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Ventilator waveform interpretation in
mechanically ventilated small animals
Terry M. Corona, DVM and Marcel Aumann, DVM, DACVIM, DACVECC

Abstract

Objective – To review the topic of ventilator waveforms analysis with emphasis on interpretation of ventilator
waveforms and their use in the management and monitoring of mechanically ventilated small animal patients.
Data sources – Human clinical studies, scientific reviews, and textbooks, as well as veterinary textbooks and
clinical examples of ventilator waveforms in mechanically ventilated dogs.
Summary – Ventilator waveforms are graphic representations of data collected from the ventilator and reflect
patient-ventilator interactions. The 4 parameters pressure, volume, flow, and time are most descriptive of
mechanical ventilation. Typically, 3 different graphs, also referred to as scalars, consisting of pressure versus
time, volume versus time, and flow versus time, with time always plotted on the x-axis, are used. Changes
in the ventilator settings as well as in the characteristics of the lungs such as airway resistance (Raw) and
respiratory system compliance (Crs) can be recognized from specific variations in the waveforms. Flow-volume
and pressure-volume loops provide additional information about changes in lung function. Patient-ventilator
dyssynchrony is a common problem during mechanical ventilation and can lead to patient discomfort and an
increased work of breathing. Ventilator waveforms are helpful to identify dyssynchrony, which can be divided
into trigger, flow, cycle, and expiratory dyssynchrony. Ventilator waveforms allow the clinician to assess changes
in respiratory mechanics, and can be useful in monitoring the progression of disease pathology and response
to therapy. Adjustments in ventilator settings based on proper analysis and interpretation of these waveforms
can help the clinician to optimize ventilation therapy.
Conclusions – Ventilator waveforms are graphic representations of patient-ventilator interactions. Proper in-
terpretation of ventilator waveforms affords the critical care clinician a better understanding of the patient’s
respiratory function, response to therapy, and causes for patient-ventilator dyssynchrony. Ventilator waveform
interpretation is an important tool in the assessment and management of mechanically ventilated small animal
patients.
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Introduction

Ventilator waveforms are graphic representations of
data collected from the ventilator that reflect patient-
ventilator interactions. Ventilator waveforms allow the
clinician to assess changes in respiratory mechanics, and
can be useful in monitoring the progression of disease
pathology and response to therapy. Adjustments in ven-
tilator settings based on proper analysis and interpreta-
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tion of these waveforms can help the clinician to optimize
ventilation therapy.

When analyzing ventilator waveforms it is important
to understand how they are created and which variables
affect them. This review intends to provide the critical
care clinician with the basic knowledge to analyze and
interpret ventilator waveforms.

Generation of Signals and Ventilator Data

Present-day mechanical ventilators have the capabil-
ity to collect a wealth of patient- and ventilator-related
data. Microprocessor electronics, through software con-
trol, enable mechanical ventilators to orchestrate a wide
array of automatically managed functions, one of which
being waveform displays of respiratory mechanics.1 Sig-
nals, which represent the behavior of variables of in-
terest, for example, pressure, flow, are the basis for the
management of these functions. The variable-to-signal
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transformation consists of signal sensing and signal
transduction.

Through analog-to-digital conversion, the signals can
be converted into digitalized electronic signals that are
useful in the control of the breathing algorithm, as well
as in the assessment of alarm threshold violations. The
digitalized electronic signals can be converted back into
an analog format and displayed on a monitor in the form
of numerical values, waveforms, loops, and trends. Fur-
thermore, these data can be stored and later retrieved.1 It
is important to realize that the data collected by the me-
chanical ventilator are based on estimations rather than
on exact measurements and must always be interpreted
within the context of the individual patient.

Physiological Terms and Concepts Related to
Mechanical Ventilation

Mechanics of spontaneous ventilation
Ventilation is the movement of air into and out of the
lungs.2 The conductive airways begin at the mouth and
nose and end in the terminal bronchioles. Air flows
through the conductive airways along the pressure gra-
dient from the high-pressure point to the low-pressure
point. Lung volumes change as a result of air flow. Air
flows into the lungs when the pressure in the alveoli
is lower than the pressure at the mouth and nose. Air
flows out of the lungs when the pressure in the alveoli is
greater than the pressure at the mouth and nose. At the
end of inspiration or expiration the pressure in the alveoli
and at the mouth and nose are equal. There is no pres-
sure gradient across the conductive airways and air flow
ceases. Ventilating pressures are typically measured in
centimeters of water pressure (cm H2O) and referenced
to atmospheric pressure with a baseline value of zero.

Basic definitions related to mechanical ventilation
The volume of air entering the lungs with each inspira-
tion is called the tidal volume (VT) and is expressed in
mL or L.3 The respiratory frequency (f) is the number
of respiratory cycles (breaths) per minute.3 The volume
measured in mL or L of air inspired per minute repre-
sents the minute ventilation (Vmin). The time required
to complete inspiration, that is, inspiratory time (TI) is
determined by the VT and the flow rate and can be de-
scribed by the equation TI = VT/Flow Rate.3 Based on
this equation an inspiratory flow rate of, for example,
5 L/min (ie, 83 mL/s) with an inspiratory time of 1 s
will result in a VT of about 83 mL. The inspiratory flow
rate determines how quickly the breath is delivered and
can be expressed in volume per minute or volume per
second. The cycle time (TC), which is the sum of the inspi-
ratory time (TI) and expiratory time (TE), depends on the

respiratory rate. The expiratory time can be calculated by
subtracting TI from TC.3

Airway pressure (Paw), also called airway opening
pressure (Pawo), is the pressure measured at the mouth
or nose.4 It is zero (atmospheric) if no pressure is ap-
plied. Pleural pressure (Ppl) is the pressure within the
potential space between the parietal and visceral pleura.
An approximation of Ppl can be obtained by measuring
esophageal pressure.4–6 During spontaneous breathing
the Ppl becomes more negative, for example, Ppl is about
–5 cm H2O at the end of expiration and about –10 cm H2O
at the end of inspiration.4, 7 Alveolar pressure (PA) is the
pressure inside the alveoli. The negative Ppl is transmit-
ted to the alveolar space; therefore, changes in Ppl will
result in changes in PA.4 During spontaneous breath-
ing, the pressure gradient between the mouth and alve-
olus is about −3 to −5 cm H2O causing air to flow from
the mouth into the alveoli during inspiration.4 Alveolar
pressure during expiration is positive, about +5 cm H2O,
causing air to flow out of the lungs during expiration.4, 7

The PA is zero (atmospheric) at the end of inspiration or
expiration.7

During positive pressure ventilation the pressure mea-
sured by the manometer rises progressively until it
reaches the highest pressure at the end of inspiration.
This pressure is called the peak inspiratory pressure
(PIP), which is the sum of the pressure required to over-
come airway resistance (ie, transairway pressure, PTA)
and the pressure necessary to distend the alveoli (PA).4

The plateau pressure (PPlat) is the proximal airway
pressure, that is, pressure at the mouth measured dur-
ing an end inspiratory hold. During an end inspiratory
hold, shown in Figure 1, gas flow stops and the pressure
at the mouth is equal to the average pressure inside the
alveoli.4 The PPlat is a reflection of the effect of the elastic
recoil on the gas volume inside the alveoli and the pres-
sure generated by the recoil of the plastic tubing of the
ventilator.4 It is an approximation of the PA that cannot
be measured directly. The PPlat has been used in place of
the PA to assess the resistance of the airways (Raw) and
the static respiratory system compliance (Crs).4

The pressure from which a ventilator breath is initi-
ated is called the baseline pressure.4 The baseline pres-
sure can be zero (ie, atmospheric) or positive. A pos-
itive baseline pressure is referred to as positive end-
expiratory pressure (PEEP) in the mechanically venti-
lated patient or continuous positive airway pressure
(CPAP) in the spontaneously breathing patient. CPAP
refers to maintaining a certain level of positive airway
pressure during both inspiration and expiration.4 Extrin-
sic and intrinsic PEEP must be differentiated. Extrinsic
PEEP (PEEPE) refers to PEEP intentionally set by the
operator through manipulation of the ventilator set-
tings. Intrinsic PEEP (PEEPI), commonly referred to as
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Figure 1: During the inspiratory phase of a positive pressure
breath, pressure rises from baseline to a peak inspiratory pres-
sure (PIP). The PIP is the sum of the pressure needed to overcome
the resistance of the airways and the pressure needed to distend
the alveoli. Airflow through the airways ceases during an inspi-
ratory hold maneuver and transairway pressure becomes zero (in
the absence of airflow there is no airway resistance to overcome).
PIP during an inspiratory hold maneuver is equal to the plateau
pressure, which is an approximation of alveolar pressure. During
expiration, airway pressure falls progressively until it returns to
baseline pressure at the end of expiration. A positive baseline
pressure in the mechanically ventilated patient is called posi-
tive end-expiratory pressure (PEEP). Modified from SP Pilbeam,
Cairo JM. Mechanical Ventilation Physiological and Clinical Ap-
plications. Fourth ed, Mosby Inc; 2006 with permissions.

auto-PEEP, is not set by the operator and occurs when
air is inadvertently trapped in the airways.4 Auto-PEEP
typically occurs with short expiratory times, high minute
ventilation, and in patients with increased airway resis-
tance resulting in collapse of the small airways before
exhalation is complete.4, 8 Clinical conditions that may
lead to auto-PEEP secondary to increased airway resis-
tance include small endotracheal tube (ET) size, bron-
chospasm, increased secretions, and mucosal edema.4

Lung characteristics
The 2 main characteristics of the lungs are compliance
and resistance.4 Elastic forces and frictional forces op-
pose inflation of the lungs.4 Elastic forces arise from
the elastic properties of the lungs and thorax. Frictional
forces are the result of resistance of the tissues and organs
against movement and displacement during breathing,
that is, tissue viscous resistance, and the resistance to gas
flow through the airways, that is, airway resistance Raw.4

Compliance is the relative ease with which a structure
distends. Elastance is the opposite of compliance and de-

scribes the tendency of a structure to return to its original
form after being stretched.4 With regard to the respira-
tory system, elastance refers to the tendency of the lungs
and chest wall to recoil after distension. In pulmonary
physiology, the term compliance is most commonly used
to describe the elastic forces that oppose lung inflation.
It is defined as the change in volume for a given change
in pressure; C = �V/�P. The compliance of the res-
piratory system is the sum of the compliances of the
lung and the surrounding thoracic structures. Compli-
ance is usually measured under no flow conditions and
is therefore referred to as static compliance.4 Changes
in the condition of the lungs, pleural space, chest wall,
and intra-abdominal structures influence total respira-
tory system compliance and therefore the pressure re-
quired to inflate the lungs. Conditions that decrease the
compliance of the respiratory system lead to an increase
in the pressure required to inflate the lungs, for example,
acute respiratory distress syndrome (ARDS), pleural or
peritoneal effusion. The opposite is true for conditions
that increase the compliance of the respiratory system,
for example, emphysema.

Resistance associated with ventilation is the result
of the anatomical structure of the conductive airways
and the tissue viscous resistance of the lungs and the
surrounding tissues and organs.4 Tissue viscous re-
sistance typically remains constant during mechanical
ventilation.4 Resistance to airflow through the conduc-
tive airways depends on the viscosity and density of the
gas, the flow rate of the gas, and the length and diam-
eter of the conductive airways. In the clinical setting,
the diameter of the ET and patient’s airways, as well
as the flow rate of the gas are the most important fac-
tors influencing airway resistance.4 Bronchospasm, in-
creased airway secretions and kinks or secretions in the
ET, can decrease the diameter of the airway lumen and
ET and increase resistance to airflow. The rate at which
gas flows into the lungs is controlled by the mechanical
ventilator.

Equation of motion
During mechanical ventilation, the pressure applied to
the respiratory system is equal to the sum of the pres-
sure generated by the ventilator and the pressure gen-
erated by the respiratory muscles.9 These pressures pro-
duce motion, that is, flow, to deliver a volume of gas
into the lungs. The compliance and resistance of the res-
piratory system make up the load against which the
ventilator and the respiratory muscles must work to
deliver a breath. When a patient is on full ventilatory
support, the pressure developed by the respiratory mus-
cles is negligible.9 The equation of motion describes the
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relationship between pressure, flow, and volume deliv-
ery and is given below.4, 9

Ventilator pressure (Pvent) + muscle pressure (Pmus)
= elastic recoil pressure + flow resistance

The pressure necessary to deliver a breath must over-
come the elastic recoil forces of the lungs and chest wall,
and the resistance to air flow through the airways. Elas-
tic recoil pressure can be expressed as the product of
elastance and volume, and the resistive pressure as the
product of resistance and flow.4

Pvent + Pmus = (elastance × volume) + (resistance ×
flow)

Because elastance is the inverse of compliance, elas-
tic recoil pressure is equal to the volume divided by
compliance.9

Pvent + Pmus = (volume/compliance) + (resistance ×
flow)

The pressure and flow generated by the ventilator are
measured by the pressure and flow transducers built into
the ventilator. Volume and flow are closely related, that
is, volume is derived mathematically from the integra-
tion of the flow waveform.9 In summary, the equation
of motion is used to describe the dynamic relationship
between pressure, volume, and flow, which are the three
interdependent variables that may be manipulated by
the ventilator.9, 10 The ventilator can control either the
left-hand side of the equation by controlling the airway
pressure or the right-hand side by controlling volume
and flow. Patient characteristics determine respiratory
system compliance and resistance. The equation of mo-
tion is built into the ventilator software and is the basis
for machine operation.

Basic concepts underlying ventilator waveform
analysis and interpretation

The 4 parameters pressure, volume, flow, and time
are most descriptive of mechanical ventilation. Six ba-
sic waveforms can be derived from these 4 parame-
ters including rectangular, descending ramp, ascending
ramp, sinusoidal, and exponential rising and decaying
as shown in Figure 2.4 Pressure waveforms are usually
rectangular or rising exponential, whereas volume wave-
forms are usually ascending ramp or sinusoidal. Flow
waveforms can take various forms. The waveform of
a spontaneous breath is characteristically sinusoidal in
shape.

Typically, 3 different graphs consisting of pressure ver-
sus time, volume versus time, and flow versus time are
used. These graphs are also referred to as scalars as
shown in Figure 3. Time is always plotted on the x-axis,

Rectangular Decending ramp Ascending ramp

Sinusoidal Exponential (rise) Exponential (decay)

Figure 2: The 6 basic waveforms derived from the 4 parame-
ters pressure, volume, flow, and time. Modified from SP Pilbeam,
Cairo JM. Mechanical Ventilation Physiological and Clinical Ap-
plications. Fourth ed, Mosby Inc; 2006 with permissions.

Figure 3: Pressure-time, volume-time, and flow-time scalars.
Scalars represent changes in pressure, flow, and volume during
inspiration and expiration. Modified from Waugh JB, Deshpande
VM, Brown MK, Harwood RJ. Rapid Interpretation of Ventilator
Waveforms. 2nd ed. Upper Saddle River, NJ, Pearson Prentice
Hall; 2007 with permissions.

and pressure, flow, and volume are plotted on the y-axis.
The ventilator draws the waveforms based on preset as
well as calculated parameters. Changes in the ventila-
tor settings result in predictable changes in the graphs.
Changes in the characteristics of the lungs such as air-
way resistance (Raw) and respiratory system compliance
(Crs) can be recognized from specific variations in the
waveforms. Other graphs such as flow-volume (FV) and
pressure-volume (PV) loops provide additional informa-
tion about changes in lung function.3
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Ventilator waveforms and the phases of the me-
chanical breath

Pressure, volume, and flow scalars can be used to divide
the mechanical breath into six phases, including begin-
ning of inspiration, inspiration, end of inspiration, be-
ginning of expiration, expiration, and end of expiration
as shown in Figure 4.

The beginning of inspiration (A) depends on the trig-
gering mechanism, which is the mechanism by which a
breath is initiated. A breath can be ventilator-triggered
or patient-triggered. A ventilator-triggered breath is ini-
tiated after a predetermined time and is therefore also
called time-triggered. The pressure versus time scalar
shows that a ventilator-triggered breath starts at base-
line in contrast to a patient-triggered breath, which has
a negative deflection at the onset of the breath.3 The me-
chanical breath is delivered during inspiration (B). Flow,
volume, and pressure characteristics of the breath de-
pend on different factors such as airway resistance, lung
compliance, type and magnitude of flow, and the deliv-
ered tidal volume. The cycling mechanism that is deter-
mined by the clinician is responsible for the termination
of inspiration (C) and the switch from inspiration to ex-
piration. A breath can be volume, pressure, time, or flow

cycled. The beginning of expiration (D) is marked by the
opening of the exhalation valve that usually coincides
with the end of inspiration. In special situations such as
activation of end inspiratory pause, the expiration valve
does not open even though the inspiratory gas flow has
stopped. An end inspiratory pause holds the delivered
volume in the lungs to obtain the plateau pressure. On
the volume versus time and pressure versus time scalars
C and D are at the same point. On the flow versus time
scalar, however, C and D are separated. The expiratory
phase begins with a negative deflection indicating flow
away from the patient. Exhalation (E) occurs passively.
Several factors including airway resistance, resistance of
the artificial airway, and the elastic recoil force of the
lung affect the exhalation characteristics of the graph.
Termination of expiration (F) and the beginning of the
next breath (A).3

Modes of Mechanical Ventilation and Correspond-
ing Flow, Volume, and Pressure Scalars

Three main modes of ventilation, including continu-
ous mandatory ventilation (CMV), intermittent manda-
tory ventilation (IMV), and continuous spontaneous

Figure 4: Six phases of the mechanical breath during volume-controlled ventilation. Beginning of inspiration (A), inspiration (B), end
of inspiration (C), beginning of expiration (D), expiration (E), and end of expiration (F). Modified from Waugh JB, Deshpande VM,
Brown MK, Harwood RJ. Rapid Interpretation of Ventilator Waveforms. 2nd ed. Upper Saddle River, NJ, Pearson Prentice Hall; 2007
with permissions.
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ventilation (CSV) can be differentiated.10 CMV and IMV
commonly use either pressure or volume as the con-
trol variable, which are the main variables manipulated
through the ventilator.10 Examples of the different modes
of ventilation and their corresponding ventilator wave-
forms will be discussed individually. A brief description
of the modes of ventilation is provided; however, further
details and clinical applications are beyond the scope of
this article.

In CMV, the clinician sets a minimum respiratory rate.
CMV includes control mode and assist-control mode.10

The control mode is time-triggered, whereas the assist-
control mode is either patient- or time-triggered.4 If
the patient makes no respiratory effort then ventilator-
driven breaths are delivered at a preset rate (ie, most
anesthesia ventilators are time-triggered). In the assist-
control mode, the operator sets a minimum respiratory
rate, and the patient can trigger additional breaths each
of which is assisted by the ventilator. Ventilator-assisted
breaths can be pressure- or flow-triggered. The inspira-
tory effort of the patient leads to either a drop in pressure
(eg, –2 cm H2O) or in flow (eg, 2 L/min) in the patient
circuits, which is sensed by the ventilator and a breath is
delivered.11

In IMV, the ventilator delivers a set number of manda-
tory breaths (pressure- or volume-controlled), however
the patient can take spontaneous breaths in between
the mandatory breaths. In synchronized intermittent
mandatory ventilation (SIMV) the ventilator attempts
to synchronize the mandatory breaths with the patient’s
inspiratory efforts, which helps avoid patient discomfort
due to breath stacking.

In CSV, all breaths are spontaneous. There are no
mandatory ventilator-driven breaths. This mode is re-
served for patients with strong inspiratory efforts, as
the inspiratory time and the VT are determined by the
patient.10 CPAP and pressure support ventilation (PSV)
may be used to enhance CSV. In CPAP, a constant level
of positive pressure is applied during both inspira-
tion and expiration, without augmenting airflow dur-
ing inspiration.10 Pressure-support ventilation provides
a preset amount of airway pressure during inspiration
to augment a patient’s spontaneous breath. The pres-
sure rises rapidly to the set level of pressure support
and is maintained at that level throughout inspiration.
Pressure-support ventilation is typically used in conjunc-
tion with other modes of ventilation such as SIMV or
CPAP.10

Controlled mandatory ventilation using volume-
controlled vs. pressure-controlled ventilation
Pressure-time scalar During volume-controlled ventila-
tion shown in Figure 5, airway pressure rises abruptly
at the beginning of inspiration when gas flow encoun-

Figure 5: Pressure-time scalars during volume-controlled venti-
lation. Pressure will rise during inspiration until the set volume
is reached. Modified from Waugh JB, Deshpande VM, Brown
MK, Harwood RJ. Rapid Interpretation of Ventilator Waveforms.
2nd ed. Upper Saddle River, NJ, Pearson Prentice Hall; 2007 with
permissions.

ters the frictional resistance of the airways. After airway
resistance is overcome, gas flows into the alveoli where
it meets elastic resistance. The more gradual increase in
pressure seen is due to elastic resistance and is depen-
dent on the volume and flow delivered, as well as the
compliance of the lungs. Volume delivery ends when
the set VT is reached. The down slope represents the ex-
piratory limb of the graph. The exhalation valve of the
ventilator opens and pressure decreases to baseline.3

During pressure-controlled ventilation, shown in
Figure 6, the airway pressure rises rapidly to the set
pressure and remains constant throughout the inspi-
ratory phase. The shape of the pressure-time scalar
changes according to the rise time and the inspira-
tory time.8 The curve on the left shows a faster rise
time and a shorter inspiratory time than the curve on
the right. The rise time does not affect the inspiratory
time, however it determines how quickly the ventilator
achieves the set target pressure. The pressure-time scalar
is typically used to help differentiate between controlled
and assisted breaths.8 Figure 7A represents pressure-
time scalars during volume-controlled ventilation on
the left and pressure-controlled ventilation on the right.
Notice in Figure 7a, the breaths are patient-triggered

Figure 6: Pressure-time scalars during pressure-controlled ven-
tilation. Notice the scalar on the left shows a slightly faster rise
time and a shorter inspiratory time than the scalar on the right.
Modified from Waugh JB, Deshpande VM, Brown MK, Harwood
RJ. Rapid Interpretation of Ventilator Waveforms. 2nd ed. Upper
Saddle River, NJ, Pearson Prentice Hall; 2007 with permissions.
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Figure 7: (A) Pressure-time scalars during volume-controlled ventilation versus pressure-controlled ventilation. Notice the difference
in appearance of the scalars in volume-controlled ventilation versus pressure-controlled ventilation. In volume-controlled ventilation
the scalars have a curvilinear shape and the peak inspiratory pressure (PIP) will vary with the resistance of the airways, the compliance
of the lungs, and the flow rate. In pressure-controlled ventilation the scalar shows a rise in pressure during inspiration to the preset
PIP. The negative deflection at the onset of the breath helps to differentiate between controlled and assisted breaths. Modified from
Waugh JB, Deshpande VM, Brown MK, Harwood RJ. Rapid Interpretation of Ventilator Waveforms. 2nd ed. Upper Saddle River, NJ,
Pearson Prentice Hall; 2007 with permissions. (B) Examples of pressure-time scalars during volume-controlled and pressure-controlled
assist/control mode in a mechanically ventilated dog. Notice there is no patient triggering at the beginning of inspiration identifying
the breaths as ventilator-triggered breaths.

ventilator-assisted breaths characterized by a negative
deflection at the onset of the breaths.3

Volume-time scalar In Figure 8, the left side of the
graph illustrates a volume-time scalar during volume-
controlled ventilation. Due to the rectangular flow pat-

tern in volume-controlled ventilation, volume is deliv-
ered in fixed increments per unit of time resulting in a
straight-line upslope that terminates when the set VT is
reached. The right side of the graph in Figure 8, illus-
trates a volume-time scalar during pressure-controlled
ventilation. Due to the decelerating flow pattern in
pressure-controlled ventilation the volume-time scalar

Figure 8: (A) Volume-time scalars during volume-controlled ventilation versus pressure-controlled ventilation. In volume-controlled
ventilation, the delivered volume will remain constant, while it may vary depending on changes in airway resistance and lung compli-
ance during pressure-controlled ventilation. Modified from Waugh JB, Deshpande VM, Brown MK, Harwood RJ. Rapid Interpretation
of Ventilator Waveforms. 2nd ed. Upper Saddle River, NJ, Pearson Prentice Hall; 2007 with permissions. (B) Examples of volume-time
scalars during volume-controlled and pressure-controlled assist/control mode in a mechanically ventilated dog.
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is curvilinear. Delivered volume will remain relatively
constant during volume-controlled ventilation, but will
vary in pressure-controlled ventilation as the patient’s
lung characteristics change.

The down slope of the 3 scalars shown in Figure 9
represent the expiratory limbs. During expiration, the
exhalation valve of the ventilator opens and volume de-
creases to baseline as shown in the volume-time scalar
labeled A.3 Typically an air leak in the expiratory circuit
of the ventilator, a bronchopleural fistula, or gas trap-

Figure 9: Volume-time scalars during volume-controlled venti-
lation with differing expiratory limbs. Normal expiratory limb
(A). Expiratory limb not returning to baseline indicative of an
air leak (B). Expiratory limb dropping below baseline indicative
of active patient exhalation (C). Modified from Lian JX. Under-
standing ventilator waveforms and how to use them in patient
care. Nursing Crit Care 2009; 4(1): 43–55 with permissions.

ping in the lung (ie, auto-PEEP) is responsible when the
expiratory limb of the tracing does not return to base-
line as shown in the volume-time scalar labeled B.4, 12

A drop of the expiratory limb of the curve below the
baseline, represented by the volume-time scalar labeled
C indicates active patient exhalation or flow transducer
malfunction.4, 8, 12

Flow-time scalar In Figure 10, the left side of the graph
illustrates a flow-time scalar during volume-controlled
ventilation. The ventilator delivers a constant flow
throughout inspiration depicted by the rectangular in-
spiratory flow pattern. The flow instantly reaches the
set flow rate, remains constant for the determined inspi-
ratory time, and then decreases to zero during expira-
tion. Some ventilators allow for a change in flow pattern
from rectangular to decelerating, however a rectangu-
lar inspiratory flow pattern is characteristic for volume-
controlled ventilation. The right side of the graph illus-
trates a flow-time scalar during pressure-controlled ven-
tilation. The inspiratory flow reaches a maximum at the
beginning of inspiration and then tapers off throughout
the inspiratory phase and may or may not reach zero
before the end of inspiration. A decelerating flow pat-
tern during the inspiratory phase is characteristic for
pressure-controlled ventilation.3

Figure 10: (A) Flow-time scalar during volume-controlled ventilation versus pressure-controlled ventilation. Notice the rectangular
inspiratory flow pattern in volume-controlled ventilation due to delivery of a preset tidal volume at a constant inspiratory flow
rate. During pressure-controlled ventilation, inspiratory flow reaches a maximum at the beginning of inspiration and then tapers
off throughout the inspiratory phase resulting in a decelerating flow pattern. Modified from Waugh JB, Deshpande VM, Brown
MK, Harwood RJ. Rapid Interpretation of Ventilator Waveforms. 2nd ed. Upper Saddle River, NJ, Pearson Prentice Hall; 2007 with
permissions. (B) Examples of flow-time scalars during volume-controlled and pressure-controlled assist/control mode in a mechanically
ventilated dog. Notice the distinct difference in appearance of the inspiratory limbs between the two modes.
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Expiratory flow is passive and depends on the airway
resistance, resistance of the artificial airways, as well as
the elastic recoil forces of the lung and chest wall. Re-
gardless of the control variable, only the flow-time scalar
has a negative tracing during expiration. Typically, expi-
ratory flow reaches a maximum during the beginning of
expiration and then rapidly tapers off toward zero until
the next mechanical breath is delivered.

Synchronized intermittent mandatory ventilation
(SIMV)
SIMV can be distinguished from CMV by the presence
of spontaneous, ventilator-unassisted breaths. Ventilator
waveforms of spontaneous breaths appear distinctly dif-
ferent from the mandatory or assisted breaths, as well as
from each other depending on the scalar being evalu-
ated.

Pressure-time scalar

Figure 11 shows a pressure-time scalar with a sponta-
neous breath following each of the ventilator-assisted
breaths. Spontaneous breaths are sinusoidal with a neg-
ative deflection, that is, negative pressure during inspi-
ration and a positive deflection, that is, positive pressure
during expiration. The ventilator-assisted breaths on the
other hand show positive pressure during inspiration.
Breaths 1 and 3 are patient-triggered ventilator-assisted
breaths as seen by the negative deflection at the onset of
inspiration.3

Figure 11: Pressure-time scalar during volume-controlled SIMV
with alternating ventilator-assisted breaths and spontaneous
breaths. Notice the ventilator-assisted breaths as previously de-
scribed for positive pressure ventilation (PPV) in contrast to the
sinusoidal shape of spontaneous (ventilator-unassisted) breaths.
During normal spontaneous breathing a negative pressure is gen-
erated during inspiration and a positive pressure during expira-
tion. The amplitude of the pressures generated during sponta-
neous breaths are smaller than the amplitude generated during
ventilator-assisted breaths. Modified from Waugh JB, Deshpande
VM, Brown MK, Harwood RJ. Rapid Interpretation of Ventilator
Waveforms. 2nd ed. Upper Saddle River, NJ, Pearson Prentice
Hall; 2007 with permissions.

Volume-time scalar

Figure 12 shows a volume-time scalar with a spon-
taneous breath following each of the ventilator-
assisted breaths. The VT for the mechanical
breaths reaches the volume set by the operator
(eg, 400 mL) whereas the VT for the spontaneous breaths
may only reach a fraction of that volume (eg, 100 mL).3

Figure 12: Volume-time scalar during volume-controlled SIMV
with alternating ventilator-assisted breaths and spontaneous
breaths. Notice the tidal volumes generated during the spon-
taneous breaths are less than the preset tidal volumes generated
during the ventilator-assisted breaths. Modified from Waugh JB,
Deshpande VM, Brown MK, Harwood RJ. Rapid Interpretation of
Ventilator Waveforms. 2nd ed. Upper Saddle River, NJ, Pearson
Prentice Hall; 2007 with permissions.

Flow-time scalar

Figure 13 shows a flow-time scalar with a spontaneous
breath following each of the ventilator-assisted breaths.
Breath 1 and 3 are ventilator-assisted breaths character-
ized by the typical rectangular inspiratory flow pattern.
The breaths following the ventilator-assisted breaths are
spontaneous breaths that can be identified by the sinu-
soidal shape of their waveform with the inspiratory por-
tion above the baseline and expiratory portion below the
baseline.3

Figure 13: Flow-time scalar during volume-controlled SIMV
with alternating ventilator-assisted breaths and spontaneous
breaths. Notice that although the shape of the flow-time scalar
during the spontaneous breaths and ventilator-assisted breaths is
different, flow rises during inspiration and drops below baseline
during expiration in both spontaneous and ventilator-assisted
breaths. Modified from Waugh JB, Deshpande VM, Brown MK,
Harwood RJ. Rapid Interpretation of Ventilator Waveforms. 2nd
ed. Upper Saddle River, NJ, Pearson Prentice Hall; 2007 with
permissions.
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Synchronized intermittent mandatory ventilation
(SIMV) with pressure support ventilation (PSV)

As stated previously, the VT during a spontaneous breath
is typically smaller than the VT during a ventilator-
assisted breath and may not be sufficient to maintain
adequate oxygenation and ventilation. In addition, spon-
taneous breathing through the ventilator circuit may in-
crease the work of breathing. Adding pressure support to
a spontaneous breath may increase the VT and decrease
the work of breathing.8

Pressure-time scalar PSV is meant to support a patient’s
spontaneous breath by helping to decrease the work
of breathing. The pressure is typically set to reach a
lower peak airway pressure than during a pressure-
controlled ventilator-assisted breath. Figure 14 shows al-
ternating pressure-supported spontaneous breaths and
ventilator-assisted breaths. All of the breaths are patient-
triggered as seen by the negative deflection at the on-
set of inspiration. The pressure-supported breath main-
tains the set pressure throughout the inspiratory phase.

Figure 14: (A) Pressure-time scalar during volume-controlled
SIMV with pressure support. Notice the ventilator-assisted
breaths reach higher peak pressures than those of the pressure-
supported spontaneous breaths. Both breath types display a neg-
ative deflection before each breath reflecting the patient’s inspi-
ratory efforts. The pressure-supported breaths will maintain the
set pressure throughout the inspiratory phase. Modified from
Waugh JB, Deshpande VM, Brown MK, Harwood RJ. Rapid Inter-
pretation of Ventilator Waveforms. 2nd ed. Upper Saddle River,
NJ, Pearson Prentice Hall; 2007 with permissions. (B) Example
of a pressure-time scalar during pressure-controlled SIMV with
pressure support in a mechanically ventilated dog. Notice again
the ventilator-assisted breaths reach higher peak pressures than
those of the pressure-supported spontaneous breaths (eg, breaths
2, 5, 8).

The pressure decreases to baseline during the expiratory
phase.3

Volume-time scalar Figure 15 shows a pressure-
supported spontaneous breath following each of the
ventilator-assisted breaths. The VT of a pressure-
supported breath tends to be greater than the VT of
a spontaneous breath without pressure support (see
Figure 12).

Figure 15: (A) Volume-time scalar during volume-controlled
SIMV with pressure support. Compare the scalars in this figure
to the scalars in Figure 12. Notice the VT of a pressure-supported
breath is greater than the VT generated by a spontaneous breath
without pressure support. Modified from Waugh JB, Deshpande
VM, Brown MK, Harwood RJ. Rapid Interpretation of Ventilator
Waveforms. 2nd ed. Upper Saddle River, NJ, Pearson Prentice
Hall; 2007 with permissions. (B) Example of a volume-time scalar
during pressure-controlled SIMV with pressure support in a me-
chanically ventilated dog. Notice the VT of a ventilator-assisted
breath is greater than the VT generated by a pressure-supported
spontaneous breath (eg, breaths 3, 6, 9).

Flow-time scalar Figure 16 shows alternating pressure-
supported spontaneous breaths and ventilator-assisted
breaths. The inspiratory flow pattern during the
ventilator-assisted breaths is rectangular as is charac-
teristic for volume-controlled ventilation. The inspira-
tory flow pattern during the pressure-supported spon-
taneous breath tapers toward baseline as the inspiratory
phase progresses. Pressure-supported breaths are flow-
cycled breaths, which means that the inspiratory flow
terminates when the rate of flow decreases below a cer-
tain level of peak flow, typically 25%.3, 8

Continuous positive airway pressure (CPAP)
CPAP may be used in spontaneously breathing pa-
tients that do not require full ventilatory support but
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Figure 16: (A) Flow-time scalar during volume-controlled SIMV
with pressure support. Notice the ventilator-assisted volume-
controlled breaths have the characteristic rectangular inspiratory
flow pattern, but during the pressure-supported spontaneous
breaths, the inspiratory flow pattern tapers toward baseline dur-
ing the inspiratory phase. Modified from Waugh JB, Deshpande
VM, Brown MK, Harwood RJ. Rapid Interpretation of Ventilator
Waveforms. 2nd ed. Upper Saddle River, NJ, Pearson Prentice
Hall; 2007 with permissions. (B) Example of a flow-time scalar
during pressure-controlled SIMV with pressure support in a me-
chanically ventilated dog. Notice the breaths of smaller magni-
tude are the pressure-supported breaths (eg, breaths 2, 5, 8).

demonstrate refractory hypoxemia, for example, due to
atelectasis secondary to sedation or anesthesia. In addi-
tion, CPAP may be helpful in lung recruitment maneu-
vers and spontaneous breathing trials.13 CPAP improves
oxygenation by increasing functional residual capacity
(FRC).4 The pressure-time scalar, as shown in Figure 17,
is the scalar that identifies the presence of CPAP. There is

Figure 17: Continuous positive airway pressure (CPAP). Notice
the elevation of the baseline pressure from zero in the pressure-
time scalar. Inspiratory and expiratory airway pressures remain
positive and do not return to zero baseline. Modified from Waugh
JB, Deshpande VM, Brown MK, Harwood RJ. Rapid Interpreta-
tion of Ventilator Waveforms. 2nd ed. Upper Saddle River, NJ,
Pearson Prentice Hall; 2007 with permissions.

an elevation of the baseline from zero (ie, atmospheric).3

Inspiratory and expiratory airway pressures remain pos-
itive and do not return to zero baseline. The volume-time
scalar shows variable spontaneous VT. The flow pattern
on the flow-time scalar indicates inspiratory and expira-
tory spontaneous flow.

Loops

Loops are continuous graphs of the inspiratory and ex-
piratory portions of the breath.3 Loops, unlike scalars,
do not depict time. They typically plot volume against
pressure or volume against flow. Similar to scalars, in-
formation can be derived from numerical values as well
as the shape of the waveforms.3

Pressure-volume loops
PV loops display the interaction between pressure and
volume and can therefore be used to assess the patient’s
respiratory system compliance.4 They also provide in-
formation on airway resistance Raw and help to differ-
entiate between a spontaneous breath and an assisted
or controlled positive pressure breath. During a sponta-
neous breath as shown in Figure 18, the PV loop moves
in a clockwise direction, starting at zero, that is, inter-
section of x- and y-axis.12, 14 The inspiratory portion of

Figure 18: PV loop of a spontaneous breath. Notice the PV loop
moves in a clockwise direction, starting at zero. The inspiratory
portion of the loop occurs on the left side of the y-axis, and the
expiratory portion of the loop on the right side of the y-axis.
Modified from Lian JX. Understanding ventilator waveforms and
how to use them in patient care. Nursing Crit Care 2009; 4(1): 43–55
with permissions.
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the loop occurs on the left side of the y-axis as airway
pressure drops, that is, becomes more negative during
inspiration. The expiratory portion of the loop occurs on
the right side of the y-axis as airway pressure increases,
that is, becomes more positive during expiration.4, 12, 14

During a positive pressure breath, the PV loop moves
in a counter-clockwise direction as shown in Figure 19.
The starting point of the loop depends on the amount of
PEEP applied. Both the inspiratory and expiratory por-
tion of the loop are on the right side of the y-axis.12 The
maximum pressure reached on the x-axis is the PIP and
the maximum volume reached on the y-axis is the VT.4

Figure 19: (A) PV loop of a mandatory ventilator-driven breath.
Notice during a positive pressure breath, the PV loop moves in
a counter-clockwise direction with both the inspiratory and ex-
piratory portions of the loop occurring on the right side of the
y-axis. The starting point of the loop is zero indicating the absence
of PEEP in this example. PIP is the maximum pressure reached
on the x-axis and VT is the maximum volume reached on the
y-axis. Modified from SP Pilbeam, Cairo JM. Mechanical Ventila-
tion Physiological and Clinical Applications. 4th ed. Mosby Inc;
2006 with permissions. (B) Example of a PV loop of a mandatory
ventilator driven-breath in a mechanically ventilated dog.

A patient-triggered breath creates a “trigger tail” at
the beginning of inspiration as illustrated in the PV loops
shown in Figure 20. Similar to a spontaneous breath, the
initiation of the breath is associated with a drop in airway
pressure below baseline, and the tracing moves to the left
(clockwise) reflecting the patient’s effort. Subsequently,
the tracing moves to the right (counter-clockwise) as the
ventilator delivers the breath.4 The size of the “trigger
tail” is a reflection of the patient’s effort to trigger the
ventilator as demonstrated in Figure 21. The bigger the
“trigger tail,” the bigger the effort. An increased effort to
trigger the ventilator will increase the work of breathing.
The trigger level is influenced by the sensitivity settings
of the ventilator.4, 12, 14

Figure 20: PV loop of a patient-triggered ventilator-assisted
breath in a patient receiving PEEP. Notice the “trigger tail” at
the beginning of inspiration caused from the brief drop in airway
pressure when the patient initiates the breath. The tracing moves
to the left (clockwise) reflecting the patient’s effort. Positive flow
from the ventilator is triggered, and the tracing moves to the right
(counter-clockwise) as the ventilator completes the breath. Modi-
fied from Lian JX. Understanding ventilator waveforms and how
to use them in patient care. Nursing Crit Care 2009; 4(1): 43–55
with permissions.

Figure 21: PV loop of a patient-triggered ventilator-assisted
breath in a patient receiving PEEP. Notice the larger size of
the trigger tail compared to Figure 20 indicating an increased
patient effort when triggering the ventilator. Modified from
Lian JX. Understanding ventilator waveforms and how to use
them in patient care. Nursing Crit Care 2009; 4(1): 43–55 with
permissions.

An incomplete PV loop is an indication of an air leak
either in the ventilator circuit or the patient, for example,
bronchopleural fistula.4 In Figure 22, the expiratory limb
of the PV loop does not return to baseline indicating
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Figure 22: Incomplete PV loop. (A) Notice the expiratory limb
of the PV loop does not return to baseline indicating that more
volume is delivered during inspiration than returned during ex-
piration. The loss of volume in this example is approximately 300
mL. Modified from Lian JX. Understanding ventilator waveforms
and how to use them in patient care. Nursing Crit Care 2009; 4(1):
43–55 with permissions. (B) Example of an incomplete PV loop
in a mechanically ventilated dog.

that more volume is delivered during inspiration than
returned during expiration. This loss of volume can be
quantified by identifying the end point of the expiratory
limb of the PV loop (ie, 300 mL).4, 12

Evaluation of the slope of the PV loop can help to
assess for changes in respiratory system compliance as
demonstrated in Figure 23.14 A decrease in compliance,
that is, the tidal volume decreases for the same distend-
ing pressure, results in a shift of the PV loop to the right
and downward (ie, decreased slope).4, 12, 14 An increase
in compliance, that is, the tidal volume increases for the
same distending pressure, results in a shift of the PV loop
to the left and upward (ie, increased slope).14

PV loops are also useful in the assessment of Raw.
When compliance remains constant and Raw increases
the amount of pressure needed to overcome Raw in-
creases. In Figure 24, the widening or bowing of the PV
loop is suggestive of increased Raw (solid line).3, 4, 12, 14

The size and shape of the bowing depend on differ-
ent variables including ventilation mode, for example,
pressure- or volume-controlled ventilation, an increase
in predominantly inspiratory or expiratory resistance, as
well as respiratory system compliance.3, 4

The PV loop may exhibit a lower inflection point (LIP)
and an upper inflection point (UIP) during the inspi-
ratory phase as shown in Figure 25.4, 12, 15 An inflection
point is the point where the slope of a line changes.3 The
LIP indicates the pressure at which large numbers of

Figure 23: (A) PV loop illustrating changes in respiratory sys-
tem compliance. Notice a decrease in compliance results in a shift
of the PV loop to the right and downward. An increase in com-
pliance results in a shift of the PV loop to the left and upward.
Modified from Lian JX. Understanding ventilator waveforms and
how to use them in patient care. Nursing Crit Care 2009; 4(1): 43–55
with permissions. (B) Example of decreased respiratory system
compliance in a mechanically ventilated dog.

Figure 24: PV loop illustrating changes in airway resistance.
Notice the widening or bowing of the PV loop shown by the
solid line indicating increased Raw as compared to the normal
conformation of the PV loop shown by the dashed line. Modified
from Lian JX. Understanding ventilator waveforms and how to
use them in patient care. Nursing Crit Care 2009; 4(1): 43–55 with
permissions.

alveoli are recruited.4, 12 The UIP indicates the pressure
at which the alveoli become overdistended.4, 12 When the
volume capacity of the lungs has been exceeded, appli-
cation of additional pressure causes very little increase in
volume.3 The volume limit is identified on the PV loop as
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Figure 25: PV loop illustrating the LIP and UIP. The LIP indi-
cates the pressure at which large numbers of alveoli are recruited
where as the UIP indicates the pressure at which the alveoli be-
come over distended. Modified from Lian JX. Understanding ven-
tilator waveforms and how to use them in patient care. Nursing
Crit Care 2009; 4(1): 43–55 with permissions.

the UIP and signifies an abrupt change in compliance in
the terminal phase of inspiration.3 Figure 26 shows this
abnormal loop shape (solid line) that is typically referred
to as “beaking.”3, 8, 12 Ways to decrease “beaking” involve
decreasing the pressure in pressure-controlled venti-
lation or decreasing the volume in volume-controlled
ventilation.3 It is recommended to try and ventilate
patients within the LIP and the UIP.4 This can be achieved
by setting the PEEP above the LIP and the VT below
the UIP. This ventilation strategy may be helpful to
keep the alveoli from collapsing and to avoid “baro-”
and “volutrauma” associated with high distending
pressures.4

Flow-volume loops
FV loops are most commonly used to evaluate changes
in Raw. In a recently published article noninvasive tidal
breathing FV loops were used to aid in the diagnosis
and staging of dogs with tracheal collapse.16 FV loops
obtained from patients receiving positive pressure ven-
tilation can assist in the detection of changes in airway
resistance such as from mucous plugs and air leaks,
and can be helpful to detect auto-PEEP.12 Typically the
inspiratory flow is depicted above the x-axis and the
expiratory flow below the x-axis. This arrangement may
be reversed depending on the ventilator.3

Figure 26: PV loop illustrating “beaking” (solid line). (A) No-
tice the abnormal shape of the PV loop at the terminal phase of
inspiration as the limit of alveolar distension is reached. The UIP
signifies an abrupt change in compliance as the alveoli become
over distended. Modified from Lian JX. Understanding ventilator
waveforms and how to use them in patient care. Nursing Critical
Care 2009; 4(1): 43–55 with permissions. (B) Example of “beaking”
in a mechanically ventilated dog. Notice that at the moment the
PV loop of the breath was recorded, the expiratory portion was
not fully complete.

Figure 27 illustrates important points on the FV loop
during ventilation. The transition from expiration to
inspiration (A) and back again (C) occurs where the
loop crosses the x-axis. At this point the flow rate is

Figure 27: Different phases of the FV loop. Start of inspira-
tion (A), inspiratory portion (B), start of expiration (C), peak
expiratory flow rate (D), and passive expiratory curve (E).
Modified from Waugh JB, Deshpande VM, Brown MK, Har-
wood RJ. Rapid Interpretation of Ventilator Waveforms. 2nd
ed. Upper Saddle River, NJ, Pearson Prentice Hall; 2007 with
permissions.
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momentarily zero.3 The shape of the inspiratory portion
(B) of the loop reflects the flow pattern set on the ven-
tilator. The peak point of the expiratory portion (D) of
the loop represents the peak expiratory flow rate (PEFR).
The typical shape of the descending portion of the expi-
ratory curve is represented by E. The shape of the passive
expiratory portion of the loop is influenced by changes
in Raw.3 The FV loop of a spontaneous breath is simi-
lar in appearance to a mechanical breath, except for the
inspiratory portion of the loop, which takes on a more
circular shape because of the generally lower peak inspi-
ratory flow rates generated during quiet spontaneous
breathing.3

Increases in Raw, for example, airway obstruction from
mucous plugs or decreases in Raw, for example, air leak
in the ventilator circuit can cause characteristic changes
in the FV loop. Significant airway obstruction will reduce
PEFR as demonstrated in Figure 28. A curvilinear shape
or “scooping” of the descending segment of the expi-
ratory curve is typically seen in patients with medium
and small airway obstruction causing decreased expi-
ratory volume and flow as demonstrated in Figure 28.3

Oscillations in the expiratory or inspiratory limb of the
FV-loop are known as the “saw tooth” sign and result
most commonly from increased airway secretions (Fig-
ure 29).8 A gap between the end of expiration and the
beginning of inspiration as shown in the FV loop in Fig-
ure 30, is indicative of an air leak. The FV loop does not
close because of the loss of volume during expiration.3

Figure 28: FV loop illustrating increased airway resistance (solid
line). Notice the reduced PEFR represented by A as compared to
normal PEFR (dashed line) caused by increased airway resistance.
The descending segment of the expiratory curve has a scooped
out appearance represented by B, which is typically seen in pa-
tients with medium and small airway obstruction. Modified from
Waugh JB, Deshpande VM, Brown MK, Harwood RJ. Rapid Inter-
pretation of Ventilator Waveforms. 2nd ed. Upper Saddle River,
NJ, Pearson Prentice Hall; 2007 with permissions.

Figure 29: (A) FV loop illustrating a “saw tooth” sign. Oscilla-
tions in the expiratory limb of the FV loop are known as “saw
tooth” sign and result most commonly from increased airway se-
cretions. Modified from Waugh JB, Deshpande VM, Brown MK,
Harwood RJ. Rapid interpretation of ventilator waveforms. 2nd
ed. Upper Saddle River, NJ, Pearson Prentice Hall; 2007 with per-
missions. (B) Example of a FV loop illustrating increased airway
secretions in a mechanically ventilated dog.

Figure 30: Incomplete FV loop. (A) Notice the gap between the
end of expiration and the beginning of inspiration indicative of
an air leak. Modified from Waugh JB, Deshpande VM, Brown
MK, Harwood RJ. Rapid Interpretation of Ventilator Waveforms.
2nd ed. Upper Saddle River, NJ, Pearson Prentice Hall; 2007 with
permissions. (B) Example of an incomplete FV loop in a mechan-
ically ventilated dog with an air leak in the breathing circuit.

Use of Ventilator Waveforms to Identify Patient-
Ventilator Dyssynchrony

Patient-ventilator interactions can be described as the
interaction between 2 respiratory mechanisms, that is,
the ventilator and the patient’s respiratory system.17, 18

The ventilator is controlled by the settings chosen by
the operator and the function of the flow valve.17
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The patient’s respiratory system is controlled by the
neuromuscular system and influenced by the respira-
tory mechanics of the lung and thorax.17 When these 2
mechanisms function in synchrony every phase of the
breath is perfectly matched.18 Anything that disturbs
the harmony between the two mechanisms results in
dyssynchrony and can lead to considerable patient dis-
comfort and an increase in the work of breathing.17 Venti-
lator waveforms are helpful to identify patient-ventilator
dyssynchrony. Dyssynchrony can occur in any of the
four phases of the breath cycle, that is, initiation of in-
spiration, inspiratory flow phase, end of inspiration, and
expiratory phase.17

The initiation of inspiration is influenced by the trigger
mechanism, which includes trigger sensitivity setting,
patient effort, and valve responsiveness.17 During the
inspiratory flow phase the patient’s flow demand must
be met by the ventilator.5

At the end of inspiration the ventilator should termi-
nate inspiratory flow in synchrony with the patient’s
neural timing.17 Different modes of ventilation (eg,
pressure-controlled versus volume-controlled) will al-
low the operator to adjust variables that affect the termi-
nation of inspiration. A prolonged expiratory phase is
of little consequence, unless it is so long as to cause hy-
poventilation. A shortened expiratory phase, however,
has major clinical implications because it can lead to
auto-PEEP.17

To analyze patient-ventilator dyssynchrony one has
to evaluate triggering (ie, trigger dyssynchrony), flow
delivery (ie, flow dyssynchrony), breath termination (ie,
cycle dyssynchrony), and expiratory phase (ie, expira-
tory dyssynchrony).17 Dyssynchrony can be identified
relative to these 4 phases by use of pressure, volume,
and flow scalars and loops.

Trigger dyssynchrony
Trigger dyssynchrony occurs when a patient’s inspi-
ratory effort is not sufficient to trigger the ventilator,
because the sensitivity setting of the ventilator is not
appropriate for the patient.4, 12, 19 Trigger dyssynchrony
can occur in any ventilation mode and can be iden-
tified on the flow-time and pressure-time scalars. The
pressure-time scalar shown in Figure 31 shows a patient-
triggered breath (A) followed by an unsuccessful at-
tempt to trigger the ventilator (B) indicated by a neg-
ative deflection during the expiratory phase that is not
followed by a rise in pressure. Breath C is a patient-
triggered breath following an increased inspiratory
effort when compared to breath A. Auto-PEEP and inap-
propriately set sensitivity settings are the most common
causes of trigger dyssynchrony.4, 12, 13 Auto-PEEP makes
triggering the ventilator more difficult. In the presence

Figure 31: Pressure-time scalar illustrating trigger dyssyn-
chrony. Compare the negative deflections in breaths A, B, and C.
Notice that when the patient’s effort is adequate and the sensitiv-
ity setting appropriate, the patient’s breath successfully triggers
the ventilator (A). If there is a weak inspiratory effort relative to
the sensitivity settings, the effort may be ineffective at trigger-
ing a ventilator breath; there is no rise in pressure following the
patient effort (B). When the sensitivity setting is insensitive, an
increased patient effort is required to trigger a ventilator breath
(C). Modified from Lian JX. Understanding ventilator waveforms
and how to use them in patient care. Nursing Crit Care 2009; 4(1):
43–55 with permissions.

of auto-PEEP, a patient’s inspiratory effort may not be
sufficient to generate a large enough change in base-
line pressure or baseline flow to trigger a mechanical
breath. The trigger sensitivity settings can be either flow-
or pressure dependent, with flow usually being pre-
ferred. When the sensitivity settings are too sensitive,
auto-triggering, that is, false triggering of the ventilator
can occur as shown in Figure 32.

Figure 32: Pressure-time scalar during PSV illustrating auto-
triggering. Breaths A and C are patient-triggered as indicated by
the negative deflections before the onset of inspiration. Breath
B shows a pressure supported breath without a preceding pa-
tient effort suggestive of auto-triggering. Modified from Lian JX.
Understanding ventilator waveforms and how to use them in
patient care. Nursing Crit Care 2009; 4(1): 43–55 with permissions.

Flow dyssynchrony
Flow dyssynchrony occurs whenever the ventilator flow
does not match the patient’s flow demand.17 Flow
dyssynchrony is a common problem, and the flow
setting may be the most frequently incorrectly set
ventilator parameter.17 Flow dyssynchrony is sometimes
referred to as flow starvation.12 The ventilator mode, for
example, volume-controlled versus pressure-controlled
ventilation and the flow pattern used determine how
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much flow is available. In volume-controlled ventila-
tion with constant flow, flow may not be sufficient to
satisfy the patient’s flow demand. Adjusting the peak
flow and/or selecting a different flow pattern, for ex-
ample, descending flow pattern may be helpful to cor-
rect the problem.4, 17 In pressure-controlled ventilation,
the ventilator rapidly provides a high flow to achieve
and maintain the set pressure; however, this high flow
rate at the beginning of inspiration may be too exces-
sive or uncomfortable for a patient.4 In that case, eval-
uating and adjusting the rise time may be helpful. As
long as the set pressure is adequate, the flow will be
adequate.4 Pressure-controlled ventilation tends to be
more synchronous in patients with high flow demands.4

Pressure-time scalars or PV loops are typically used to
evaluate for flow dyssynchrony.

Figure 33 depicts the pressure-time scalar of two
ventilator-assisted breaths. The pressure-time scalar of
breath A has a normal appearance. The pressure-time
scalar of breath B shows a drop in airway pressure and
a concave or scooped-out appearance of the ascending
inspiratory limb of the tracing indicating inadequate
flow.12 Low peak flow rates will prolong inspiratory time
and decrease expiratory time that may contribute to the
development of auto-PEEP.17 Features of flow dyssyn-
chrony on a PV loop include a concave appearance of
the inspiratory limb of the tracing as seen in Figure 34
or a figure eight appearance of the tracing as seen in
Figure 35. These changes are a result of active patient in-
spiration in an attempt to increase airflow, which leads
to a decrease in airway pressure.

Figure 33: Pressure-time scalar illustrating inadequate flow. No-
tice breath A shows a normal pressure-time scalar in comparison
to breath B that shows a drop in airway pressure and a concave
or scooped-out appearance of the ascending inspiratory limb in-
dicating inadequate flow. Modified from Lian JX. Understanding
ventilator waveforms and how to use them in patient care. Nurs-
ing Crit Care 2009; 4(1): 43–55 with permissions.

Cycle dyssynchrony
Cycle dyssynchrony occurs when the patient starts to ex-
hale before the ventilator has completed inspiration, that
is, delayed breath termination, or when the ventilator’s
inspiratory flow stops before the patient has completed
inspiration, that is, premature breath termination.4, 1217

Figure 34: PV loop illustrating flow dyssynchrony. Notice the
concave portion of the ascending inspiratory limb indicating in-
adequate flow. Modified from Lian JX. Understanding ventilator
waveforms and how to use them in patient care. Nursing Crit Care
2009; 4(1): 43–55 with permissions.

Figure 35: PV loop illustrating flow dyssynchrony. Notice the
figure eight appearance of the PV loop resulting from a decrease
in airway pressure secondary to active patient inspiration to in-
crease airflow. Modified from Lian JX. Understanding ventilator
waveforms and how to use them in patient care. Nursing Crit Care
2009; 4(1): 43–55 with permissions.

Pressure-time and flow-time scalars are typically used
to evaluate for cycle dyssynchrony. Figure 36 shows
changes in the flow-time and pressure-time scalars dur-
ing early breath termination. The flow-time scalar de-
picts an abrupt reversal in the expiratory portion of
the waveform indicating the continuation of the pa-
tient’s inspiratory effort (A). The expiratory portion of
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Figure 36: Cycle dyssynchrony illustrating early breath termi-
nation with flow-time and pressure-time scalars. The flow-time
scalar shows an abrupt decrease in flow during the expiratory
limb indicating an inspiratory effort of the patient (A). The
pressure-time scalar has a concave appearance rather than a nor-
mal gradual decay to baseline indicating a continued patient in-
spiratory effort (B). Modified from Nilsestuen JO, Hargett KD. Us-
ing ventilator graphics to identify patient-ventilator asynchrony.
Respir Care 2005; 50(2): 202–234; discussion 232–204 with permis-
sions.

the pressure-time scalar returns more rapidly toward
baseline giving it a concave appearance (B). In extreme
cases, the continued patient inspiratory effort may result
in double triggering of the ventilator.20 Early breath ter-
mination may substantially reduce VT and increase the
work of breathing.14, 17, 20

The flow-time and pressure-time scalars in Fig-
ure 37 illustrate delayed breath termination in a patient

Figure 37: Cycle dyssynchrony due to delayed breath termi-
nation with flow-time and pressure-time scalars. The flow-time
scalar shows a rapid decline in inspiratory flow at the end of in-
spiration due to active patient exhalation (A). The pressure-time
scalar shows a pressure spike at the end of inspiration due to
active patient exhalation (B). Modified from Nilsestuen JO, Har-
gett KD. Using ventilator graphics to identify patient-ventilator
asynchrony. Respir Care 2005; 50(2): 202–234; discussion 232–204
with permissions.

ventilated with PSV. The patient actively exhales at
the end of inspiration resulting in a rapid decline in
inspiratory flow in the graph on the top (A) and a pres-
sure spike at the end of inspiration in the graph on the
bottom (B). Shortening the inspiratory time may help
to match the patient’s neural inspiratory time with the
ventilator’s inspiratory time as shown in Figure 38.17 In-
creasing the flow cycle percentage during PSV that will
shorten the inspiratory time may be helpful to correct cy-
cle dyssynchrony due to delayed breath termination.4, 12

Figure 38: Effect of shortening the inspiratory time on cycle
dyssynchrony. Delayed breath termination as indicated by the
pressure spike due to active patient exhalation at the end of in-
spiration (A). Notice that shortening the inspiratory time to help
match the patient’s neural inspiratory time with the ventilator’s
inspiratory time eliminates the spike (B). Modified from Lian JX.
Understanding ventilator waveforms and how to use them in
patient care. Nursing Crit Care 2009; 4(1): 43–55 with permissions.

Expiratory dyssynchrony
Expiratory dyssynchrony may be due to a prolonged or
shortened expiratory time. Prolonged expiratory times
can lead to hypoventilation.17 A shortened expiratory
time is of significant clinical importance as it can lead
to the development of auto-PEEP.4, 17 Auto-PEEP can
lead to trigger dyssynchrony and increased work of
breathing.4, 17 Flow-time scalars and FV loops are typi-
cally used to identify auto-PEEP, however pressure-time
scalars and PV loops may also be helpful. In Figure 39 the
expiratory portion of the flow-time scalar B, as compared
to A, does not return to baseline before the next breath
is delivered indicating the presence of auto-PEEP.12, 14 In
the FV loop in Figure 40, the expiratory limb does not re-
turn to zero at the end of expiration, which is indicative
of the presence of auto-PEEP.3

Management of auto-PEEP depends on the underly-
ing cause. In general, measures to provide sufficient time
for expiration should be taken. A detailed discussion
about these measures is beyond the scope of this article.
Trigger dyssynchrony associated with auto-PEEP may
improve with the application of external PEEP approxi-
mately equal to the auto-PEEP.
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Figure 39: Flow-time scalar illustrating expiratory dyssyn-
chrony due to auto-PEEP. Normal flow-time scalar (A). Notice
the expiratory portion of graph B does not return to baseline be-
fore the next breath is delivered indicating auto-PEEP. Modified
from Lian JX. Understanding ventilator waveforms and how to
use them in patient care. Nursing Crit Care 2009; 4(1): 43–55 with
permissions.

Figure 40: FV loop illustrating expiratory dyssynchrony due to
auto-PEEP. Notice the expiratory portion of the curve does not
return to zero at the end of expiration. Modified from Waugh JB,
Deshpande VM, Brown MK, Harwood RJ. Rapid Interpretation of
Ventilator Waveforms. 2nd ed. Upper Saddle River, NJ, Pearson
Prentice Hall; 2007 with permissions.

Summary

An understanding of the basic concepts underlying
ventilator waveform analysis and interpretation is im-
portant in the management of mechanically ventilated,
critically ill, small animal patients. Ventilator waveform
analysis can provide useful information about changes in
respiratory pathology and causes for patient-ventilator
dyssynchrony. The application of the principles outlined

in this article can help the clinician to appropriately ad-
just ventilator settings, as well as improve patient mon-
itoring and care.

References

1. Sanborn WG. Monitoring respiratory mechanics during mechanical
ventilation: where do the signals come from? Respir Care 2005;
50(1):28–52; discussion 52–24.

2. Georgopoulos D, Prinianakis G, Kondili E. Bedside waveforms in-
terpretation as a tool to identify patient-ventilator asynchronies.
Intensive Care Med 2006; 32(1):34–47.

3. Waugh JB, Deshpande VM, Brown MK, et al. Rapid Interpretation
of Ventilator Waveforms, 2nd ed. Upper Saddle River, NJ: Pearson
Prentice Hall; 2007.

4. SP Pilbeam, Cairo JM. Mechanical Ventilation Physiological and
Clinical Applications, 4th ed. St. Louis, MO: Mosby Inc; 2006.

5. Benditt JO. Esophageal and gastric pressure measurements. Respir
Care 2005; 50(1):68–75; discussion 75–77.

6. West JB. Respiratory Physiology: The Essentials, 7th ed. Philadel-
phia, PA: Lippincott Williams & Wilkins; 2005.

7. West JB. Pulmonary Pathophysiology: The Essentials, 7th ed.
Philadelphia, PA: Lippincott Williams & Wilkins; 2008.

8. Oakes DF, Shortall SP. Oakes’ Ventilator Management: A Bedside
Reference Guide. Orono, ME: RespiratoryBooks; 2009.

9. Lucangelo U, Bernabe F, Blanch L. Respiratory mechanics derived
from signals in the ventilator circuit. Respir Care 2005; 50(1):55–65;
discussion 65–57.

10. Silverstein DC, Hopper K. Small Animal Critical Care Medicine. St.
Louis, MO: Saunders/Elsevier; 2009.

11. Clare MHK. Mechanical ventilation: ventilator settings, patient
management, and nursing care. Compend Contin Educ Pract Vet
2005; 27(4):256–268.

12. Lian JX. Understanding ventilator waveforms-and how to use them
in patient care. Nurs Crit Care 2009; 4(1):43–55.
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