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INTRODUCTION

Modern ventilators are equipped with monitors that present real-time pulmonary function
values, as well as a graphical representation of curves, which allow us to assess pulmo-
nary mechanics and interaction between the patient and the ventilator. Using the graphs of
the different curves, we can adjust the ventilatory parameters in the most appropriate way,
reducing the patient's respiratory work and maximizing comfort.!

The objective of this review is to summarize the basic concepts of pulmonary graphics on
invasive conventional mechanical ventilation of the neonate, and to demonstrate how they
contribute to our understanding of respiratory physiology and the management of the ven-
tilated patient. In order fo summarize these basic concepts on graphic interpretation, the
authors carefully analyzed medical literature on neonatal ventilation, through books and
articles from PubMed.

Curves

The technology used in the calculation of pulmonary function values and in the graphic
design of the curves is based on data that can be obtained from the flow or pressure sen-
sor that exists between the patient and the ventilator. Currently, due to the development of
precise technology, flow sensors are preferred.?

The measured tidal volume expired in each respiratory cycle along with a constant adjust-
ment of the inspiratory pressure to reach the target volume in the next breaths, allows
ventilation with guaranteed volume. This modality is less influenced by the escape of
air around the endotracheal tube, and can be used with leaks of up to 50%. The sensor
allows measurement of the flows generated during inspiration and expiration, sends the
information to the ventilator, and it is within this that the calculations of flows, pressures,
and volumes are made in relation to time and to each other. The flow sensor also allows
the detection of whether the inspiratory flow is tfriggered by the patient, in order to syn-
chronize the ventilator's work with that of the patient. Flow sensors must be calibrated
periodically.®*

In invasive conventional mechanical ventilation, there are 3 open curves and 2 closed or loop
curves. The 3 open curves are: (1) pressure curve; (2) flow curve; and (3) volume curve. The
closed or loop curves (loops) are: (1) pressure-volume curve and (2) flow-volume curve.®”

Pressure (P) is a quantity that measures the effect of a force; volume (V) is the three-dimen-
sional space occupied by an amount of air; flow (F) translates the movement of a quantity of
air (volume) from point A to point B.%°

The pressure (P) that the ventilator must generate is the force necessary to inflate the lung

with a certain tidal volume of air (Vt) that moves in a flow (F) from the endotracheal tube
to the alveolus. Pressure depends on lung compliance and resistance to flow: P = Vt/C+RxF.
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From the relationship between pressure, volume, and flow over
time, open pressure, flow, and volume curves arise. From the
relationship between the 3 variables, the pressure-volume and
flow-volume closed (or loop) curves arise.®*®

To facilitate description, we will only use the term curve tfo
describe curves and loops. The morphology of the curves in
pressure ventilation is different from that observed in con-
trolled volume ventilation. In this description, the morphologies
of the curves obtained in pressure ventilators used in neona-
tology are presented. We will not address the curves of high
frequency oscillatory ventilation.

Pressure Curve

The pressure curve, or pressure-time curve (Figure 1), is not
very informative. However, it is useful in adjusting the flow of
the ventilator. It is a square curve in which phase | corresponds
to the beginning of inflation, in which the pressure will rise
above the PEEP (positive end-expiratory pressure), its inclina-
tion (ramp) is more vertical the greater the flow of the ventilator
and the more rigid the breathing circuit. Phase Il is a plateau
that appears when the selected pressure is reached and that is
maintained throughout the inspiratory phase.

Phase Il represents a rapid reduction in pressure in the respi-
ratory system after the opening of the expiratory valve. In this

phase, the pressure drops to the level of PEEP (or the functional
residual capacity if a PEEP has not been set).

The pressure curve is useful for adjusting the ventilator
flow. In order for the ventilator to be able to provide the
desired pressure, it is necessary that the air flow set is sufficient
for this pressure to be reached. Flow and tidal volume increase
when pressure is increased.

When the flow is insufficient, the desired pressure cannot
be reached, or it will be reached at the end of inspiration
(Figure 2), decreasing the delivery of air, the tidal volume, and
the gas exchange.

When the flow is excessive, the desired pressure is reached
quickly and the opening of the airways and alveoli is too fast
and harmful (Figure 3).

The flow marked on the ventilator will be adequate when it
allows the desired pressure fo be reached at the end of the first
one-third of the inspiration (Figure 4). The slope of the ramp
should last one-third of the inspiratory time.

The area under the curve of a breathing cycle gives the mean
pressure (Paw) (Figure 1). Oxygenation is a function of the
mean pressure that can be increased by increasing the PEEP,
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Figure 1. Pressure-time curve. The shaded area corresponds to the mean airway pressure (Paw).
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Figure 2. Flow too low. Phase | is quite prolonged, not allowing adequate air delivery.

286



Turk Arch Pediatr 2021; 56(4): 285-294

Rocha and Soares.

INSPIRATION EXPIRATION
I
-~
3
oA
L2 [ Il
2s
&
a
w
&
Time (seconds)
Figure 3. Flow is too high.
INSPIRATION EXPIRATION
] i
qQ [ :
T E
< i
2 s '
S i
L i
a i
o]
&
Time (seconds)
Figure 4. Adequate flow.

the maximum inspiratory pressure, and the inspiratory time.
Increasing any of these parameters increases the area under
the curve (7-15).

Flow Curve
The flow curve, or flow-time curve (Figure 5), shows variations
in airflow during inspiration and exhalation.

The inspiratory curve presents a first phase (phase |) that
corresponds to the pressurization of the respiratory system
carried out by the ventilator, followed by a phase that depends
on the compliance and resistance of the respiratory system
(phase II).

At the end of inspiration, the intra-alveolar pressure is the same
as that of the airways, so no more air enters. Exhalation is pas-
sive and the flow takes on the opposite direction, so the curve is
negative, which depends on the pulmonary elastic recoil forces
(phase llI), and approaches zero with the extension of the expi-
ratory time (phase IV). It is possible to see by the color of the
curve whether inspiration is initiated by the patient's breathing
effort or whether it is triggered by the ventilator.

The complete entry and exit of air from the respiratory system
depends on the marked inspiratory and expiratory times, so
the observation of these curves is useful to help the clinician fo
adjust the inspiratory and expiratory times.
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Figure 5. Flow-fime curve.

When the inspiratory time (iT) is too short, the air flow is not
completely delivered to the lungs (Figure 6). In this case,
increasing the inspiratory time allows for complete inspiration.

When the expiratory time (eT) is foo short, the air flow is not
completely expelled from the lungs (Figure 7), resulting in air
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Figure 7. Flow-time curve with a short €T and a suitable eT.

trapping (air trapping or auto-Peep) with risk of pulmonary
over-inflation, interstitial emphysema, pneumothorax, and
circulatory impairment. In this case, increasing the expiratory
time will allow the air flow to completely exit.

When the inspiratory time is too long (Figure 8), there is timing
in the ventilatory cycle that is not used and that may be nec-
essary to complete the expiration time, especially when using
high ventilation frequencies. Long inspiratory times also favor
the appearance of asynchrony between the patient and the
ventilator. In this case, it is enough to decrease the inspiratory
time, so that the expiration starts immediately after the end of
the inspiration.”"®

Volume Curve

The volume curve, or volume-time curve (Figure 9), represents
changes in volume during the respiratory cycle. The volume
depends on the pressure programmed in the ventilator and the
physical characteristics of the respiratory system (compliance
and resistance). This curve summarizes the impact of pressure
and flow. In SIMV mode, where both spontaneous and venti-
lator-generated breaths occur, the volume curve shows the
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comparative size of each type of breath. It allows the clinician
to evaluate whether the patient is generating enough volumes.

The existence of leakage (the volume of inspired air is not
equal tfo that of exhaled air) is easily observed with these
curves (Figure 10). The pressure curves are not altered and
the flow curves are altered in the presence of large leaks (the
expiratory flow is less than the inspiratory flow). The volume
curve is useful for observing the existence of air leakage, par-
ticularly when the endotracheal tube is foo small in size for the
patient.””®

Pressure-Volume Curve

The pressure-volume curve is of great interest to assess pul-
monary compliance. In the pressure-volume curve, pressure
is represented on the abscissa axis (x-axis) and the volume is
represented on the ordinate axis (y-axis) (Figure 11).

Phase | of the curve represents the beginning of inspiration,
above the PEEP, to the critical opening point (COP) of the small
airways and alveoli, followed by phase I, in which a small
pressure significantly increases the intrapulmonary volume. If
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Figure 9. Volume-time curve.
Figure 11. Pressure-volume curve, phases I-IV (R1, resistance in
inspiration; R2, resistance in expiration; R1+R2, pulmonary hysteresis; COP,
critical opening pressure; CCP, critical closing pressure; Pin, maximum
inspiratory pressure).

Figure 10. Volume-time curve. The expiratory volume is less than the
inspiratory volume.

the PEEP is high enough o exceed the COP, phase | of the curve
will not appear on the graph.

At the end of phase Il, maximum pressure is reached and the
slope of the line that joins the beginning to the end of the curve
represents pulmonary compliance (pressure/volume ratio).
The greater the pressure required to inflate a given volume,
the more inclined the curve will be, translating to less pulmo-
nary compliance. This pressure-volume curve, which is useful
in the assessment of pulmonary compliance, is called by sev-
eral authors as the compliance curve.

In phase lll of the curve, which represents expiration, after
the critical closing pressure (PCE), the lung volume decreases
abruptly until PEEP. Upon expiration, for identical pressure, lung
volume is preserved as the pressure in the airways decreases,
a mechanical phenomenon called hysteresis. Hysteresis results
from less resistance to the air outlet on exhalation than to the
air supply on inspiration. Part of this hysteresis results from the
presence of pulmonary surfactant. In the absence of surfac-
tant, the alveoli and small airways tend to collapse immediately
on expiration, and the inspiratory and expiratory branches of
the pressure-volume curve approach, reflecting a reduction in
hysteresis.

With increased resistance in the airway, circuit, or both, the
loop becomes more round in shape, indicating that a higher
pressure is required to overcome the resistance and reach tar-
get volume. This should alert the clinician to check whether the
endotracheal tube is kinked or obstructed, and whether suc-
tioning or a bronchodilator is needed. If there is inadequate
flow, the loop will assume the shape of an 8. This may also
reflect the unstable chest wall of the neonate. This is corrected
by increasing flow or the rising fime. When the expiratory limb
of the loop does not return to zero, a leak in the circuit is the
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Figure 12. Pressure-volume curve showing pulmonary overdistension
(large arrow).

problem. The percentage of the leak is displayed on the moni-
tor of the ventilator.

The pressure-volume curve has the advantage of showing the
existence of pulmonary over distension (Figure 12). In this situa-
tion, the top of the inspiratory curve will show an inflection point
followed by a terminal curve in the shape of a "spike." This area
of the curve presents a very low compliance, that is, a great
pressure is needed to inflate a small volume. In overdistension,
the C20/C ratio (compliance in the last 20% of inspiration/total
compliance) is < 1.0, and is usually calculated and displayed on
the ventilator monitor. The C20/C value must not be < 1.

Figure 13 shows the graphical representation of the pressure-
volume curve in an atelectatic lung, a situation that can be cor-
rected by raising the PEEP. Increasing PEEP is the best way to
increase mean pressure (Paw) and recruit the atelectatic lung,
stabilizing the functional residual capacity. Note: it is neces-
sary to take into account that when increasing PEEP without
increasing inspiratory pressure (or without using a ventilation
mode with a target volume, which keeps the tidal volume con-
stant), although the lung volume and Paw increase, the tidal
volume, as well as the minute volume decrease, with a conse-
quent reduction in gas exchange.”"
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Figure 14. Flow-volume curve. The flow moves clockwise.

Flow-Volume Curve

The flow-volume curve is useful in situations with increased
resistance. The graphical presentation of the flow-volume
curve differs between different ventilators, so the clinician must
be familiar with the curves of your ventilator. This description
presents one of the possibilities of graphical representation,
in which the flow is represented on the ordinate axis (y-axis)
and the volume is represented on the abscissa axis (x-axis),
(Figure 14). The inspiratory flow is positive and the expiratory
flow is negative. During inspiration, the flow ascends rapidly
(phase |) followed by a slower phase (phase Il) until the end of
inspiration. After opening the expiratory valve, the (negative)
expiratory flow drops rapidly (phase lll), followed by a slower
drop until the end of expiration (phase V). The 4 phases fol-
low each other in a clockwise direction, ending the curve at the
point where it started.

Flow-volume loops are particularly important in the assess-
ment of excessive airway resistance and in alerting for the
presence of copious airway secretions or circuit leaks. The
shape of the curve varies with various conditions that alter the
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Figure 13. Pressure-volume curve revealing the presence of atelectasis (A) corrected with the increase in PEEP (B).
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Figure 15. “Square” flow-volume curve resulting from extra thoracic,
inspiratory, and expiratory obstruction (e.g., small endotracheal tube and

Figure 17. Flow-volume curve showing limited expiratory flow (e.g., in
bronchopulmonary dysplasia).

subglottic stenosis).

air flow, making it an important curve in situations of obstruc-
tion, that is, of increased resistance. The obstruction can be
inspiratory and expiratory, making the morphology of the
wave rectangular, as it limits both the inflow and outflow of
air (e.g., endotracheal tube too small or subglottic stenosis,
Figure 15).

When inspiratory obstruction occurs beyond the endotracheal
tube, such as luminal obstruction near the cornea or due to
compression of the trachea by an abnormal vessel, the mor-
phology of the curve shows obstruction at the air inlet, but not
at the air outlet (Figure 16). The obstruction can be an expi-
ration, as seen in children with bronchopulmonary dysplasia
(Figure 17).

The flow-volume curves also show the accumulation of water
in the respiratory circuit or the presence of secretions in the air-
ways (Figure 18), presence of leakage (Figure 19), extubation
(Figure 20), unstable airways as in fracheomalacia (Figure 21),
and air retention (Figure 22).7-'°
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Figure 16. Flow-volume curve showing intrathoracic obstruction with
limited inspiratory flow (obstruction near the Carina).
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Figure 18. Flow-volume curve showing irregularity in the inspiratory
component resulting from the accumulation of water in the circuit.
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Figure 19. Flow-volume curve showing leakage.
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Figure 20. Flow-volume curve showing inspiratory flow that does not
return to zero and absence of expiratory flow, compatible with
extubation.
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Figure 21. Flow-volume curve showing an unstable airway (e.g.,
tracheomalacia).
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Figure 22. Flow-volume curve showing air retention: the expiratory flow
does not reach zero before the beginning of the next respiratory cycle.
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Asynchrony

Currently, with the synchronization of conventional ventila-
tion, variations in pressure and volume with each respiratory
cycle are practically resolved. In specific situations, in which
conventional non-synchronized ventilation (intermittent man-
datory ventilation, IMV) is used, we find in the pressure, flow,
and volume curves, isolated inspiratory movements of the
patient, inspiratory movements of the patient that coincide
with the inspiration of the ventilator, and inspiratory cycles
of the ventilator that coincide with the patient's expiration
(Figure 23).

In the IMV or IPPV ventilation mode, the pressure curves are
maintained at regular intervals and may not correspond to the
flow and volume curves caused by the patient's inspirations.
When the ventilation insufflations coincide with the patient's
inspiratory effort, there is a significant increase in the volume
curve.

In the SIMV mode (synchronized intermittent mandatory
ventilation), only a certain number of patient inspirations
are supported by the ventilator, the other patient inspira-
tions being only supported by the ventilator's PEEP, unless
supported by pressure support (PS). With this mode synchro-
nized, the large variations in pressure and volume found in
the IMV mode disappear. In SIPPV (synchronized intermittent
positive pressure ventilation) and PSV (pressure support ven-
tilation) modes, all inspiratory efforts that reach the trigger
threshold are supported by the ventilator. In these modali-
ties, the variation in tidal volume with each inspiration is
minimized (2).

Optimizing Settings

Optimizing PIP—For infants managed on pressure-limited ven-
tilator, PIP can be adjusted by viewing tfidal volume, with the
goal of providing a volume of 5-6 mL/kg.

Optimizing PEEP—A favorable P-V relationship on the loops will
help avoiding under distension and over distension; PEEP can
be adjusted to provide adequate tidal volume.

Optimizing airflow—The rising time in pressure loop and the
flow-volume loop may aid in adjusting flow. Excessive flow
may lead to overdistension and excessive PEEP. Overdistension
is observed in the P-V loops.

Optimizing inspiratory time—The flow curve will help in opti-
mizing iT. High iT may lead to excessive pressures, decrease in
expiratory time, and inadvertent PEEP.

Optimizing expiratory time—The flow curve, again, will help in
optimizing eT. If the eT is too short, the expiratory flow will not
reach the zero line, meaning there will be air trapping.

Optimizing synchrony—Using synchronized modes of ventila-
tion, asynchrony may result from a flow sensor that needs cali-
bration, water on the circuit, or secretions, pain or discomfort of
the patient. You may need to correct any of these details.

Optimizing tidal volume—The shape of the P-V loop will reveal
if there is under or over distension and adequate PEEP; if there
is inadequate flow, the loop will assume the shape of an 8.
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Figure 23. Pressure-time, flow-time, and volume-tfime curves.

Summary

Continuous real-time ventilator graphics are a useful tool that
can help clinicians in understanding the respiratory physiology
of the ventilated patient and the complications that can occur
during ventilation, reducing the number of blood gas analyses
and radiographs, and reducing the costs of care along with an
increase in the patient’s comfort.
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