (ie, the operator sets the peak flow

and tidal volume), so the resulting pressure is the manifesta-

tion of the respiratory system resistance and elastance. Thus,

in VC you see the load and patient interactions in the pres-
sure waveform. Ventilators are excellent at controlling flow,
so the tidal volume and flow waveform will not change in the

presence of Pmus for VC with set-point targeting (see below).

In contrast, for pressure control (PC) modes, by defi-

nition, the inspiratory pressure waveform is controlled

by the ventilator (either the inspiratory pressure target

is preset before inspiration starts or the ventilator

adjusts inspiratory pressure to be proportional to the

patient’s inspiratory effort during inspiration), so the

resulting flow and volume are the manifestation of re-

sistance and elastance of the respiratory system. Thus,

in PC you see the load and patient interactions in the
flow and volume waveforms. Ventilators are mediocre
at controlling pressure (compared to controlling flow),
so some changes may also be evident in the pressure

waveform, but the flow waveform should be the focus.

Note to the reader: When assessing load or patient-venti-
lator interactions, attention should be focused to the wave-
form opposite the control variable.

The Anatomy of Ventilator Waveforms

To understand the physiology (determine the load), it is

useful to know the determinants of the pressure, volume,

and flow waveforms for VC and PC during passive manda-

tory breaths, as in Figure 2. By passive, we mean that

Pmus ¼ 0; and by mandatory, we mean that inspiration is ei-

ther started or stopped (triggered or cycled) by the ventila-

tor. The waveforms that contain the information on the

elastic and resistive loads have the dimensions of pressure.

Actually, these are graphical representations of the equation

of motion. At any moment in time (horizontal axis of the

graphs), the height of the pressure waveform is simply the

height of the volume waveform plus the height of the flow

waveform (appropriately scaled by E for volume and R for
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Fig. 2. Graphic representation of the equation of motion and loads on ventilator waveforms. Notice, for all modes, at the beginning of the breath,

the main load is resistive; at the end of the breath, the elastic load predominates. Pmus, ¼ pressure generated by the patient; Pvent ¼ pressure
generated by the ventilator; E¼ elastance; V¼ volume; R¼ resistance; V̇¼ flow; PR ¼ resistive load; PE ¼ elastic load.
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flow) because Pvent ¼ PE + PR. Every ventilator that dis-
plays pressure, volume, and flow waveforms is plotting the
equation of motion (Fig. 2). This knowledge is useful to

understand how the resistive and elastic loads manifest in

the waveform according to the mode. Here we describe the

most common patterns.

Volume Control - Square Waveform

Figure 2 depicts the pressure, flow, and volume wave-

forms for a VC passive inspiration with a square flow

waveform (ie, constant flow). If we consider the resistance

and elastance to be constant through the inspiration because

the flow and volume are controlled, the resultant pressure

waveform will be a manifestation of the patient’s elastance

and resistance.

Effects of Resistance. In VC square waveform (VCsq), the

ventilator delivers a constant inspiratory flow. It rises im-

mediately and stops at the end of the inspiratory time. This

constant flow from the ventilator first encounters the resist-

ance of the natural and artificial airways. Because inspira-

tion starts with an immediate rise in flow from zero to the

set value, and essentially no volume delivered, the airway

pressure rises immediately as a manifestation of the resis-

tive load (R� V̇). Once volume starts to be delivered to the

alveoli, the airway pressure becomes a manifestation of

both elastic and resistive loads. At the end of the inspira-

tion, in the absence of an inspiratory hold, the airway pres-

sure is the result of both the resistive and elastic loads (ie,

the end-inspiratory pressure). Figure 3 demonstrates that

the resistive load is constant throughout the inspiration

(because flow and resistance are constant). If the flow stops

(manual or preset inspiratory hold), the resistive load is

zero (R � 0 ¼ 0) and only the elastic load remains; this is

the classic way taught to evaluate the loads. You now can

identify this with or without an inspiratory hold: The higher

the resistive load, the higher the initial step up in pressure;

and if there is an end-inspiratory pause, the greater the fall

from the peak to the plateau pressure.

Because the determinants of resistive load are flow and

airway resistance, as either flow or resistance increases the

resistive load will increase. Consequently, the inspiratory

resistive load can also be high by setting high inspiratory

flows (often done to decrease inspiratory time). To query if

the issue is resistance or high flow, it is useful to evaluate

the expiratory flow waveform (see section below) as gener-

ally high resistance will manifest both during inspiration

and expiration.

Effects of Compliance. In VCsq, the volume is delivered at

a constant rate (flow) to the lung, and the airway pressure

rises linearly. The slope of the pressure rise is proportional

to elastance. The higher the elastance (the stiffer the lungs)

the faster the pressure rises. The equation of motion

assumes that elastance is constant. That is usually the case;

however, in patients with very sick lungs (eg, ARDS), the

elastance may change during inspiration. If there is recruit-
ment during inspiration, the elastance would decrease and

so would the slope. On the contrary, if during inspiration

there is overdistention, the elastance would increase, lead-

ing to an increase in slope. The stress index16 is a mathe-

matical equation used to detect nonconstant elastance by

changes in the slope of the pressure waveform during

Volume Control
Square flow wave

Volume Control
Ramp flow wave

Pressure waveform Volume waveform Flow waveform

Pmus present

Elastic Load (P�) increased

Resistive Load (P�) increased

Pvent + Pmus  =  E x V  +  R x V•

Fig. 3. Effect of changes in Pmus, resistive and elastic loads in volume control. The flow and volume waveforms do not change as these are con-

trolled by the ventilator. Changes in resistive load affect the initial step in Pvent without a change in slope. Changes in elastic load change the
slope of pressure rise. Patient effort (Pmus) adds or subtracts to the airway pressure; in this case, patient inspiratory effort subtracts to the air-

way pressure.
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VCsq. This is useful only if the patient is passive because

any Pmus can distort the pressure waveform in VC.

Effect of Pmus. In VCsq, the Pmus will add to (inspiratory

effort) or subtract from (expiratory effort) the inspiratory

force of Pvent. The pressure waveform will be deformed

accordingly. During inspiration, if the patient makes an

inspiratory effort, then the pressure waveform will show a

concave upward deformation. Patient effort can be short,

long, of different intensities, and may occur early or late in

the breath. It is not possible to reliably discern the elastic or

resistive loads while the Pmus occurs (see work shifting

below) (Fig. 3).

Volume Control Descending RampWaveform

In VC descending ramp waveform (VCdsc), flow starts

at the preset peak value and then decreases in a linear fash-

ion through the inspiratory time. The slope of the ramp

depends on the inspiratory time, the set peak flow, and set

end-expiratory flow. It is important to remember that not

all descending ramp waveforms are the same. On some

ventilators, end-expiratory flow is set to a default value of

zero, whereas on others it can be set to a percentage of the

peak flow (it is unclear why a manufacturer would give this

as an option). In some ventilators, the time to reach peak

flow may also be modified (called adjustable rise time,

with a similarly unclear rationale for this option). For this

discussion, we will use examples where inspiration begins

at peak flow and ends at zero flow.

Effect of Resistance. Similar to the square flow, the flow

from the ventilator first encounters the resistance of the nat-

ural and artificial airways. The airway pressure rises imme-

diately as a manifestation of the resistive load. Figure 3

depicts the classic changes in pressure due to increased

resistive loads. One may see waveforms suggestive of high

resistance when the flow is set high or when the resistance

is high. To determine if the issue is resistance or high flow,

examine the expiratory flow waveform to evaluate for air-

way resistance.

Effect of Compliance. In VCdsc, after flow begins, the

effects of compliance will be hidden by the resistive com-

ponent just as with VCsq. The difference is that at end in-

spiration (assuming flow goes to zero) the end-inspiratory

pressure is all PE. In this case, the end-inspiratory pressure

is essentially the same as plateau pressure after an inspira-

tory hold. In Figure 3, you can observe that if the elastic

load is high (poor compliance) then the end-inspiratory

pressure is higher. With this bedside observation, you can

assess if the elastic or resistive pressures are elevated with-

out imposing any maneuvers. If the flow is not set to end at

zero, then these assumptions do not apply, and the only

way to assess the elastic load is an end-inspiratory hold to

measure plateau pressure.

Effect of Pmus. The effects of Pmus on the pressure wave-

form during VCdsc are the same as for VCsq. It is not pos-

sible to discern the elastic or resistive loads while the Pmus

occurs.

Pressure Control Waveform

In PC with a square waveform, the ventilator increases

the pressure from PEEP to the set inspiratory pressure. This

step increase in pressure is immediate (unless the pressure

rise time setting is increased) and lasts for the set inspira-

tory time. At the end of inspiration, the pressure decreases

immediately to the set PEEP. Figure 2 depicts the pressure,

flow, and volume waveforms for a PC passive breath.

In PC, because pressure is the control variable, we look

at the flow and volume waveforms to see the patient’s re-

spiratory system resistance, compliance, and, if present,

Pmus effects. In passive conditions, after a step change in

pressure (up or down), the flow and volume rise or fall

exponentially. The determinants of the rate of exponential

change are the respiratory system resistance and compli-

ance. The time constant (t ) is the parameter that explains

this (it is derived from the solution of the equation of

motion for volume and flow after a step change in Pvent).

Understanding the time constant helps us deduce which

load (resistive or elastic) is dominating. The formula is

simple,

t ¼ R� C (2)

where t is the time constant (in seconds), R is resistance (in

L/s), and C is compliance (in cm H2O/L). One time con-

stant is the period of time where there is a 63% change in

flow or volume (and hence alveolar pressure) in response to
a step change in pressure at the airway opening. Suppose

the pressure changes from 0 to 10 cm H2O on inspiration

(or 10 to 0 cm H2O on expiration). At the end of a period of

time equal to one time constant (1 � t ), the volume and

flow will have changed by 63%. Hence, alveolar pressure

will have changed by 6.3 cm H2O, leaving 3.7 cm H2O

until equilibration). At the end of another time constant

(2t ), another 63% (or 0.63 x 3.7 ¼ 2.3 cm H2O) change

will occur and so on (Fig. 4). This change continues, in

theory, until infinity. For practical purposes, after a period

equal to 5t , inspiration or expiration is considered com-

plete (< 1% of volume left). Setting inspiratory or expira-

tory times to at least 3t is usually acceptable (Table 1).17

Key Concepts: The flow waveform contains mostly the

same information as the volume waveform (including tidal

volume, which is the area under the flow-time curve). The

time constant is important when examining passive flow
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waveforms during expiration for VC and for inspiration

and expiration with PC. The time constant is the result of a

multiplication, so if the compliance or resistance is high,

then the t will be long; and if the compliance or resistance

is low, then the time constant will be short. In practice, a

short time constant is generally due to low compliance

(when has low resistance been an issue?). A long time con-

stant means either the resistance or compliance is high, and

most of the time, clinically, the issue is resistance. In gen-

eral terms, the time constant in a passive patient, intubated,

using a heated humidifier with a normal respiratory system

is 0.5 s, and thus the time to reach zero flow is approxi-

mately 2.5 s.17 The time constant varies according to the

clinical condition (See Table 1). In general, the goal is to

recognize extremes: very long or very short t (Fig. 4).

The reader is advised that there are a few instances

when PC is not delivered with a square waveform. In PC

using servo targeting (eg, neurally adjusted ventilatory

assist [NAVA] and proportional assist ventilation [PAV])

modes, inspiratory pressure is controlled to be propor-

tional to inspiratory effort based on the signal related to

Pmus (ie, flow or diaphragm electrical activity). Another

reason is that most ventilators allow the user to set the

pressure rise time. If rise time is greater than zero, then

the pressure rises in a curvilinear fashion to the target, and

thus inspiratory volume and flow are not simple exponen-

tial equations determined by a single time constant.

Nevertheless, the passive expiratory volume and flow

waveforms are unaffected.

Effect of Resistance. At the beginning of the inspiration,

the step change in airway pressure, DP, generates the peak
inspiratory flow (ie, peak flow ¼ DP/R). As volume is

delivered, alveolar pressure rises. Hence, the pressure driv-

ing flow (airway pressure minus alveolar pressure) continu-

ally decreases with the resultant exponential decay in flow

(determined by the time constant). The resistive load is the

highest at the beginning of the inspiration and lowest at end

of inspiration.

If the resistance is elevated, then the time constant is lon-

ger. You can observe that peak flow is lower and the flow

waveform will take longer to reach zero flow. The same is

true during expiration. Indeed, if the set expiratory time is

< 3t , flow will still be negative when the next inspiration

starts, indicating gas trapping and auto-PEEP.

Effect of Compliance. In a passive patient with no auto-

PEEP, just before inspiration (when flow is zero), the alve-

olar pressure is equal to the airway pressure or PEEP.

Pmus present

Elastic Load (PE) increased

Resistive Load (PR) increased

Flow waveform

Pressure waveform Volume waveform Flow waveform

Pressure Control Square pressure wave

Expiraton
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Fig. 4. Effect of changes in Pmus, resistive and elastic loads in pressure control. The pressure waveform may demonstrate changes; however, it

is being controlled by the ventilator. The time constant (RxC) describes a change of 63% per time constant in flow, volume, and alveolar pres-
sure. The decay of the waveforms is commonly termed exponential decay and is a manifestation of a passive patient. The presence of Pmus will

deform the waveforms and will not allow to determine the respiratory loads.

Table 1. Example of Time Constant according to Disease

Number of

Time Constants

% of Initial

Volume Left

Time Constant (s)

Normal Lung ARDS COPD

0 100 – – –

1 36.8 0.6 0.4 1.3

2 13.5 1.2 0.8 2.6

3 5.0 1.8 1.2 3.9

4 1.8 2.4 1.6 5.3

5 0.7 3.0 2.0 6.6

Representative values obtained from Arnal et al.17
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Immediately after the start of inspiration, the flow is

increased to its maximum, and the volume starts to be

delivered to the alveoli. Alveolar volume and pressure rise

exponentially. Thus, the elastic load is zero at the beginning

of inspiration and maximal at the end of the inspiration.

When the compliance is decreased, the time constant is

decreased. Thus, the time to reach zero flow is short. A ven-

tilated patient with normal lungs has a resistance of about

10 cm H2O (due the endotracheal tube) and a compliance

of about 0.05 L/cm H2O, resulting in a time constant of

about 0.5 s.17 Hence, an easy to remember rule of the thumb

is that if the flow returns to zero before 1.5 s your compli-

ance is very likely to be decreased.

Another practical tidbit: In a passive patient, if flow is

zero at the end of inspiration, the end-inspiratory pressure

will be equal to the plateau pressure (the static pressure that

results from an end-inspiratory hold). Common misconcep-

tions about PC are that the set target pressure is equivalent

to the plateau pressure (true only if end-inspiratory flow is

zero) and that a plateau pressure using an inspiratory hold

can’t be obtained.

Effect of Pmus. The presence of Pmus will theoretically

deform only the flow and volume waveforms (but in prac-

tice, as mentioned above, the pressure waveform may also

be distorted). The magnitude and duration of Pmus will dis-

tort the waveforms accordingly. With this distortion, you

may not be able to discern the predominant load (resistive

or elastic). However, if the effort is brief, and only at the

start of inspiration or expiration, the distortion of the flow

waveform may be insignificant enough as not to obscure

the load assessment. Flow moving away from the baseline

(ie, increasing flow) during inspiration indicates inspiratory

effort (positive Pmus) in PC ventilation (Fig. 4). If there is

evidence of Pmus during inspiration in the inspiratory flow

waveform, then the expiratory waveform is your alternative

to assess the physiology (as long as it is passive).

Expiration

The expiratory phase is normally passive due to the

recoil of the lungs and chest wall. The expiratory phase in

mechanical ventilation (ie, the period from the start of neg-

ative flow to the start of positive flow) is always pressure

controlled. That is, during expiration the ventilator controls

the pressure (ie, you set the PEEP). Therefore, we look at

the flow (and volume) waveforms to see the physiology

and patient-ventilator interactions. The driving pressure for

passive expiratory flow ¼ DP ¼ Pplat, PEEP, for both PC

and VC. (Note that DP = Pplat, total PEEP because auto-

PEEP only exists at end expiration, although auto-PEEP

will affect Pplat.) Hence, the same concepts of the time con-

stant apply: a long time constant means high resistance, and

a short one means low compliance (Fig. 4).

The respiratory system has 2 time constants, inspiratory

and expiratory, as compliance, and especially resistance, is

usually not the same during inspiration and expiration.

However, in the majority of cases, both move in the same

direction. That is, if you see features of decreased compliance

or increased resistance in the inspiratory waveform, you are

likely to see them in the expiratory waveform too. We use the

expiratory flow waveform to confirm the inspiratory wave-

form findings or when there is Pmus in inspiration. Rarely will

you see them to be discordant, and if that is the case, look for

something causing variable obstruction, circuit issues, or ven-

tilator settings. For example, a normal resistive load during

inspiration and high resistive load during expiration may

point to an issue with the expiratory valve or expiratory filter.

The output from step 2 is to define what the dominant

load (resistive or elastic) is or there is Pmus. This allows to

move to the next step understanding the ventilator mode

and the patient physiology.

Step 3: Diagnose the Patient-Ventilator Interaction

The last clinically important observation that can be

obtained from the waveforms is how the patient and ventilator

interact. The interactions occur breath by breath, and as such,

they will change with patient condition, level of awareness,

position, etc. Many interactions will be temporary, harmless,

and may be irrelevant clinically; others may be harmful, espe-

cially if frequent (eg, failed trigger). Although many pub-

lished reviews have described different types of interactions,

there has been little consistency among them and no attempt

at a standardized vocabulary or taxonomy. Therefore, we pro-

pose the following classification system that is based on word

etymology, respiratory physiology, and a description of the

interactions. The goal is that by using a standard and etymo-

logically correct vocabulary we will provide persistence of

meaning to the terms that can translate across languages; by

using descriptive terms, based on signal analysis, rather than

etiology, we intend to avoid ambiguity when reporting. By

eliminating the cause from the name, we allow the nomen-

clature to remain valid as we discover other causes. Table 3

summarizes the standardized taxonomy and multiple names

used in the literature. The supplemental appendix provides a

glossary with the terms, their roots, and rationale.

We have split the assessment of patient-ventilator interac-

tions into 2 general types: (1) synchrony, which refers to tim-

ing of Pvent in reference to Pmus; and (2) work of breathing,

which refers to the distribution of work from the ventilator

(due to Pvent) in relation to that of the patient (due to Pmus).

Synchrony means a simultaneous action, development, or

occurrence. In mechanical ventilation, it refers to the timing

of Pvent and Pmus signals in relation to each other. The patient

activity is the reference event. The accepted standard for

patient action (Pmus) is represented either by an esophageal

pressure waveform (Pes) or electrical signal from diaphragm
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(EAdi eg, as measured during NAVA). In the absence of

these monitoring systems, we use the ventilator waveforms

to infer the presence of Pmus. See Table 2 for the definitions

of synchrony, asynchrony, and asynchrony.

Work of breathing refers to both the patient and ventilator

work and their relation. This work relationship has been inter-

preted by some as need for more flow being delivered by the

ventilator. In extreme cases, this is described as flow starva-

tion. However, it is more accurate to use the term work shift-

ing. Work is performed when inspiratory volume is delivered

under pressure (ie, the higher the pressure and the larger the

volume, the higher the work) (see work shifting section).

Note: If the patient is paralyzed/deeply sedated and there
is no Pmus, then by definition there can’t be an issue with
synchrony: it is a matter of operator settings choice.
Here we outline an organized method for systematic

observations to assess patient-ventilator interactions. It fol-

lows the 4 phases of a breath: trigger, inspiration, cycle, ex-

piration (Table 3).

Trigger

The trigger event (start of mechanical inflation) is

assessed in terms of synchrony (timing) with the start of the

patient’s inspiratory effort. It can occur early (before the

patient signal), on time (synchrony), or late (a clinically im-

portant delay). There are 2 other conditions that are not

related to timing but rather to ventilator function: false trig-

ger, where a non-Pmus signal triggers an inspiration; and a

failed trigger, where Pmus fails to trigger inspiration.

Normal (Synchrony)

The ventilator responds to a patient trigger effort with

a delay that is clinically unimportant. Most ventilators

today have a very short trigger delay (ie, period from

the start of trigger effort to the start of flow delivery,

sometimes defined as the delay from pressure drop

below PEEP to return to PEEP).18 This is the most com-

mon trigger interaction seen (Figure 5). Normal trigger

is defined by absence of any other abnormalities

described below, as it is impractical to measure trigger

delay at the bedside.

Late Trigger

The ventilator responds to a patient trigger effort with a

delay that may have important clinically implications. In

current modern ventilators, when trigger sensitivity is set

appropriately, the trigger lag is < 100 ms.18 This mainly

occurs with inappropriate sensitivity settings (making it too

hard to trigger). In general, flow triggering results in less

effort (trigger work) for the patient than pressure trigger-

ing.18 Late trigger is recognized when there is evidence of

Pmus (either a drop in baseline pressure or a rise in flow

above baseline) well before the start of inspiratory flow

from the ventilator. Most current ventilators will indicate

patient triggering by pressure or flow by a color change in

the trigger phase of the corresponding waveform.

Another trigger observation, which is not necessarily

related to the trigger being late, but manifests similarly, is

when the pressurization rate of the ventilator after trigger is

not fast enough. This situation occurs when the ventilator

pressurization rate can’t match the patient effort or, more

commonly, an operator sets inappropriately long inspira-

tory rise times (Figure 5). Both these situations, late trigger

and delayed pressurization, will cause a prolonged trigger

phase and increased work of breathing early in inspira-

tion.18,19 For simplicity, we lump them both under the same

classification.

Early Trigger

A machine-triggered inspiration precedes the patient

trigger effort. The key finding is the start of inspiratory

flow followed by evidence of Pmus, which may or may not

trigger another breath (Figure 5). The patient effort may

occur any time during inspiration or early during expira-

tion. This was initially described20 as reverse trigger,mean-

ing that inspiratory flow from the ventilator somehow

stimulated an inspiratory effort from the patient, the reverse

of the normal situation. It seems there are different causes

and variants, and a fair amount of work on its physiology

has been described, but the phenomenon is still being clari-

fied.21-23 We use the term early trigger, as it describes the

event in terms of the signals, not the physiology, and thus it

avoids changes in the taxonomy in the future. It is likely

that many causes for early trigger will be found.

Table 2. Definitions of Patient-Ventilator Interactions

Term Definition

Synchrony A near-zero phase difference between the

patient signal (eg, esophageal pressure or EAdi)

and ventilator response.

Asynchrony (from a-, meaning absence of) Absence

of a ventilator response to a patient signal or

vice versa.

Dyssynchrony (from dys-, difficult, abnormal, bad) It is

a clinically important phase difference

(timing difference) between patient signal

and ventilator response.

Work shifting When Pvent and Pmus are active together,

some portion of the total work is done

by the ventilator and some by the patient.
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Table 3. Taxonomy of Patient-Ventilator Interactions

Phase

Patient-Ventilator

Interactions

Taxonomy

Other Names in Literature Definition What to Look for

Trigger Normal The beginning of a patient effort trig-

gers inspiration within an acceptable

timeframe (eg, 100 ms15).

Immediate elevation of pressure above

baseline after patient trigger signal.

Early Reverse trigger, Early inflation When a machine-triggered inspiration

precedes patient effort. Patient effort

may occur at any phase of inspiration

or early expiration (to differentiate

from failed trigger).

Machine breath followed by evidence of

Pmus.

Late Trigger delay, Late inflation The ventilator responds to the patient’s

effort after a clinically important

delay in starting the ventilator

inspiratory phase (eg, > 100 ms).

Airway pressure drops below baseline

or flow crosses, > 100 ms before trig-

gering breath.

False Auto trigger, Auto cycling A nonpatient (eg, non-Pmus) signal

triggers inspiration.

No evidence of patient muscle activity

and presence of triggered patient

breaths. Oscillations in the flow, pres-

sure, or capnography waveform;

these may be rhythmic or high fre-

quency. Gain may need to be

increased to detect it.

Failed Ineffective triggering,

Ineffective effort, Missed trigger,

Wasted efforts

When a patient signal (eg, Pmus)

fails to trigger inspiration.

Airway pressure drops below baseline

or flow moves toward baseline with-

out triggering a machine breath.

Inspiration Normal Passive (no inspiratory effort) No major evidence of Pmus during inspi-

ration; breath may be patient trig-

gered, but Pmus does not deform

expected waveform.

Work

shifting

Flow starvation, Flow asynchrony, Flow

limited, Insufficient flow

Some portion of the total work is done

by the ventilator and some by the

patient. Severe work shifting occurs

when the inspiratory pressure drops

below the baseline (PEEP).

Work shifting: flow or pressure wave-

form deformations consistent with

Pmus. If airway pressure during inspi-

ration drops below baseline, this is

consistent with severe work shifting.

When pressure is above baseline, it is

likely clinically acceptable.

Cycle Normal Inspiration ends within an acceptable

time after Pmus peaks.

Flow is deformed by presence of Pmus.

Transition from inspiratory to expira-

tory flow occurs without evidence of

end-inspiratory zero flow or evidence

of inspiratory Pmus during early

exhalation.

Early Premature cycling, Premature ventilator-

terminated breath, Premature termina-

tion, Short cycling

When inspiration ends before the

end of patient effort (Pmus peak).

Early expiratory flow demonstrates

evidence of inspiratory effort (Pmus);

flow waveform is deviated toward

baseline.

Late Prolonged cycling, Delayed cycling,

Runaway phenomena, Delayed

termination

When the inspiration cycles after the

end of patient effort (delay after the

Pmus peak).

In a patient with inspiratory Pmus, the

end-inspiratory flow demonstrates

zero flow with or without concomi-

tant increase in airway pressure.

Expiration Normal Passive (no expiratory effort) Exponential decay of the flow

waveform.

Expiratory

work

None Evidence of increased expiratory flow

compared to passive expiration.

The flow waveform moves away from

baseline.

Pmus ¼ pressure generated by the ventilatory muscles
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False Trigger

Inspiration is triggered by a non-Pmus signal (Figure 5).

These (pressure or flow) signals are generally caused by

secretions or fluid in the circuit/endotracheal tube/airway,

cardiac oscillations, etc. False trigger can also be caused

by a leak in the patient circuit. This can be challenging to

recognize. Some clues are the absence of evidence of Pmus

during inspiration, presence of apparently patient-trig-

gered breaths in heavily sedated or paralyzed patients, or

high-frequency oscillations in the flow waveform.

Continuous capnography can provide a clue, as it will

demonstrate oscillations in the expiratory waveform trac-

ing (Figure 6, panel B). There are 2 techniques to help

diagnose this. First is to assess Pmus in the patient.

Observe the neck muscles for evidence of effort, look at

the abdomen, and place your hand on the patient. The sec-

ond is to do an end-expiratory pause and observe for

patient effort and for negative deflections in the airway

pressure, a manifestation of Pmus.

Failed Trigger

The patient effort fails to trigger inspiration. This is

recognized in the expiratory flow waveform as patient-

generated deflections toward the baseline that do not

reach zero, a requirement for either flow or pressure trig-

gering. It can also be recognized in waveform capnogra-

phy as a downward deflection in the phase 3 expiratory

plateau, often referred to as a “curare cleft” (Figure 6A).

For flow triggering, the inspiratory effort must generate a

positive flow higher than the sensitivity threshold (eg, 2

L/min). For pressure triggering, there must be enough

positive flow to withdraw enough volume from the

patient circuit to drop airway pressure below the trigger

threshold (eg, 3 cm H2O). Failed trigger efforts may

occur any time during the expiratory phase. Although

there are many causes, the most concerning is auto-PEEP or

air trapping, so we assess for other features of a high resistive

load. (Note that DPmus during the trigger effort must exceed

auto-PEEP for flow to cross zero, and this is why muscular

weakness or high auto-PEEP leads to failed trigger efforts.)

Other causes are over assistance (such as too large of volume

delivered leading to auto-PEEP), excess sedation, and neuro-

muscular weakness. Naturally, a trigger threshold set too

high (ie, sensitivity too low) can cause a failed trigger effort

even though the effort is normal. In the waveform, high trig-

ger threshold manifests differently from auto-PEEP, as the

flow will cross zero but it will not reach the trigger threshold

(Figure 5).

Inspiration

During the inspiratory phase (ie, the period from the start

of positive flow to the start of negative flow), the patient-

ventilation interaction is characterized by the relationship of

work performed by the ventilator and the patient (Figure 7).

Normal trigger Late trigger Early trigger False trigger Failed trigger
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Fig. 5. Classification of trigger patient-ventilator interactions. Mode: PC-CMVs. Pvent: airway pressure waveform displayed by ventilator. Pmus:
patient-generated pressure waveform, simulated, overlay to demonstrate effect across waveforms. Vertical white dotted lines are for reference
of the start of the Pmus. Normal trigger: minimal drop in pressure with immediate pressurization. Late trigger: note flow crossing baseline and a

prolonged drop in pressure below baseline. Early trigger: machine-triggered breath followed by evidence of patient effort (rise in flow above
baseline). False trigger: patient-triggered breaths; however, no evidence of Pmus, in this case triggered by circuit leak. Failed trigger: Pmus does
not trigger a mechanical breath. Pmus is manifested as flow waveform moving toward baseline and a concomitant drop in airway pressure.

PC¼ pressure control, CMV¼ continuous mandatory ventilation, s¼ set point targeting.
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Work Shifting

In passive ventilation (Pmus ¼ 0), the ventilator does all

the work. In the simplest case, PC, where Pvent is held con-

stant, work is simply the product of Pvent and VT. On the

other hand, when ventilatory assistance is zero (eg,

CPAP), then all the work is done by the patient (ie, Pmus

generates the VT). When Pvent and Pmus are active to-

gether, some portion of the total work is done by the

ventilator and some by the patient. We call this situation

work shifting because some portion of the total work has

shifted from the ventilator (passive case) to the patient

(active case). A work shifting index could be used to

quantify and characterize the relation.3 Work shifting can

occur in any phase of inspiration, as it will depend when

the Pmus is active, the ventilator settings (mode, inspira-

tory time, trigger sensitivity, cycle threshold), and patient-

ventilator interaction.
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Fig. 7. Relation between patient effort and ventilator-delivered pressure according tomode of mechanical ventilation. Pvent¼ pressure delivered

by the ventilator. Pmus ¼ pressure generated by patient respiratory effort, PAV¼ proportional assist ventilation, NAVA¼ neurally adjusted venti-
latory assist, PRVC¼ pressure-regulated volume control. Representative sample of modes andmode names.
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Fig. 6. Capnography as an aid in recognizing asynchrony. In panel A, the capnography demonstrates a deformation during exhalation consist-
ent with a failed trigger. The waveform moves toward baseline, demonstrating an inspiratory effort. The vertical dashed line demonstrates the
timing matching the deformations in pressure, flow, and CO2 waveforms. In panel B, images from a patient who had false trigger due to cardiac

oscillations transmitting to the airway. Notice capnogram demonstrates oscillations with progressive decrease of the CO2 level; this corre-
sponds to oscillations in the flow waveform (gain increased to demonstrate the oscillations). The vertical dashed lines demonstrate the correla-

tion electrocardiogram (ECG), capnogram and flow waveforms.
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The pattern of work shifting is affected by the mode

and targeting scheme (Figure 7).24 In modes using VC

or that use adaptive targeting schemes, the relationship

is inverse (ie, as the patient does more work, the ventila-

tor does less work, and total work remains constant). In

PC modes that use set-point targeting, the relationship

is such that the work output of the ventilator per liter of

tidal volume stays the same as the patient work

increases, although the total work increases due to the

larger tidal volume. For modes that use a servo-target-

ing scheme, work output of the ventilator increases as

the work output of the patient increases. Be aware that

when work shifting becomes extreme (ie, high ventila-

tory drive due to hypoxemia or metabolic acidosis), this

can result in either diaphragm or lung injury (ie, tidal

volume overdose), and no mode or mode setting will

ameliorate it. Sedation and paralysis may be required.

Volume Control With Set-Point Targeting. During VC

with set-point targeting, the operator sets the tidal volume,

the peak flow, and sometimes the flow waveform. If the

patient is generating inspiratory effort, the magnitude of the

flow delivered by the ventilator in relation to the patient’s

flow demand will affect the pressure waveform (Figure 8).

The inspiratory pressure waveform will move toward the

baseline as Pmus increases. Remember, in the equation of

motion, Pmus and Pvent are on the same side of the equation;

as the patient increases Pmus, the Pvent will have to decrease

to maintain the equality with the other side of the equation,

representing the pressure to deliver the tidal volume (elastic

load, PE) and the pressure to deliver the flow (resistive

load, PR) as shown in Figure 8.

The total work of inspiration stays constant because vol-

ume and flow are unaffected by Pmus (ie, the patient can

maximize effort but won’t get more volume), and the total

pressure (Pvent + Pmus) stays constant; hence, work, a func-

tion of pressure and volume, is unchanged. Pvent (and venti-

lator work) decreases in exact proportion to the increase in

Pmus (and patient work). Work shifting occurs whenever

the Pvent decreases in presence of Pmus. However, as long as

the pressure remains above baseline (ie, PEEP), the ventila-

tor is still performing work on the patient, and the flow

delivered is still above the flow requested by the patient. In

extreme cases, when the patient generates high levels of

Pmus, the Pvent decreases below baseline (severe work shift-

ing). In this case, the patient is actually doing work on the

ventilator system. This extreme, commonly called flow

starvation, is most often seen during VC ventilation with

set-point targeting. How much work shifting is appropriate

depends on the patient evaluation and clinician judgment

and an area we need further research. Severe work shifting

(also known as flow starvation) is never appropriate.
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Fig. 8. Work shifting in volume control (VC) square flow waveform. Mode: VC-CMVs. Pmus: graphic representation of patient-generated pres-

sure. Passive breath: no Pmus. Work shifting: The pressure waveform is deformed toward baseline due to the presence of Pmus. It does not
cross the baseline. Interrupted line demonstrates where the pressure waveform would be if Pmus was passive. The ventilator is still doing some

amount of work on patient. It may be clinically appropriate. Severe work shifting: The pressure waveform is deformed due to the presence of
Pmus; the pressure crosses the baseline (PEEP). Under this circumstance, the patient is doing work against the ventilator. This is never clinically
appropriate; it needs immediate clinician attention. Note: red Pmus line was overlaid by hand onto a ventilator screen image, and Pmus is shown

inverted for clarity. CMV¼ continuous mandatory ventilation.
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Pressure Control With Set-Point Targeting. During PC

with set-point targeting, the operator sets the inspiratory

pressure and either the inspiratory time (CMV and intermit-

tent mandatory ventilation [IMV]) or the flow cycle thresh-

old (continuous spontaneous ventilation [CSV]). On some

ventilators, the operator can also set the rise time, which

determines the time required to reach the target pressure and

affects both peak flow and tidal volume. Ideally, the ventila-

tor should be able to achieve the target inspiratory pressure

regardless of any Pmus. In practice, ventilators vary in how

well they can achieve this. The presence of Pmus is identified

by deformations in the flow waveform (Figure 4 and 9).

Inspiratory Pmus will increase volume and flow. Because the

total driving pressure (Pvent + Pmus), volume, and flow all

increase, the total work increases. Furthermore, the propor-

tion of the total work the patient does increases because Pmus
increases relative to Pvent. In the presence of effort, the clini-

cian can adjust the inspiratory pressure target up or down

according to the level of ventilatory support desired. If set

too low, the patient is assuming the majority of the work;

and if the Pmus is large enough, airway pressure may even

drop below baseline. Monitoring the patient’s ventilatory

effort is helpful in this case to adjust the inspiratory support.

Pressure Control With Adaptive Targeting. In PC with

adaptive targeting (eg, PC-CMVa, PC-CSVa, PC-IMVa,a),

the operator sets a target tidal volume, and the ventilator

software automatically adjusts the inspiratory pressure
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Fig. 9. Work shifting in pressure control. Mode: PC-CMVs. Pmus: graphic representation of patient generated pressure. Work shifting: The pres-
sure waveform is deformed toward baseline due to the presence of Pmus. It does not cross the baseline. Interrupted line demonstrates where
the pressure waveform would be if Pmus was passive. Ventilators are unable to perfectly control the Pvent, thus the deformations. Green inter-

rupted line demonstrates the passive flow waveform. The presence of Pmus will modify the flow waveform. In inspiration, flow will move away
from baseline. Works shifting may be clinically appropriate. Notice the increase in volume as a manifestation of the added Pvent to Pmus. Note:

red Pmus line was overlaid by hand onto a ventilator screen image, and Pmus is shown inverted for clarity. PC¼ pressure control. CMV¼ contin-
uous mandatory ventilation.
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between breaths to achieve the target. As Pmus increases, the

Pvent will decrease (Figure 10) in an attempt to maintain the

VT at target.
15 The relationship of work is similar to VC with

set-point targeting; the difference is that in PC with adaptive

targeting the total work is not constant because the tidal vol-

ume can be larger than the set target value on any given

breath. The Pvent can only decrease so far (ie, PEEP or a little

above depending on the design of the ventilator).15 In

patients with high enough Pmus, the patient may be breathing

at PEEP level with little assistance from the ventilator and

larger VT than target. Some degree of work shifting may be

clinically acceptable. In severe cases, this is manifested by

very low Pvent (at baseline) and consistently larger tidal vol-

umes, all generated by the patient. In some cases, the Pvent
will be below baseline. Severe work shifting in adaptive tar-

geting should be addressed promptly by the clinical team.

Pressure Control With Servo Targeting. In PC with servo

targeting (eg, NAVA and PAV), the ventilator automati-

cally adjusts inspiratory pressure in proportion to the Pmus

(Figure 7). With this targeting scheme, the ventilator keeps

the relation between ventilator work and patient work con-

stant and controllable. Work shifting is minimized and can

be adjusted by setting the level of proportionality (PAV

level or NAVA level). Recall that tidal volume is dependent

on both the level of assistance (Pvent) and Pmus.

Cycle

Cycle (start of expiration) is assessed in terms of syn-

chrony (timing) with the end of the patient’s inspiratory

effort (ie, patient signal or Pmus). It can occur early (before

the patient signal), on time (synchrony), or late (a clinically

important delay) (Figure 11). Similar to triggering, there

are 2 other conditions that are not related to timing but

rather to ventilator function: false cycle, where a nonpatient

signal cycles inspiration (eg, pressure alarm); and a failed

cycle, where patient cycle signal fails to cycle the inspira-

tion (eg, runaway phenomena). However, these manifest as

early or late cycle; thus, we classified them as a cause rather

than a separate patient-ventilator discordance.

Normal (Synchrony)

Inspiration ends within a clinically acceptable time near
the Pmus peak (ie, Pmus increases as the diaphragm contracts

and decreases as the diaphragm relaxes). In VC, we observe

the inspiratory pressure waveform and the expiratory flow

waveform. For PC, this is recognized by observing the flow

waveform. There should be no evidence early or late cycle.

Sometimes a sharp rise in end-inspiratory pressure can be a

ventilator artifact.25

Late Cycle

Inspiration ends with a clinically important delay after the
Pmus peak. Another way to state this is that the patient’s neu-

ral inspiratory time is shorter than the inspiratory time

imposed by the ventilator. It can also be observed with spon-

taneous breaths if the flow cycle threshold is set too low or

when patient effort ceases but it fails to cycle inspiration.

The primary example is the “runaway” phenomena in the
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Fig. 10. Work shifting in adaptive targeting schemes. Mode: PC-CMVa. Interrupted blue line demonstrates the target tidal volume. In left panel,
volume is below target; the ventilator increases inspiratory pressure gradually to reach target tidal volume. In right panel, the patient effort

(Pmus) leads to tidal volume above target; the ventilator gradually decreases inspiratory pressure in an aim to decrease delivered tidal volume.
However, the patient effort generates larger tidal volume. The spike in pressure at the end of the breath is a manifestation of late cycle. PC ¼
pressure control. CMV¼ continuousmandatory ventilation.
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mode called PAV, where the ventilator continues the assis-

tance in spite of patient terminating inspiratory effort due to

the ventilator’s inaccurate estimation of lung mechanics.

Late cycling must be assessed according to the clinical

context. For example, if a patient makes only a short trigger

effort and inspiration is time or volume cycled, then by def-

inition this is late cycling. It may be perfectly acceptable

from both a patient safety and comfort point of view.

However, late cycling becomes relevant when there is evi-

dence of expiratory effort before the cycle event. In VC, the

pressure waveform increases abruptly at end inspiration,

indicating expiratory effort or respiratory muscle relaxa-

tion. The same can sometimes be seen with PC, and in addi-

tion, the expiratory effort will cause a downward deflection

in the flow waveform, possibly even crossing into negative

flow before the ventilator cycles inspiration (Figure 11).26

Early Cycle

Inspiration ends within clinically important time before
the Pmus peak. The cycle event occurs before the patient

effort ceases. Another way to say this is that the patient’s

neural inspiratory time is longer than the inspiratory time

imposed by the ventilator (Figure 11). For both VC and PC,

this is recognized in the expiratory flow waveform as a dis-

tortion of the peak expiratory flow and disruption of the

normally smooth exponential flow decay of passive expira-

tion. Early cycle is a common cause of multiple triggering

(also known as double trigger). With PC, in some patients

with very prolonged time constants (eg, COPD, asthma),

flow may still be positive at the end of the inspiratory time.

However, if there is no evidence of inspiratory effort during

the early expiratory phase, this is not a synchrony problem.

Early cycle can also occur if the ventilator cycles inspira-

tion by a non-patient signal. This is typically recognized as

an unusually short inspiratory time; for example, a patient

with very low compliance and a rapid rise time in pressure

support mode. This causes a high peak flow followed by

rapid decay due to a short time constant, thereby too rapidly

reaching the flow cycle threshold. It can also occur if venti-

lator safety features, such as a pressure limit or a spontane-

ous tidal volume limit, are reached.

Expiration

During expiration (ie, the period from the start of nega-

tive flow to the start of positive flow), the patient-ventila-

tion interaction is not characterized by timing (synchrony)

but by work. Normal expiration is passive. During expira-

tion, the ventilator controls the pressure with set-point tar-

geting (ie, the target value is PEEP). In a passive patient,

we expect to see a smooth exponential decay of the expira-

tory flow and volume waveforms. This allows us to observe

the predominant physiology and the effects of trigger and

cycle discordances. The expiratory phase can demonstrate,

as described above, other patient-ventilator interactions

(early cycle and failed trigger); however, the one that is

proper to the expiratory phase is expiratory work.

Expiratory Work

Patient expiratory effort (ie, negative Pmus) will deform

the flow waveform in a negative direction (away from base-

line). Expiratory work may be normal, as when exercising

or coughing, but it may also indicate the presence of high

resistive load (eg, COPD), acidosis, or anxiety (Fig. 4).

Waveform Patterns

Ventilator waveform patterns are important to recognize

as they may have clinical implications. A waveform pattern

is a sequence of or stereotypical waveforms that may have

a clinical consequence and are due to a patient-ventilator

interaction. Many reports describe these patterns as a spe-

cific patient-ventilator interaction; however, as described

below, they can have several etiologies. We approach these

P m
us

Fl
ow

Vo
lu

m
e

Normal Late Cycle Early Cycle

P ve
nt

Fig. 11. Classification of cycle patient-ventilator interactions. Mode:

PC-CMVs. Pvent: airway pressure waveform displayed by ventilator.
Pmus: patient-generated pressure waveform, simulated, overlay to

demonstrate effect across waveforms. Normal cycle: patient-trig-
gered; the effort was small; the flow decays passively to zero flow
with no evidence of inspiratory or expiratory effort. Late cycle: Green

dotted line demonstrates end of patient breath; flow reaches baseline,
and there is an increase of airway pressure due to relaxation of inspir-

atory muscles against a close valve (zero flow). Red dotted line dem-
onstrates point where ventilator cycles. Early cycle: the machine
cycles breath (red dotted line), expiratory flow with evidence of inspir-

atory patient effort (flow moves toward baseline). Green dotted over-
lay to demonstrate passive flow waveform as a reference. Note: red

Pmus line was overlaid by hand onto a ventilator screen image, and
Pmus is shown inverted for clarity. PC¼ pressure control, CMV¼ con-
tinuousmandatory ventilation.
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separately from the standardized waveform analysis.

Patterns should trigger further evaluation.

Multiple Trigger

Multiple trigger is characterized by 2 or more ventilator

breaths delivered in close succession without complete ex-

piration between them. Many ventilators have a trigger

window immediately after inspiration where another breath

can’t be triggered; this leads to a brief but consistent pause

between mechanical inspirations. Terminology for this phe-

nomenon varies in the literature. It is sometimes called dou-

ble triggering, double cycling, clusters, or breath-stacking.

All these terms have issues with meaning or accuracy (see

related supplementary material at http://rc.rcjournal.com).

Although double trigger is the most common presentation,

there are instances where multiple breaths are triggered,

and thus the term multiple. Multiple trigger is a pattern that

has at least 3 causes (Figure 12): early cycle, early trigger,

and false trigger.27 Its presence has been associated with

poor outcomes,28 the main concern being, in VC modes,

overdosing of tidal volume by breath-stacking leading to

ventilator-induced lung injury (this is less so in PC, as VT is

dependent on R and C).

Tidal Volume Discrepancies

The volume waveform contains mostly the same in-

formation as the flow waveform; however, there is one

area where it conveys specific information. Knowledge

of how the ventilator displays volume is key. The vol-

ume waveform is derived from the flow measurements

for most ventilators; volume is the integral of flow,

which means that the area under the flow curve over the

inspiratory flow time equals the tidal volume. At the be-

ginning of each breath (patient or machine triggered),

the ventilator resets the volume waveform to zero so

that the inspiratory tidal volume displayed is accurate.

This means that differences in inhaled and exhaled tidal

volumes manifest with a pattern where the volume

waveform has a sharp drop (reset) prior to the next

breath, similar to a square root sign (Figure 13). This

pattern has at least 4 causes: (1) leak from the circuit,

airway, or lung; (2) active exhalation during inspiration

(some ventilators do not account for VT exhaled during

inspiration)26; (3) air trapping, the patient has not been

able to exhale the inhaled VT, and another breath is trig-

gered; and (4) flow sensor malfunction.

There are multiple other artifacts and perhaps other pat-

terns. This manuscript does not intend to be an exhaustive

review of all possible patient-ventilator interactions.

Instead, we offer a standard nomenclature and an organized

method to read waveforms from which we are sure much

will be added, researched, and improved.

Applying the Method

We have created a tool to aid the clinician in system-

atically reading waveforms (Table 4). This method also

allows one to summarize the patient state in a single
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Fig. 12. Causes of multiple trigger. A. Early trigger, the pattern is mandatory (machine triggered) followed by evidence of Pmus, and then a patient
triggered breath. B. False trigger, no evidence of Pmus and triggering of a breath immediately after exhalation. C–D. Early cycle: evidence of Pmus

through first breath leading to triggering of next breath. Note: red Pmus line was overlaid by hand onto a ventilator screen image, and Pmus is shown
inverted for clarity.
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sentence (eg, The patient is on PC-CMVa, with a high

elastic load and has early triggers). It is common that

more than one discordance is found in a given tracing.

Some discordances are associated with others (eg, early

trigger is commonly followed by early cycle and work

shifting), in which case we only mention the first dis-

cordance (ie, early trigger). Following this method will

allow the clinician to decide if that patient-ventilator

interaction matches the goals of ventilation and if it

does not to determine the changes in settings or modes

needed to achieve the goals.

In our practice, we emphasize that it is easier to decide

what to do when you know what the goal is. There are only 3

goals of mechanical ventilation (safety, comfort, and libera-

tion).7 They are not mutually exclusive, but one must choose

which is primary at the given time. For example, in a patient

with ARDS in the first days, the main goal is safety. We want

to ensure the settings and interactions lead to lung-protective

ventilation and ensure gas exchange. Comfort is important,

but we would not choose a mode that favors comfort over

lung protection. As the patient recovers, the clinician is likely

to be attempting liberation; yet if the patient is not ready,

comfort (improving synchrony and work of breathing) in

order to minimize sedation would be the leading goal. Safety

(ie, preventing lung injury and ensuring gas exchange) is still

important, but modes that serve comfort and yet maintain

safety should be preferred.7

This also helps put the interpretation of the waveform in

context, as the changes done to the ventilator should be in

line with the goal of mechanical ventilation. For example, a

patient with extreme work shifting, in the setting of safety

as a goal, will guide the clinician toward correcting the

cause (eg, sedation, neuromuscular blockade, correction of

metabolic acidosis).

A word of caution to the reader, patient-ventilator interac-

tions occur breath by breath; and as such, they will change

with patient condition, level of awareness, interventions, etc.

Many interactions will be temporary, harmless, and may be

irrelevant clinically (eg, mild work shifting); others may be

harmful, especially if frequent (eg, multiple trigger in VC).

Not every interaction requires an intervention.

Conclusions

Modern ICU ventilator displays provide a complex array

of information on the patient’s condition. A standard nomen-

clature is needed to ensure we communicate our findings

clearly and consistently. A systematic approach is needed to
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Fig. 13. There are many etiologies that exist for inspiratory and expiratory discrepancy. This example is due to a leak (around endotracheal
tube) causing false trigger. The ventilator flow trigger detects inspiratory flow (due to the leak) and triggers a breath. Note the characteristic

volumen reset for the new breath leading to the square root sign.

PATIENT-VENTILATOR INTERACTIONS AND READING WAVEFORMS

18 RESPIRATORY CARE � � � VOL � NO �

RESPIRATORY CARE Paper in Press. Published on November 30, 2021 as DOI: 10.4187/respcare.09316

Copyright (C) 2021 Daedalus Enterprises ePub ahead of print papers have been peer-reviewed, accepted for publication, copy edited 
and proofread. However, this version may differ from the final published version in the online and print editions of RESPIRATORY CARE



ensure consistent diagnosis and treatment for patient-ventila-

tion interaction issues and ultimately improve outcomes. The

methodical evaluation of the waveform provides information

that can lead to changes in how we implement an interven-

tion that has the ability to save lives but also cause harm.

Our proposal delivers a method and taxonomy based on prior

published work to help clinicians achieve these goals.
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Table 4. Systematic ventilator waveform analysis tool

Standardized Ventilator Waveform Analysis

1. Define the TAG

h PC-CMVs h PC-CSVa

h PC-CMVa h PC-CSVr

h VC-CMVs h VC-IMVs,s

h VC-CMVd h VC-IMVd,d

h PC-CSVs h PC-IMVs,s

h PC-IMVa,a h Other________

2. Define the load

Inspiration Expiration

h Elastic load h Elastic load

h Resistive load h Resistive load

h Pmus h Pmus

3. Define Patient-Ventilator Interaction

Trigger

h Normal

h Early

h Late

h False

h Failed

Inspiration

h Normal

h Work shifting

h Work shifting, severe

Cycle

h Normal

h Early

h Late

Expiration

h Normal

h Expiratory work

4. Interventions

What is the main goal (choose one only)?

h Safety h Comforth Liberation.

h Adjusted Settings: which?___________________

h Changed mode: To what?___________________

h None

h Other___________________________________
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