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Abstract
Purpose of Review Knowledge of ventilator waveforms is important for clinicians working with children requiring mechanical
ventilation. This review covers the basics of how to interpret and use data from ventilator waveforms in the pediatric intensive
care unit.
Recent Findings Patient-ventilator asynchrony (PVA) is a common finding in pediatric patients and observed in approximately one-
third of ventilator breaths. PVA is associated with worse outcomes including increased length of mechanical ventilation, increased
length of stay, and increased mortality. Identification of PVA is possible with a thorough knowledge of ventilator waveforms.
Summary Ventilator waveforms are graphical descriptions of how a breath is delivered to a patient. These include three scalars
(flow versus time, volume versus time, and pressure versus time) and two loops (pressure-volume and flow-volume). Thorough
understanding of both scalars and loops, and their characteristic appearances, is essential to being able to evaluate a patient’s
respiratory mechanics and interaction with the ventilator.
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Introduction

Mechanical ventilation is a widely used therapeutic mo-
dality in the pediatric intensive care unit (PICU).
Clinicians who take care of PICU patients must not
only have a thorough understanding of the different
ventilators and their function but also knowledge of
how those ventilators can interact with the patient.
Conventional ventilators used today provide for evalua-
tion of respiratory mechanics with graphics. These
graphics, or waveforms, can tell the bedside clinician
important information about airway resistance, lung
compl iance , and pa t ien t -ven t i l a to r synchrony.
Therefore, it is important that clinicians using mechani-
cal ventilation have a thorough understanding of venti-
lator waveforms and their interpretation.

Ventilator Mode Basics

Before reviewing the graphics associated with mechanical ven-
tilation, it is important to understand the concepts of how ven-
tilators can deliver breaths. A mechanical breath is classified
based on three main variables—how the breath starts, how the
breath is delivered by the machine, and how the breath is
stopped [1]. A breath can be started by either the patient (re-
ferred to as a supported or assisted breath) or by the machine
(referred to as a controlled breath). This variable is also referred
to as the trigger. After the breath is started, the gas is delivered
to the patient in a set pattern that is sustained throughout the
course of inspiration. This is also referred to as the target vari-
able. The two main target variables are either a specific inspi-
ratory flow rate or a pressure goal. The delivery of the breath is
stopped when a certain amount of time has elapsed, a goal
amount of volume has been inspired, or the ventilator senses
a decrease in the flow taken in by the patient. This is the cycle
variable [1, 2]. Any combination of the above variables can
define the type of breath delivered by the machine.

Scalars

Now that we have reviewed the basic ways breaths are deliv-
ered from a ventilator, it is important to understand how those
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breaths are represented in graphical form. The first of these
graphics are termed scalars. Scalars on conventional mechan-
ical ventilators are representations of specific respiratory pa-
rameters over time. The three scalars commonly utilized are
volume, pressure, or flow plotted on the vertical y-axis against
time plotted on the horizontal x-axis. Pressure and flow are
measured values, while the volume of each breath is a calcu-
lated value. Each scalar represents the entire breath from the
beginning of inspiration to the end of expiration. Most venti-
lators have these three scalars displayed on the main screen
[3]. Ability of the bedside clinician to interpret these scalars
remains essential to understanding a patient’s ventilation.

Volume Versus Time Scalar

The volume versus time scalar is the graphical representation of
the amount of gas delivered into the lungs by the ventilator over
time. It is calculated from themeasurement of flow. The upslope
is the inspiratory volume and the downslope is the expiratory
volume (Fig. 1) [4]. Inspiratory and expiratory volumes should
be similar, and differences can indicate air leaks in the system or
intrinsic positive end-expiratory pressure (i.e. auto-PEEP or air
trapping) [5•]. This is shown when the part of the curve
representing expiration decreases as expected but plateaus and
never reaches the baseline of zero volume before the next breath
[6, 7]. In addition to showing potential air leaks or trapping, the
volume versus time scalar can be used to evaluate the volume of
a patient’s spontaneous breath and the effect adjustment of the
ventilator settings may have on tidal volume [3].

Flow Versus Time Scalar

Gas flow in between the patient and the ventilator is represented
by the flow versus time scalar. Inspiratory flow is a positive
value on the graph, whereas expiratory flow is a negative value.
The area under the curve represents the volume moved during

the phases of breathing [5•]. The shape of the inspiratory limb
of the curve depends on the mode of ventilation. In pressure-
targeted modes, the peak inspiratory pressure (PIP) and inspi-
ratory time are set and flow is variable. At the beginning of the
breath, flow is delivered at a high rate but then tapers off over
the course of inspiration, resulting in a decelerating shape of the
curve (Fig. 2a) [8••]. Pressure-supported modes may also have
a flow pattern that is decelerating or sinusoidal in shape. In
volume control or flow-targeted modes, the tidal volume, inspi-
ratory time, and inspiratory flow are set resulting in a constant
flow or square shape to the flow scalar (Fig. 2a). The use of one
type of flow pattern versus another is usually clinician prefer-
ence. In volume control modes, flow is constant until the goal
tidal volume is achieved, resulting in a constant rise in the
pressure and a higher PIP, but a lower mean airway pressure.
A clinician wanting to minimize mean airway pressure may
choose this mode of ventilation for this reason. In pressure
control modes, since a specific PIP is delivered for a period of
time, the overall PIP is lower but the mean airway pressure is
higher. This may be beneficial in situations with increased air-
way resistance [5•, 8••].

In addition to helping identify the mode of ventilation,
the flow versus time scalar can provide useful information
about a patient’s exhalation. The shape of the expiratory
limb of the curve is affected by the resistance to air flow
and the compliance of the lung. In instances of higher
airway resistance from some obstructive process, the flow
scalar will show a decreased peak expiratory flow and a
prolonged time for the expiratory curve to return to a
baseline of zero flow (Fig. 2b) [5•]. All of this represents
that the resistance to airflow is limiting how fast and how
much volume the lung empties. Conversely, when com-
pliance is decreased, the peak expiratory flow rate in-
creases [9••].

Air trapping or auto-PEEP (also referred to as intrinsic
PEEP) can also be identified on the flow scalar. Under normal

Fig. 1 Volume versus time scalar.
The volume versus time scalar
showing the volume of air upon
inspiration and expiration. The
second scalar shows a sudden
drop off in volume, representing a
potential air leak
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conditions, the expiratory limb of the curve returns to a base-
line of zero flow prior to the next breath being initiated.
However, if expiration of air is still ongoing when inspiration
starts, then the lungs are not emptying completely and air
trapping occurs. This is shown in the scalar when the expira-
tory limb does not return to baseline before the new breath
starts (Fig. 2b) [3, 5•, 6, 9••].

Pressure Versus Time Scalar

The pressure scalar provides a good information about airway
compliance to the clinician. It represents the pressure in the
airway as a function of time. This can be a fixed or variable
amount depending on the mode of ventilation [5•]. During
pressure control ventilation, the pressure delivered is constant
and the pressure scalar is square-shaped. In volume control
ventilation, the pressure scalar is ascending due to the rise in
pressure with a constant flow pattern [6, 7, 9••]. In the typical
graphic displayed on the ventilator, the baseline pressure in-
dicates the PEEP and the maximum pressure at the end of the
curve indicates the PIP (Fig. 3a).

In addition to the PIP and the PEEP, the pressure versus time
scalar can show a few other pressure measurements when spe-
cific ventilator maneuvers are done. The first is the plateau
pressure (Pplat) (Fig. 3b). This is the pressure in the airway
under static conditions, or when there is no air flow. PIP is
mathematically calculated by adding the pressure created by
airway resistance, the pressure related to the lung’s compliance,
and the total PEEP. When there is no flow in the system, the
pressure due to airway resistance drops to zero, and the resultant
value is thePplat. This value is thought to represent the pressures

at the alveolar level, and is obtained by doing an inspiratory
hold on the ventilator [5•, 8••]. It is best measured in a volume
control mode as compared to a pressure control mode, although
can be measured in both. Volume-targeted modes use constant
flow and therefore have a larger pressure differential between
PIP and Pplat when an inspiratory hold maneuver is completed
and flow abates. In contrast, during pressure-targeted ventila-
tion, the descending flow pattern means flow is nearing zero
during inspiration, allowing for less of a pressure drop when
inspiration is held. Regardless of mode the Pplat is measured in,
a large difference between the PIP and the Pplat indicates high
resistance in the airway as can exemplified in severe broncho-
spasm [5•]. Use of a Pplat target in adults with acute respiratory
distress syndrome (ARDS), along with a low tidal volume strat-
egy, has been shown to be beneficial for improved outcomes
[10–12]. However, studies in pediatric acute respiratory distress
patients have not shown the same benefits of protective lung
ventilation [13, 14].

An additional pressure measurement that can be obtained
from the pressure versus time scalar is the intrinsic PEEP. This
is obtained by completing an expiratory hold maneuver on the
ventilator.

Stress Index

Another useful measurement that can be calculated from the
pressure versus time scalar is the stress index. This is a coef-
ficient derived from the pressure scalar during volume-
controlled ventilation. It is usually calculated by the ventilator
software; however, methods of stress index assessment
through visual analysis of the pressure scalar have been

Fig. 2 Flow versus time scalar. a
The first scalar represents the
square waveform pattern in
volume control. The second
scalar shows a decelerating
pattern in pressure control. b
Examples of scalars with flow
waveform abnormalities
representing changes to airflow
resistance or obstruction
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described [9••, 15•]. This measure is based on the theory that
in normally compliant lungs, pressure rises at a constant rate
with a constant rise in volume. This equates to a stress index of
one and a scalar with a straight slope. A decrease in the slope
of the scalar is consistent with a stress index less than one,
giving it a downward curved shape. This suggests improve-
ment in compliance and recruitment of the lung with increas-
ing volume. An increase in the scalar’s slope resulting in an
upward curved shape, or a stress index greater than one, is
seen when the lung compliance is worse with a rise in volume.
This may indicate overdistension of the lung [1]. Studies ti-
trating both PEEP and tidal volume toward an optimal stress
index have shown this to be an effective method of lung re-
cruitment [9••].

Loops

The next ventilator graphics that are important to understand
are the loops. These graphics are one of the two variables,
either pressure or flow, plotted against the volume during a
breath. Each loop consists of an inspiratory and expiratory
curve and allows for evaluation of respiratory mechanics [5•,
9••, 16]. There are two loops—the pressure-volume curve and
the flow-volume curve.

Pressure-Volume Curve

The pressure-volume loop shows pressure (in cm water)
plotted along the x-axis and volume (in mL) along the y-
axis (Fig. 4a). The curve starts in the lower left corner
near the origin of the graph, with this point representing

functional residual capacity. If PEEP is present, then the
curve begins at that level of pressure along the x-axis. As
inspiration progresses, the curve rises in a counterclock-
wise direction until it ends in the upper right hand corner
when either the goal volume or pressure is reached. The
inspiratory limb of the curve takes on a sigmoidal shape,
with an initial flat part indicating movement of air into
collapsed airways with low compliance, the middle steep
part indicating lung recruitment, and the flattening of the
curve again representing the end of inspiration [17].
Rapid changes to the slope of the limb, called inflection
points, signify instances where compliance changes sud-
denly. A lower inflection point (LIP) correlates to the
opening of collapsed alveolar units and a sharp rise in
volume. The steep part of the curve after the LIP occurs
when compliance is high and increased volume into the
airways leads to a minimal increase in pressure. An up-
per inflection point (UIP) occurs at the end of inspiration
when accumulation of more pressure leads to minimal
increase in volume, compliance is low again, and the
curve may take on a beaking appearance representing
overdistension (Fig. 4b) [5•, 16, 17]. Inflection points
are more easily appreciated in volume control modes
than in pressure-targeted modes [8••]. Once exhalation
begins, the curve continues in a counterclockwise direc-
tion, but starts its descent back to the origin. The shape
of the graph in a ventilated patient under ideal conditions
resembles a football and the slope of the whole loop
correlates to lung compliance [5•, 6, 16]. When the slope
of the curve is flatter, this represents decreased compli-
ance. Conversely, a steeper slope to the curve indicates
increased compliance [5•].

Fig. 3 Pressure versus time
scalar. a The first scalar represents
a control breath. The second
scalar represents a volume control
breath. Peak inspiratory pressure
(PIP) and positive end-expiratory
pressure (PEEP) are shown. b A
graphical depiction of plateau
pressure
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The use of inflection points to prescribe ventilator settings
that allow for a lung protective strategy has been described
[16, 18–20]. It has been suggested that setting the PEEP just
above the LIP in ARDS patients may lead to less barotrauma
and improved survival [18]. Another recommendation is to
aim for ventilating patients between the LIP and UIP on the
curve [6]. However, these recommendations remain contro-
versial as there are limitations to using the pressure-volume
curve in this way [9••, 19].

Another important feature of the pressure-volume curve is
called hysteresis (Fig. 4b). In the respiratory system, hystere-
sis is failure of the lung tissue to act the same with inspiration
and expiration. It takes more energy to inflate the lungs than to
deflate them, representing that the lung volume at any given
pressure is different depending on the phase of ventilation.
This is shown in the pressure-volume curve as the inflation
and deflation limbs taking on different shapes, with hysteresis
representing the area between the two limbs. Hysteresis in the
lungs is related to alveolar air-liquid surface forces and the
opening and closing of alveoli [19, 21, 22]. Changes in resis-
tance to air flow will affect the hysteresis, with the curve
appearing wider with increasing resistance. It may be possible
to identify changes to either inspiratory or expiratory resis-
tance, therefore identifying potential etiologies of ventilatory
changes, by comparing the shape of successive pressure-
volume curves [8••].

Flow-Volume Curve

The flow-volume loop describes how air flows in and out of the
lungs during a breath. In this graph, the volume (in milliliters) is
on the x-axis and the flow rate (in liters/min) is on the y-axis.
Conventionally, during pulmonary function testing, inspiration
is below the x-axis and expiration is above. However, this is
often reversed on ventilators with the inspiratory limb of the

curve on top and the expiratory limb on the bottom (Fig. 5a).
This is dependent of ventilator software, and clinicians should
be familiar with the orientation of their graph to properly inter-
pret it [3, 5•, 6]. Further discussion of this curve will assume
that inspiration is above the x-axis and expiration is below.
With the first breath, the inspiratory limb starts at the intercept
of the x- and y-axes, where both flow and volume equal zero,
and travels in a clockwise fashion. As the volume rises, and the
curve travels along the both axes further, flow also increases.
Volume continues to rise as flow starts to decrease, with the
curve continuing on the x-axis but changing directions on the y-
axis. Once the flow reaches zero, when the curve crosses the x-
axis, inspiration is over and expiration begins. The curve con-
tinues moving in a clockwise fashion, this time with volume
decreasing, as flow increases and then decreases similarly to
before. The curve is complete when both volume and flow
reach zero, signifying the end of expiration, completion of the
breath, and complete emptying of volume inspired. The shape
of the inspiratory portion of the curve is often dependent on the
mode of ventilation. For example, in volume-controlled or
flow-targeted modes, since flow remains the same throughout
inspiration, this limb takes on a square shape. In pressure-
controlled modes, flow is represented as descending as volume
increases during inspiration [5•, 8••].

Several important pieces of information about air flow in
and out of the lungs can be obtained from evaluation of the
flow-volume loop, particularly the expiratory limb. First, the
loop provides for measurement of a peak expiratory flow rate.
A lower peak expiratory flow rate indicates potential obstruc-
tion, such as can be seen with bronchoconstriction. Also seen
in this situation is an expiratory limb with more concavity or a
“scooped out” appearance, representing lower flows at a given
volume, as would be expected with an obstructive process
(Fig. 5b). The expiratory limb may also show air trapping
when it does not return to zero along the y-axis, or return to

Fig. 4 Pressure-volume loop. a
Pressure-volume loop showing a
typical pattern. The lower
inflection point (LIP) and upper
inflection point (UIP) are shown.
b The representations of
overdistension and hysteresis in a
pressure-volume curve
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zero flow, before another breath is started. In addition to in-
formation about airway obstruction, air leak may be identified
when the volumes in the inspiratory and expiratory sides of
the curve are different. This may be seen when flow drops to
zero suddenly, but volume does not [5•, 6, 8••, 16].

Ventilator Waveforms and Synchrony

Now that the basics of ventilator waveform structure and
meaning have been explained, it is important to understand
how the application of this knowledge can be used at the
bedside. When a clinician is able to properly interpret these
graphics, it can show them how well, or poorly, the patient is
interacting with the ventilator. When a patient is interacting
poorly with the ventilator, this is called asynchrony [23•, 24,
25]. Patient-ventilator asynchrony (PVA) can be associated
with negative side effects including increased sedation needs,
increased work of breathing, ventilation-perfusion mismatch,
increased dynamic hyperinflation, and slower weaning [26]. It
can also be associated with worse outcomes including in-
creased length of mechanical ventilation [27, 28], increased
length of stay [28], and increased mortality [29•]. Pediatric
patients experience PVA frequently, with recent studies show-
ing an incidence in about one-third of mechanical breaths
[23•, 24•]. Ventilator graphic interpretation has been utilized
as a tool to detect PVA [27, 28], and therefore may play a role
in helping the clinician optimize ventilator settings to allow
for improved synchrony and outcomes.

Asynchronies Related to Breath Initiation

The first type of asynchrony is associated with the initiation,
or trigger, of a breath. This occurs when the ventilator fails to

respond to a patient’s effort to take a breath. There are several
types of trigger asynchronies including ineffective triggering
leading to delayed or missed breaths, double triggering, and
auto-triggering [30, 31, 32••]. When a patient initiates a
breath, but the machine fails to recognize this attempt appro-
priately and either a breath is delayed or not given at all, this is
referred to as ineffective triggering. This can be seen on the
flow versus time waveform as a deflection from the baseline
expiratory flow with either a minimal decrease in airway pres-
sure or no change at all, and no breath delivered (Fig. 6a) [8••,
31, 32••, 33]. The easiest way to troubleshoot this issue is to
look at how sensitive the trigger is set on the machine and
adjust it to make it easier for the patient to initiate a breath.
Another potential etiology of ineffective triggering is the pres-
ence of intrinsic PEEP (or auto-PEEP), a pressure that must be
offset by the patient’s effort before the ventilator will recog-
nize the patient is triggering a breath. The higher the intrinsic
PEEP, the more pressure that will need to be overcome.
Interventions designed to decrease intrinsic PEEP (increasing
time of expiration or decreasing resistance to airflow with
bronchodilators) or increase external PEEP may help decrease
the amount of ineffective triggering [32••, 33].

Another type of asynchrony associated with the initiation
of a breath is double triggering. This is when a patient wants to
take a breath with a longer inspiratory time than the ventilator
settings, which may result in a second breath being triggered
immediately after the first. This can be seen on all three scalars
as one breath being followed immediately by a secondwithout
any time for exhalation (Fig. 6b) [8••, 30, 32••]. This can
usually be improved by matching the patient’s inspiratory
demands better (e.g., increasing the inspiratory time, increas-
ing the tidal volume).

Reverse triggering may look similar to double trigger-
ing on ventilator graphics. This happens when the

Fig. 5 Flow-volume loop. a A
typical flow-volume loop with
inspiration on the top and
expiration on the bottom. b A
flow-volume loop showing an
obstructive air flow pattern with
lower peak expiratory flow, a
scooped out expiratory limb, and
air trapping
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ventilator breath leads to contraction of the diaphragm
that may be interpreted by the machine as the patient
initiating a breath. It is often seen in patients under heavy
sedation. This may be shown as more volume or flow on
the scalars at the end of a ventilator delivered breath, or
may look like another breath triggered before the first
breath’s cycle is complete [34].

The last type of triggering asynchrony is called auto-
triggering (also called auto-cycling). This occurs when multi-
ple breaths are delivered by the ventilator that were not initi-
ated by the patient. Some etiologies of auto-triggering include
air leaks in the system, inappropriately set trigger sensitivity,

condensation in the ventilator tubing, or detection of cardiac
movement [8••, 30, 31, 32••]. It can be seen in all three scalars
as full ventilator breaths given rapidly, resembling tachypnea.
When looking at the pressure versus time scalar, the lack of an
initial dip in the pressure at the beginning of a breath may be a
sign of auto-triggering [33].

Asynchronies Related to Flow

When a patient is not receiving as much flow as they would
like from the ventilator with each breath, this is one type of
asynchrony termed flow starvation. It can be identified by a

Fig. 6 Trigger asynchrony. a
Ineffective trigger shown as a
deflection from the baseline
expiratory flow and no breath
delivered. b Double triggering
shown as a second breath being
triggered immediately after the
first

Fig. 7 Flow starvation. An
example of flow starvation with a
dip seen in the pressure scalar and
no associated changes in the flow
scalar
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dip in the pressure versus time scalar without associated
changes in the flow or volume scalars (Fig. 7) [31, 32••].
This represents that the patient is generating more negative
pressure to be able to pull more volume, but is not getting
enough to meet their needs. It is often due to inadequately
set flow on the ventilator. It is more often seen inmodes where
flow is constant as in volume control modes [8••, 31]. Increase
of the set flow or changing to a non-constant flow pattern may
fix this problem.

Asynchronies Related to Cycling

These asynchronies are related to the inspiratory time
either being too short or too long compared to the pa-
tient’s desired inspiratory time. When the ventilator
stops a breath before the patient’s inspiratory effort
has finished, this is called premature cycling. It can be
seen on the flow versus time scalar as an additional
upward deflection after inspiration is completed by the
ventilator. It may also result in double triggering and an
added breath as described above [8••]. Changes to the
delivered flow or inspiratory time can help fix prema-
ture cycling.

Conversely, when the ventilator’s set inspiratory time is too
long compared to the patient’s inspiratory time, this is referred
to as delayed cycling. It results in a patient trying to exhale
while inspiration is still occurring, and being unable to do so,
there is a rise in pressure at the end of the pressure versus time
scalar and a period of zero flow during inspiration (Fig. 8). It
can also be fixed by adjusting the flow rate or inspiratory time,
depending on the mode of ventilation [32••].

Conclusion

Modern ventilators provide multiple graphics that help guide
the clinician in evaluation and management of respiratory fail-
ure. In addition to describing the basics of how a breath is
delivered to a patient, these graphics also give valuable infor-
mation regarding how well a patient is interacting with the
ventilator. A detailed understanding of ventilator waveforms
and the ability to identify alterations in them that may indicate
asynchrony is crucial to the clinician taking care of patients
requiring mechanical ventilation.

Compliance with Ethical Standards

Human and Animal Rights This article does not contain any studies
with human or animal subjects performed by any of the authors.

References

Papers of particular interest, published recently, have been
highlighted as:
• Of importance
•• Of major importance

1. MacIntyre N. Clinical design features of modern mechanical ven-
tilation. In: Cheifetz I, MacIntyre NR, Marini JJ, editors.
Mechanical ventilation : essentials for current adult and pediatric
practice. Mount Prospect, IL: Society of Critical Care Medicine,
The Intensive Care Professionals; 2017. 252 pages.

2. Walter JM, Corbridge TC, Singer BD. Invasive mechanical venti-
lation. South Med J. 2018;111(12):746–53. https://doi.org/10.
14423/SMJ.0000000000000905.

Fig. 8 Delayed cycling. Example
of delayed cycling shown as a
pressure rise with period of no
flow at the end of a breath

18 Curr Pediatr Rep (2021) 9:11–19

https://doi.org/10.14423/SMJ.0000000000000905
https://doi.org/10.14423/SMJ.0000000000000905


3. Mammel MC, Donn SM. Real-time pulmonary graphics. Semin
Fetal Neonatal Med. 2015;20(3):181–91. https://doi.org/10.1016/j.
siny.2015.01.004.

4. Arnal J-M. Basics. Monitoring mechanical ventilation using ventilator
waveforms. Cham: Springer International Publishing; 2018. p. 1–28.

5.• Prabhakaran P, Sasser WC, Kalra Y, Rutledge C, Tofil NM.
Ventilator graphics. Minerva Pediatr. 2016;68(6):456–69 Good
review of ventilator graphics in pediatric patients.

6. Restrepo R, Khusid F. Essentials of ventilator graphics. Indian J
Respir Care. 2014;3(1):396–404.

7. Restrepo RD, Serrato DM, Adasme R. Assessing Respiratory sys-
tem mechanical function. Clin Chest Med. 2016;37(4):615–32.
https://doi.org/10.1016/j.ccm.2016.07.003.

8.•• Yehya N. Ventilator waveforms. In: Goswami EaB, Utpal, editor.
Current concepts in pediatric critical care. Mount Prospect, IL:
Socitey of Critical Care Medicine; 2020. Excellent review of
waveforms and asynchrony in pediatric patients.

9.•• Dexter AM, Clark K. Ventilator graphics: scalars, loops, & second-
ary measures. Respir Care. 2020;65(6):739–59. https://doi.org/10.
4187/respcare.07805 Review of ventilator graphics and use in
assessing respiratory mechanics.

10. Acute Respiratory Distress Syndrome N, Brower RG, Matthay
MA, Morris A, Schoenfeld D, Thompson BT, et al. Ventilation
with lower tidal volumes as compared with traditional tidal volumes
for acute lung injury and the acute respiratory distress syndrome. N
Engl J Med. 2000;342(18):1301–8. https://doi.org/10.1056/
NEJM200005043421801.

11. Hess DR. Respiratory mechanics in mechanically ventilated pa-
tients. Respir Care. 2014;59(11):1773–94. https://doi.org/10.4187/
respcare.03410.

12. Henderson WR, Chen L, Amato MBP, Brochard LJ. Fifty years of
research in ARDS. Respiratory mechanics in acute respiratory dis-
tress syndrome. Am J Respir Crit Care Med. 2017;196(7):822–33.
https://doi.org/10.1164/rccm.201612-2495CI.

13. de Jager P, Burgerhof JG, van Heerde M, Albers MJ, Markhorst
DG, Kneyber MC. Tidal volume and mortality in mechanically
ventilated children: a systematic review and meta-analysis of obser-
vational studies*. Crit CareMed. 2014;42(12):2461–72. https://doi.
org/10.1097/CCM.0000000000000546.

14. Imber DA, Thomas NJ, Yehya N. Association between tidal volumes
adjusted for ideal body weight and outcomes in pediatric acute respi-
ratory distress syndrome. Pediatr Crit Care Med. 2019;20(3):e145–
e53. https://doi.org/10.1097/PCC.0000000000001846.

15.• Sun XM, Chen GQ, Chen K, Wang YM, He X, Huang HW, et al.
Stress index can be accurately and reliably assessed by visually
inspecting ventilator Waveforms. Respir Care. 2018;63(9):1094–
101. https://doi.org/10.4187/respcare.06151 Review of use of
stress index.

16. Waugh JB. Rapid interpretation of ventilator waveforms. Upper
Saddle River, N.J: Pearson Prentice Hall; 2007.

17. Blanch L, Lopez-Aguilar J, Villagra A. Bedside evaluation of
pressure-volume curves in patients with acute respiratory distress
syndrome. Curr Opin Crit Care. 2007;13(3):332–7. https://doi.org/
10.1097/MCC.0b013e32811e14f2.

18. Amato MB, Barbas CS, Medeiros DM,Magaldi RB, Schettino GP,
Lorenzi-Filho G, et al. Effect of a protective-ventilation strategy on
mortality in the acute respiratory distress syndrome. N Engl J Med.
1 9 9 8 ; 3 3 8 ( 6 ) : 3 4 7 – 5 4 . h t t p s : / / d o i . o r g / 1 0 . 1 0 5 6 /
NEJM199802053380602.

19. Harris RS. Pressure-volume curves of the respiratory system.
Respir Care. 2005;50(1):78–98 discussion −9.

20. Villar J, Kacmarek RM, Perez-Mendez L, Aguirre-Jaime A. A high
positive end-expiratory pressure, low tidal volume ventilatory strat-
egy improves outcome in persistent acute respiratory distress syn-
drome: a randomized, controlled trial. Crit Care Med. 2006;34(5):
1311–8. https://doi.org/10.1097/01.CCM.0000215598.84885.01.

21. Heulitt MJ, Clement KC. Physiology of the respiratory system. In:
Fuhrman BP, Zimmerman JJ, editors. Pediatric Critical Care. 5th
ed. Philadelphia, PA: Elsevier; 2017. p. 555–66.

22. Chiumello DAJ-M, Umbrello M, Cammaroto A, et al. Hysteresis
and lung recruitment in acute respiratory distress syndrome pa-
tients: a CT scan study. Crit Care Med. 2020;48:1494–502.

23.• Blokpoel RG, Burgerhof JG,Markhorst DG, Kneyber MC. Patient-
ventilator asynchrony during assisted ventilation in children.
Pediatr Crit Care Med. 2016;17(5):e204–11. https://doi.org/10.
1097/PCC.0000000000000669 Reviews data on patient-
ventilator asynchrony in pediatric patients.

24.• Mortamet G, Larouche A, Ducharme-Crevier L, Flechelles O,
Constantin G, Essouri S, et al. Patient-ventilator asynchrony during
conventional mechanical ventilation in children. Ann Intensive Care.
2017;7(1):122. https://doi.org/10.1186/s13613-017-0344-8 Reviews
data on patient-ventilator asynchrony in pediatric patients.

25. de Haro C, Ochagavia A, Lopez-Aguilar J, Fernandez-Gonzalo S,
Navarra-Ventura G, Magrans R, et al. Patient-ventilator asyn-
chronies during mechanical ventilation: current knowledge and re-
search priorities. Intens Care Med Exp. 2019;7(Suppl 1):43. https://
doi.org/10.1186/s40635-019-0234-5.

26. Nilsestuen JO, Hargett KD. Using ventilator graphics to identify
patient-ventilator asynchrony. Respir Care. 2005;50(2):202–34 dis-
cussion 32-4.

27. Thille AW, Rodriguez P, Cabello B, Lellouche F, Brochard L.
Patient-ventilator asynchrony during assisted mechanical ventila-
tion. Intensive Care Med. 2006;32(10):1515–22. https://doi.org/
10.1007/s00134-006-0301-8.

28. deWit M, Miller KB, Green DA, Ostman HE, Gennings C, Epstein
SK. Ineffective triggering predicts increased duration of mechanical
ventilation. Crit Care Med. 2009;37(10):2740–5. https://doi.org/10.
1097/ccm.0b013e3181a98a05.

29.• Blanch L, Villagra A, Sales B,Montanya J, Lucangelo U, LujanM,
et al. Asynchronies during mechanical ventilation are associated
with mortality. Intensive Care Med. 2015;41(4):633–41. https://
doi.org/10.1007/s00134-015-3692-6 Reviews data on how
patient-ventilator asynchrony can increase mortality.

30. de Wit M. Monitoring of patient-ventilator interaction at the bedside.
Respir Care. 2011;56(1):61–72. https://doi.org/10.4187/respcare.
01077.

31. Gilstrap D, MacIntyre N. Patient-ventilator interactions.
Implications for clinical management. Am J Respir Crit Care
Med. 2013;188(9):1058–68. https://doi.org/10.1164/rccm.
201212-2214CI.

32.•• Davies JD, Kneyber MC. Optimizing patient-ventilator synchrony
in adult and pediatric populations. In: Cheifetz I, NRMI, Marini JJ,
editors. Mechanical ventilation : essentials for current adult and
pediatric practice. Mount Prospect, IL: Society of Critical Care
Medicine, The Intensive Care Professionals; 2017. p. 252.
Reviews basics of patient-ventilator asynchronies.

33. Georgopoulos D, Prinianakis G, Kondili E. Bedside waveforms
interpretation as a tool to identify patient-ventilator asynchronies.
Intensive Care Med. 2006;32(1):34–47. https://doi.org/10.1007/
s00134-005-2828-5.

34. Akoumianaki E, Lyazidi A, Rey N, Matamis D, Perez-Martinez N,
Giraud R, et al. Mechanical ventilation-induced reverse-triggered
breaths: a frequently unrecognized form of neuromechanical cou-
pling. Chest. 2013;143(4):927–38. https://doi.org/10.1378/chest.
12-1817.

Publisher’s Note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.

19Curr Pediatr Rep (2021) 9:11–19

https://doi.org/10.1016/j.siny.2015.01.004
https://doi.org/10.1016/j.siny.2015.01.004
https://doi.org/10.1016/j.ccm.2016.07.003
https://doi.org/10.4187/respcare.07805
https://doi.org/10.4187/respcare.07805
https://doi.org/10.1056/NEJM200005043421801
https://doi.org/10.1056/NEJM200005043421801
https://doi.org/10.4187/respcare.03410
https://doi.org/10.4187/respcare.03410
https://doi.org/10.1164/rccm.201612-2495CI
https://doi.org/10.1097/CCM.0000000000000546
https://doi.org/10.1097/CCM.0000000000000546
https://doi.org/10.1097/PCC.0000000000001846
https://doi.org/10.4187/respcare.06151
https://doi.org/10.1097/MCC.0b013e32811e14f2
https://doi.org/10.1097/MCC.0b013e32811e14f2
https://doi.org/10.1056/NEJM199802053380602
https://doi.org/10.1056/NEJM199802053380602
https://doi.org/10.1097/01.CCM.0000215598.84885.01
https://doi.org/10.1097/PCC.0000000000000669
https://doi.org/10.1097/PCC.0000000000000669
https://doi.org/10.1186/s13613-017-0344-8
https://doi.org/10.1186/s40635-019-0234-5
https://doi.org/10.1186/s40635-019-0234-5
https://doi.org/10.1007/s00134-006-0301-8
https://doi.org/10.1007/s00134-006-0301-8
https://doi.org/10.1097/ccm.0b013e3181a98a05
https://doi.org/10.1097/ccm.0b013e3181a98a05
https://doi.org/10.1007/s00134-015-3692-6
https://doi.org/10.1007/s00134-015-3692-6
https://doi.org/10.4187/respcare.01077
https://doi.org/10.4187/respcare.01077
https://doi.org/10.1164/rccm.201212-2214CI
https://doi.org/10.1164/rccm.201212-2214CI
https://doi.org/10.1007/s00134-005-2828-5
https://doi.org/10.1007/s00134-005-2828-5
https://doi.org/10.1378/chest.12-1817
https://doi.org/10.1378/chest.12-1817

	The Basics of Ventilator Waveforms
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Ventilator Mode Basics
	Scalars
	Volume Versus Time Scalar
	Flow Versus Time Scalar
	Pressure Versus Time Scalar
	Stress Index

	Loops
	Pressure-Volume Curve
	Flow-Volume Curve

	Ventilator Waveforms and Synchrony
	Asynchronies Related to Breath Initiation
	Asynchronies Related to Flow
	Asynchronies Related to Cycling

	Conclusion
	References
	Papers of particular interest, published recently, have been highlighted as: • Of importance •• Of major importance



