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KEY POINTS

e Assessment of the respiratory system mechanical function in critically ill patients can detect early
signs of abnormalities that could affect patient outcomes.

e The patient-ventilator interaction can be evaluated through noninvasive and invasive methods.

e A wide range of measurements and calculations of respiratory mechanics are available to optimize
the selection of ventilatory modalities and specific ventilator parameters.
o All ventilatory strategies should be directed to minimize the patient’s work of breathing and mini-

mize lung injury.

INTRODUCTION

The assessment of the respiratory mechanical
function during mechanical ventilatory support re-
fers to the evaluation of respiratory system physi-
ology and ventilator performance through a
variety of methods with the ultimate goal of under-
standing the interactions between applied pres-
sures and flows inside the respiratory system.’
Early detection of abnormalities in this interaction
is critical because it could affect the patient’s out-
comes. In the critical care setting, it has become
increasingly important to recognize whether the
respiratory function has improved or deteriorated,
whether the ventilator settings match the patient’s
demand, and whether the selection of ventilator

parameters follows a lung-protective strategy.
Respiratory measurements include several single
and combined parameters but also a long list of
derived values. In order to obtain these values
and identify abnormalities in the respiratory me-
chanical function, a variety of monitoring methods
are currently available to clinicians. Ventilator
graphics, esophageal pressure, intra-abdominal
pressure, and electric impedance tomography
are some of the best-known monitoring tools to
obtain measurements and adequately evaluate
the respiratory system mechanical function.
Almost 16 years after the National Institutes of
Health Acute respiratory Distress Syndrome
(ARDS) Network (ARDSnet) reported the benefits
of lower tidal volumes (VTs) on survival rates for
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mechanically ventilated patients with ARDS, much
research has been focused on methods that eval-
uate the effects of other respiratory parameters in
the overall management of patients undergoing
mechanical ventilation.>® Evaluations of positive
end-expiratory pressure (PEEP), synchrony, flow
delivery, breath cycling, triggering, alveolar stress,
and alveolar distension, among others, have
become routine in the critical care setting. It
must be remembered that mechanical ventilation
is a supportive therapy and as such it should be
carefully monitored to minimize complications.

This article reviews some of the basic and
advanced methods to assess the respiratory
system mechanical function as well as the most
current evidence that supports their use in the crit-
ical care setting.

VENTILATOR GRAPHICAL DISPLAYS

Modern ventilators continuously measure pres-
sure, flow, and volume in the ventilator circuit
and can display a variety of waveforms. Common
scalar displays provide a representation of pres-
sure, flow, and volume against time, whereas
loops show 2 parameters plotted against each
other. These displays constitute the fastest and
most readily available tools to evaluate respiratory
system mechanical function.*°

Common Scalar Displays

Pressure-time displays

Airway pressure (P,) is displayed on the ventilator
screen as a function of time. The shape of the P,
waveform is influenced by inspiratory flow, respi-
ratory system mechanics, and the presence of pa-
tient’s inspiratory effort. Delivery of flow using a
square versus decelerating pattern also provides
a different configuration to the pressure-versus-
time waveform (Fig. 1).

Alveolar versus airway pressure Because peak
inspiratory pressure (Ppeax) is always be greater
than alveolar pressure (P,,) during inspiration
because of the presence of flow and airway resis-
tance, P, is estimated with an end-inspiratory
pause (EIP) maneuver. Applying an EIP for 0.5 to
2 seconds during passive breathing allows pres-
sure equilibration throughout the system while
flow decreases to zero. Under these static condi-
tions, a plateau pressure (Ppja) measured at the
proximal airway approximates the P, (Fig. 2).
During pressure control ventilation Py is equal
to the applied inspiratory pressure if flow is zero
at the end of the set inspiratory time. An EIP
can also be applied during pressure control venti-
lation to measure Py, 5: in passive patients. Special

Fig. 1. Pressure and flow curves showing the typical
appearance of a pressure-limited ventilation in which
the inspiratory flow pattern is decelerating.

consideration needs to be given to the fact that
Ppiat can be greatly affected by low chest wall
compliance (Ccw) so it should be used as a surro-
gate for P, only when Cgyy is normal.

Limiting Pay (Ppia)) to 30 cm HyO seems to
decrease the risk of alveolar overdistension and
ventilator-induced lung injury.® However, some
clinicians have argued that there may not be a

resistance
flow

w(€mH,0)

20 1
compliance
L tidal volume

Fig. 2. Pressure-time scalars showing the effect of an
EIP. With a period of no flow, the pressure equilibrates
to the Pgjat. Ppiat represents the peak alveolar pres-
sure. The gradient between the peak inspiratory pres-
sure (PIP) and Py, is determined by resistance and
flow. The gradient between P ,: and PEEP is deter-
mined by VT and respiratory system compliance.
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safe Pay (Ppia) @and thus targeting a Py as low
as possible may be a better lung-protective
strategy.”®

Al-Rawas and colleagues® recently described
the use of the expiratory time constant (Tg; the
time for approximately 63% of the expiration to
occur) during a passive deflation for determina-
tions of Py, respiratory system compliance, and
total resistance. This method avoids the need to
apply an EIP, allows continuous and automatic
surveillance of Py 4t, and permits real-time assess-
ments of pulmonary mechanics even in spontane-
ously breathing modes such as pressure support
(Fig. 3).°

Auto-positive end-expiratory pressure Any con-
dition that causes incomplete emptying of the
lungs leads to increased end-expiratory volumes
(air trapping, dynamic hyperinflation) and alveolar
pressures greater than the preset PEEP level
(auto-PEEP, inadvertent PEEP, intrinsic PEEP, or
occult PEEP). Auto-PEEP in passive patients can
be estimated from the pressure-time tracing by
applying an end-expiratory pause for 0.5 to 2 sec-
onds (Fig. 4)."°

(cm H,0)

Patient-triggered on

TE estimated between 0.1
and 0.5 s during

Aars

o

(L/min)

]/ \ Vt (mL)

Fig. 3. Pressure, flow, and volume scalars for determi-
nation of Tg constant. In the first breath a patient is
ventilated with pressure support ventilation at
25 c¢m H,0 and positive PEEP at 5 cm H,0. The Tg con-
stant was estimated during passive exhalation be-
tween 0.10 and 0.50 seconds using exhaled flow rate
and VT scalar.
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During volume assist control ventilation, auto-
PEEP increases P,, throughout the ventilator
cycle; during pressure-targeted ventilation, auto-
PEEP decreases the alveolar pressure gradient
for inspiration (driving pressure) and thus reduces
the VT. An important effect of auto-PEEP is that it
produces a gradient between P,, and circuit
pressure, which must be overcome by the
patient’s effort to trigger a ventilator breath. If se-
vere enough, auto-PEEP is associated with asyn-
chrony because of missed triggered patient
breaths. This condition is most common in pa-
tients with obstructive airway disease who require
long Tg.'"12

Patient-Ventilator flow synchrony During volume
assist control ventilation, the configuration of the
pressure-time curve provides important informa-
tion about patient-ventilator synchrony. In Fig. 5,
the patient’s increased inspiratory effort coupled
with an inadequate delivery of flow by the venti-
lator results in a scooped contour on the airway
pressure curve during inspiration.’>

Patient-ventilator trigger synchrony Assisted
breaths are commonly triggered by either a circuit
pressure or continuous flow change produced by
patient effort. On modern systems, both types of
triggers are effective and respond promptly to pa-
tient effort.”* Trigger sensitivity should be set as
sensitive as possible without producing autotrig-
gering. An insensitive trigger setting may cause
no ventilator response to an effort (missed breath
or missed trigger) or else force the patient to
create an enormous amount of inspiratory effort
that can be displayed on the pressure-time curve
as an excessive negative deflection at the begin-
ning of each breath (Fig. 6). Trigger dyssynchro-
nies cause excessive and wasted diaphragmatic
energy expenditure.

Patient-ventilator cycle synchrony Inspiratory
muscle relaxation and recruitment of expiratory
muscles such as the transversus abdominis sig-
nals the initiation of the exhalation phase. If termi-
nation (cycling) of the mechanical breath occurs
after this point (delayed cycling) the attempt to cy-
cle causes an increase in Py, at the end of inspira-
tion (Fig. 7).131°

In contrast, if ventilator breath cycling occurs
before the patient inspiratory effort has ceased
(premature cycling), a decrease in P,, may be
noted at the beginning of the ventilator’s expira-
tory phase and sometimes a second breath is
triggered.

For personal use only. No other uses without permission. Copyright ©2019. Elsevier Inc. All rights reserved.
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Fig. 4. Flow-time scalar (top) indi-
cating persistency of expiratory
flow at the end of the breath,
indicating air trapping. The end-
expiratory alveolar pressure is
obtained after applying an end-
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expiratory pause. The difference
between the pressure measured
during this maneuver (total PEEP)
and the level of PEEP selected by
the operator is the amount of
auto-PEEP. The pressure-time scalar
(bottom) displays the end-expira-
tory alveolar pressure obtained af-
ter applying an end-expiratory
pause.
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Flow-time curve

A unique feature of the flow-time curve compared
with the pressure or volume scalar displays is that
it provides as much information above as below
the baseline.’® By convention, inspiratory flow is
positive. It is either preset (volume assist control
ventilation) or variable (pressure-targeted ventila-
tion) Expiratory flow is negative and always pas-
sive (Fig. 8).

As previously discussed, any condition that
causes incomplete emptying of the lungs leads
to auto-PEEP. Under these conditions, the charac-
teristic feature on the flow-versus-time scalar
display is the failure of the expiratory tracing to re-
turn to baseline (zero flow) before the next me-
chanical breath (Fig. 9) The 2 most common
causes of this phenomenon are increased airway
resistance (Ray) or insufficient Tg.'®

The presence of intermittent notching in the
expiratory flow tracing may occur in the presence
of missed trigger efforts (see flow tracing in Fig. 8).

Volume-time curve
Because most modern ventilators compensate for
circuit compression, the VT displayed on the

Fig. 5. Effect of asynchrony on the P,,, waveform dur-
ing volume control ventilation. The arrows indicate a
decrease in P, caused by the fixed flow from the
ventilator and the increased patient effort.

volume-versus-time curve closely resembles the
volume output from the ventilator. The presence
of air leak can be easily identified when the expira-
tory tracing of the curve does not return to baseline
before the next breath delivery. In most cases, it
gives the appearance of a check mark as the vol-
ume tracing resets to zero when an inspiration be-
gins (Fig. 10) The use of the volume-time curves
may be particularly important in quantifying air
leaks after chest tube placement or to titrate cuff
inflation.®

Loops

Flow-volume loops

Most ventilators display flow-volume loops with
inspiratory flow above baseline and expiratory
flow below baseline. In obstructed airway disease

Fig. 6. Pressure-time and flow-time scalars indicating
the presence of 3 missed triggered breaths (yellow ar-
rows). There are P,,, decreases (>0.5 cm H,0) simulta-
neous to flow decrease and not followed by an
assisted breath (red arrows).
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HO) |

Fig. 7. Pressure-time scalar (top)
showing a bump toward the end
of the inspiratory tracing (yellow
arrow) indicating the patient's
attempt to exhale before preset
cycling of the mechanical breath.

7

The flow-time scalar'® (bottom)

Pressure (cm

there is a decrease in the peak expiratory flow
and a scooped-out pattern. The flow-volume
loop can be a useful tool to evaluate bronchodi-
lator response (Fig. 11).

The presence of a saw-tooth pattern on
both the inspiratory and expiratory flow-volume
curves suggests excessive secretions or pres-
ence of condensate in the ventilator circuit
(Fig. 12).2°

Pressure-volume loops

Pressure-volume (P-V) plots can be dynamic (flow
present) or static (multiple measurements under
no-flow conditions with increasing discrete small
changes in volumes). On some ventilators, a static
curve can be approximated with a slow-flow inspi-
ration/expiration, which minimizes the flow-related
pressures.

The slope of the static curve is a reflection of the
respiratory system compliance (Cgg). An inflection
point is a point on a curve at which the sign of the
curvature (ie, the concavity) changes. Lower and
upper inflection points on a P-V loop have been
regarded as points of interest to detect cyclic
derecruitment and overdistension, respectively
(Fig. 13, Fig. 14).2"22 Importantly, derecruitment

SQUARE
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shows patient’s cycling into exhala-
tion (red arrow) before the mechan-
ical breath cycling (blue arrow).

is probably better assessed on the deflation rather
than the inflation limb of the P-V curve.

Using inflection points on the static or slow-flow
P-V loop in patients with acute lung injury and
ARDS has been proposed as a way to set lung-
protective VT and PEEP settings.?®>?* However, 2
important limitations of this approach are that
measurement of the P-V curves often requires
sedation and sometimes the use of muscle relax-
ants, and that chest wall mechanics affect the
shape of the loop.?>2% Furthermore, because of
the heterogeneity of lung injury, reducing the me-
chanical properties of the respiratory system to a
single schematic approach is overly simplistic.
Because alveolar recruitment occurs along the
entire P-V loop, the lower inflection point should
not be considered a discrete point reflecting global
alveolar opening and closure and thus may not
reflect the ideal PEEP setting. Similarly, the upper
inflection point, classically thought to be the begin-
ning of overdistension, likely also reflects the end
of recruitment.?”

The dynamic P-V loop can be extremely useful
in identifying flow asynchrony. Inadequate flow is
indicated by the presence of concavity along the
inspiratory limb (Fig. 15). Addition of pressure

Fig. 8. Typical flow-time scalar
configuration of a constant square-
flow pattern (left)'” and a deceler-
ating flow pattern (right).
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Fig. 9. Flow-time curve showing inability of the expiratory tracing to return to baseline (zero flow) before the
next mechanical breath.

support or increase in the inspiratory flow can cor-
rect this abnormality and the normal convexity of
the inspiratory limb should be restored.

The dynamic P-V loop of a patient on volume
assist control ventilation with severe airway
obstruction shows an abnormal widening of the
curve on the X axis, reflecting the need for high
flow-related inflation pressure (Fig. 16).

COMMON DERIVED MEASUREMENTS FROM
STANDARD MEASUREMENTS OF PRESSURE,
FLOW, AND VOLUME

Compliance (Elastance)

Compliance is defined as the change in lung vol-
ume (AV) per unit change in pressure (dP). Ela-
stance is the inverse of compliance. Compliance
usually refers to a static measurement (ie, no
flow is occurring) and thus is determined solely
by the elastic properties of the system. Compli-
ance can be calculated for the entire respiratory
system (Crs = AV/Py-PEEP); for the lungs alone
[CL = AV/(Ppiat-PEEP — APg)]; and for the chest
wall (Cocw = AV/dPes), where dPes is change in
Pes over the volume change. A Cgrs of 50 to
100 mL/cm H,0 is considered normal in mechan-
ically ventilated patients.

Titration of PEEP is routinely used in critically ill
patients undergoing mechanical ventilation. The
CRrs has been a popular mechanics-based method
to evaluate the PEEP level. The underlying concept
is to use Crg as a surrogate for C_ to detect
derecruitment and overdistention, which are
situations associated with reduced C,. A protec-
tive lung approach that applies PEEP to obtain
the highest Crs has been associated with less or-
gan dysfunction and a trend to lower mortality.?2°
Importantly, Crs can be used as a surrogate for C_

only when Cgyw is near normal (100-200 mL/cm
H>0). In situations with low Ccw (eg, thoracic de-
formities, chest wall edema, morbid obesity,
abdominal compartment syndrome,®°? chest
wall trauma, ascites, and chest wall burns), Crg
becomes a poor surrogate for C, and P.s mea-
surements to quantify the effects of Ccy must be
used for accurate assessments of C,.

Airway Resistance

Airway resistance (R.w) is the frictional opposition
offered by the airways to flow and by the tissues to
being displaced during both phases of the breathing
cycle. During inspiration R,,, can be estimated using
the following equation: RI = (PIP Ppiat)/
Vi, whereas RE can be estimated as follows: RE =
(Poiat — PEEP)/Ve, where Viand Ve are inspiratory
and expiratory flow respectively.>?

The main factors affecting airway resistance are
viscosity and density of the gas mixture; length
and lumen radius of artificial and patient airways;
and ventilator flow rate and flow pattern. These
factors are mathematically related to airway resis-
tance in the Poiseuille law and determine whether
airflow becomes laminar or turbulent.®* Although
normal R,, ranges from approximately 0.5 to
2.5 cm H,O/L/s, a healthy adult intubated with an
8.0-mm endotracheal tube would have an Ry,
that could range from 4 to 10 cm H,O/L/s. The
most common causes of increased R, are the
presence of airway secretions, bronchospasm,
and obstruction of the endotracheal tube.

Time Constant

The time constant, the product of Cgrs and Ry, is
defined as the time necessary to complete 63% of

A

Fig. 10. Volume-time scalar shows the expiratory tracing of the curve (blue tracing) not returning to baseline. It
gives the appearance of a check mark on delivery of the next breath (yellow tracing).
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Flow (Umin)

Inspiration

Volume (mv)

pattern
Normal
Abnormal

Expiration

Decreased PEFR

Fig. 11. Flow-volume curve showing the scooped-out
pattern of obstructive disease (red shaded area) and
the pattern associated with either normal airways or
positive response to bronchodilation. PEFR, peak expi-
ratory flow rate.

the total change in lung volume following a tidal
breath or in response to a pressure step. From
this definition, it takes approximately 3 time con-
stants to complete 95% of the lung volume
change. Lung units with a higher resistance and/
or compliance have longer time constants and
require more time to fill and to empty. These units
are thus more prone to air trapping and intrinsic
PEEP. In mechanically ventilated patient, there
are 2 more flow-resistive elements that contribute
to the time constant: the artificial airway and the
ventilator tubing.*®

ESOPHAGEAL PRESSURE MONITORING

Esophageal pressure measurements approximate
pleural pressure (Pp,)) and can be used to calculate
chest wall mechanics and transpulmonary pres-
sure (Pip; Pip = Paw — Pp). Obesity, increased

abdominal pressure, scoliosis, spondylitis, fibro-
thorax, and pleural effusion alter chest wall me-
chanics and can significantly affect Py, and
measured P,,.2%%" In contrast, negative pleural
pressure generated by spontaneous patient ef-
forts also need to be considered in calculating
Pi. Because Py, is the pressure that stretches
the lung, it is possible that the inability to accu-
rately assess the Py, may explain the lack of effi-
cacy observed in some clinical trials of ventilator
management.®

Mechanical ventilation has been guided by Py,
calculations from esophageal pressure monitoring
in studies in patients with acute lung injury. The
general goals are to limit end-inspiratory Py, to
less than 30 cm H,O and prevent a negative Py,
during expiration (ie, PEEP is set to counterbal-
ance the alveolar collapsing effects of a stiff chest
wall).*® Adjustments of PEEP according to mea-
surements of P have resulted in significantly
greater oxygenation and compliance than those
protocols following the ARDSnet low PEEP ta-
ble.*® The Esophageal Pressure-Guided Ventila-
tion 2 Trial (EPVent2) has been designed to test
the primary hypothesis that adjusting ventilator
pressure to achieve positive pressure-time prod-
uct (PTP) values will result in improved mortality
and ventilator-free days in patients with moderate
to severe ARDS.*' At present, because not every
patient with ARDS has chest wall involvement,
routine measurement of esophageal pressure for
the setting of PEEP is not recommended. How-
ever, it is likely beneficial in patients with reduced
Ccw or perhaps with vigorous inspiratory efforts
during assisted breaths.

Routine application of esophageal manometry
has been considered a challenge to intensiv-
ists.*04274* The most important limitations for
widespread use of this technique include technical
issues, the need for background physiologic
knowledge, and the fact that very few studies

Fig. 12. Saw-tooth pattern on flow-volume and pressure-volume loops representing secretions in the airway.
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Fig. 13. P-V loop showing the lower
inflection point (IP) and upper IP.

Upper Inspiratory IP

Volume (mL)

Lower IP

have assessed a direct influence of this measure-
ment on patients’ outcomes.*® In addition, the
recording of P in the supine position and in inho-
mogeneous parenchymal lung disease is affected
by important factors that include the elastance and
weight of the lung, the elastance and weight of the
rib cage, the weight of the mediastinal organs (the
weight of the heart can bias the P.¢ by as much as
5 cm H,0),%® the elastance and weight of the dia-
phragm and abdomen, the elastance of the esoph-
ageal wall, and the elastance of the esophageal
balloon (if filled with too much air).*” It is important
to remember that esophageal pressure monitoring
estimates Py at midthorax and that P is more
negative in the nondependent thorax and more
positive in the dependent thorax.*&-5"

Pes monitoring can also be useful in assessing
patient muscle energy expenditure through mea-
surements of patient muscle work (work equals
the integral of pressure and volume) or PTP(integ-
ral of pressure and time) during either assisted or
unassisted breathing (see discussion on loads
later).

Volume (mL)

Normal
Abnormal

P,, rises P, (cm H,0)

Fig. 14. P-V loop shows increase in P,,, without signif-
icant change in volume, suggesting the presence of
overdistension.

P, (cm H50)

In addition, Pes can be used to measure the
threshold-triggering load imposed by auto-PEEP,
which is obtained by measuring the P.s decrease
that occurs before P,,, decreases during patient
efforts. Using this approach, applying circuit
PEEP up to 70% to 80% of this measured auto-
PEEP can effectively reduce the triggering load
without overdistending the lungs.

STRESS INDEX

The stress index (Sl), a parameter derived from the
shape of the pressure-time curve, can identify inju-
rious mechanical ventilation. It defines the slope of
the airway opening pressure during a period of
constant flow.”-°%%% Mathematically, the Sl is the
coefficient b of a power equation (P = a X
T + c), which describes the shape of the curve
(Fig. 17). Alinear increase in pressure (S| = 1) sug-
gests adequate alveolar recruitment (minimal der-
ecruitment) and absence of overdistention. If
compliance worsens at end inspiration from over-
distention, an upward concavity (SI>1) on the
pressure-time curve appears. In contrast, if there
is derecruitment at end expiration and rerecruit-
ment with inspiration, a progressive improvement
in compliance occurs and produces a downward
concavity (Sl<1), which suggests a potential for
additional recruitment.”-545°

It has been advocated that adjusting VT and
PEEP to a noninjurious Sl (0.95-1.05) can reduce
lung injury compared with simply limiting Pga: to
less than 30 cm H,O and VT to 6 mlL/kg ideal
body weight (IBW).5>%% A recent comparison by
Terragni and colleagues’ of the accuracy of Ppja
and Sl to identify morphologic indices of injurious
ventilation using computed tomography revealed
that a Pgs; Of greater than 25 cm H,O and an SI
of greater than 1.05 best identified morphologic
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markers of injurious ventilation compared with a
Poiat greater than 30 cm Hp0.5457:58

LUNG STRESS AND STRAIN

Stress and strain are engineering concepts that
have been used to describe mechanical aspects

{fcmH O) - ViimlL)

Fig. 16. Abnormal widening of the P-V loop showing
air trapping. The expiratory phase’® shows how,
despite the decrease in P, the volume remains
high for a large proportion of the phase before it de-
creases to zero before the initiation of a new breath.

Fig. 15. P-V curve indicating exagger-
ated patient effort caused by flow
starvation, which gives the concave
pattern of the inspiratory limb (yel-
low tracing).

of lung stretch. When positive P, is applied to
the lungs, alveoli are exposed to stress forces
(end-inspiratory stretch) and undergo a physical
deformation known as strain (tidal stretch).5%-¢°

Although the Py, and the VT/IBW ratio have
been used as the most important targets to limit
lung injury during positive pressure ventilation,
they are often inadequate surrogates for regional
stress and strain®® because Plat is a P,,, measure-
ment, not a Py, measurement; also, regional strain
is heavily affected by regional lung mechanics and
regional resting lung volumes.®>%-%'

Regional stress and strain is also important
when adjacent alveoli are exposed to a certain
P.w and one of them loses elasticity. Under these
conditions, the strain and stress increase in the
normal alveoli almost 5-fold.%-62-63 This phenome-
non has been described as a stress raiser. It has
been advocated that reducing Py, may minimize
these stress increasers.®® Using recruitment ma-
neuvers and the addition of PEEP may also add
benefit by ether correcting or diminishing inhomo-
geneities (reducing stress increasers).54°

INTRA-ABDOMINAL AND
TRANSDIAPHRAGMATIC PRESSURES

The diaphragm is the obvious link between the
thoracic and abdominal compartments. Any con-
dition that increases the intra-abdominal pressure
(Papa) shifts the diaphragm upward and decreases
Ccw- Under these conditions, the P-V loop typi-
cally shifts to the right, making the lower inflection
point increase.
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Fig. 17. During the period of constant flow (green curve) of a pressure-time curve the presence of a straight line
on the opening pressure (SI = 1) suggests the absence of tidal variations in elastance. The presence of a down-
ward concavity (SI<1) suggests decrease in elastance, whereas an upward concavity (SI>1) suggests increase in ela-
stance. (Courtesy of SilverSwiss Technology; Available at: http:/www.mbmed.com/index.html.)

Normal P,pq is 5 mm Hg and increases during
inhalation because of the downward displacement
of the diaphragm. Although measurement of
intraperitoneal pressure is the accepted standard
for determination of intra-abdominal pressure, it
is not practical. Therefore, the most common
method used is via bladder access. The trans-
ducer is zeroed at the midaxillary line in the supine
position and the P,,4 should be measured during
exhalation, avoiding any abdominal muscle
contraction.

Because P,,q may be affected by the intratho-
racic pressure, Ppeak, Ppiat, and mean P, have
been used by some surgeons as surrogate esti-
mates of P4 during abdominal closure.®®-¢” How-
ever, Pgs has been found to have an inconsistent
correlation with baseline P4 and thus P,,q may
have a limited value in guiding the management
of mechanically ventilated patients.®®

The  transdiaphragmatic pressure  (Pgi;
Pgi = Pabg — Pes) has been routinely used to deter-
mine diaphragmatic strength in response to
phrenic nerve stimulation. The length-tension rela-
tionship of the diaphragm can be studied by
measuring twitch Pgy; over the range of lung vol-
ume.®® Conceptually, Py measurements can be
used to improve patient-ventilator synchrony us-
ing Pg-driven Py, and flow.”%""

RESPIRATORY MUSCLE LOADS: PRESSURE-
TIME PRODUCT AND WORK OF BREATHING

Mechanical loads associated with breathing
can be expressed by either the PTP or the work
of breathing (WOB). PTP is the integral of pres-
sure over time and WOB is the integral of

pressure over volume. Although both load mea-
surements correlate with energy demands,
PTP is more closely correlated and, as described
later for pressure-time indices, can be coupled
with breath timing measurements to predict
fatigue.”?~ 74

According to the simplified equation of motion,
the pressure requirement for a given VT is calcu-
lated as: VT = triggering pressure (valve sensi-
tivity/responsiveness + auto-PEEP) + (elastance
x VT) + (flow x resistance) (Fig. 18).

During unassisted breathing, this pressure
requirement is the difference between Pes and
the passive recoil pressure of the chest wall. Dur-
ing controlled mechanical ventilation, this pressure
requirement is the applied P,,,. When this Pes or
P.w is integrated over time it is the PTP and
when integrated over volume it is the WOB for
the patient and ventilator respectively. In mechan-
ically ventilated patients, when PTP and WOB cal-
culations using only P,,, measurements (ventilator
loads) are done during both a controlled and an
assisted breath with similar flows and volumes,
the difference in PTP or WOB between the two
breath types reflects the patient loads during the
assisted breaths.”?"°

Importantly, the PTP and WOB both include the
elastance and resistive loads in the equation of
motion but, unlike WOB, PTP also includes the iso-
metric load imposed by the assist triggering pro-
cess.”®"° This process includes how much time
and pressure it takes for the patient’s effort to be
recognized by the ventilator (sensitivity) and how
much time it takes the ventilator to pressurize the
patient after the inspiratory effort is recognized
(responsiveness) (Fig. 19).
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PTPpeepi

PTPn-peepi

Fig. 18. PTP tracing with the 3 levels of pressure expenditure. PTPn-peepi, PTP not associated with auto-PEEP;
PTPpeepi, PTP associated with auto-PEEP; PTPres, PTP associated with resistive forces. (Courtesy of SilverSwiss
Technology; Available at: http://www.mbmed.com/index.html.)

PTP is expressed in terms of centimeters of H,O
per second with normal values of 5 cm Hy0/s.
WOB is properly expressed in units of joules (J)
but is often evaluated or reported in terms of joules
per liter of volume change with normal values of
0.3 to 0.7 J/L. It is important to realize that using
joules per liter eliminates the volume term from
the WOB calculation and thus WOB per liter be-
comes simply a measurement of the mean pres-
sure required for a given volume and flow.

On modern mechanical ventilators, the PTP is
graphically displayed by the standard pressure-
time scalar displays using either P,,, or Pes as
described earlier (ventilator and patient PTP

. DT
@) |
N

- DT1 | DT2
§ :
o .
o ;
5 ' . !
@ : ~ Inspiratory trigger
< 1
o PTP1 v/ PTP2

|

PTP
Time (s)

Fig. 19. PTP in a mechanical ventilator. Delayed time
(DT) is before and after the threshold of the inspira-
tory trigger is reached. PTP is before and after the
threshold is reached. The pressurization time or pres-
surization rate is the time from threshold is reached
until PIP is reached.
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respectively). Using a P-V loop can display the
WOB performed in a so-called Campbell diagram
(Fig. 20). Diagrams of increasing complexity
based on the Campbell diagram depict the phys-
iologic elastic and resistive WOB for the lungs
and chest wall under normal and abnormal con-
ditions. A modification of the Campbell diagram
includes an additional area depicting the
imposed WOB from resistive loads imposed on
the respiratory muscles by the endotracheal
tube, breathing circuit, and the ventilator’'s
demand-flow system during spontaneous
breathing.8®

It has been suggested that measuring the
power of breathing (WOB per minute) may be a
better assessment of respiratory muscle load®' 82
because it is not limited to a single breath. It could
be useful in setting pressure support levels to un-
load the respiratory muscles.?’#3 Normal power
of breathing is 4 to 8 J/min.®* Other tools to assess
loads include the diaphragmatic electromyogram
and ultrasonography.®®

Although®-87 it is not clear whether measuring
loads during mechanical ventilation improves
patient outcomes, it has been shown that
increased physiologic and/or imposed loading
during spontaneous or assisted breathing can
cause harm to respiratory muscles. Excessive
loading increases oxygen consumption, damages
myofibrils, and results in the development of fa-
tigue and hypercapnia.

TENSION-TIME INDEX AND PRESSURE-TIME
INDEX

Bellemare and Grassino®® described the tension-
time index (TTI) in 1982 as a tool to predict

For personal use only. No other uses without permission. Copyright ©2019. Elsevier Inc. All rights reserved.
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Volume

Resistive
inspiratory
work

diaphragmatic fatigue. TTl is calculated as follows:
TTI = (Pdi/Pdinay) x (Ti/Ttot); where Pdip,.y is the
maximum Pdi, and Ti/Ttot is the inspiratory time
divided by total time, known as duty cycle or
contraction duration. The cutoff point of TTI is
greater than 0.15 to predict respiratory muscle fa-
tigue. Because P and P,,q are not routinely per-
formed in the intensive care unit (ICU), a good
proxy is the use of the pressure-time index (PTI),
calculated in spontaneous ventilated patients as
PTl= (Poreath/Pimax) % (Ti/Ttot), where Pprearn is
the patient-generated pressure required for a
given VT and Pj,. is the maximum patient-
generated pressure against a closed shutter.®?
The cutoff value is the same, but it requires patient
collaboration and a technique to occlude the
airway. The result can predict respiratory fatigue
in respiratory muscles, but data to support its
use and benefits are limited. In a pediatric study
by Harikumar and colleagues® the sensitivity of
the PTl was 100% to predict extubation failures if
greater than 0.15.

Fig. 20. Campbell diagram showing
all the components of the WOB.
(Courtesy of SilverSwiss Technology;
Available at: http://www.mbmed.

Work com/index.html.)
related to
AutoPEEP

Expiratory
active
work

DRIVING PRESSURE

Recent interest has arisen in airway driving pres-
sure (DP), which is the pressure required to deliver
a given VT into a respiratory system with a given
compliance (Ppa: — PEEP) (Fig. 21). Because
driving pressure is the ratio between VT and respi-
ratory system compliance (VT/Cgs), in essence DP
allows scaling of the VT to the functional size of the
lung (often reduced by lung injury) rather than to an
ideal lung size derived from IBW. VT targets pro-
gressively less than 6 mL/kg IBW would thus occur
as functional lung size and compliance decrease.
Conceptually, lung stress and regional lung strain
should be reduced with this approach, especially
if Py, rather than Py, is used. A target DP of less
than 15 to 18 cm H,0 has been proposed based
on retrospective analyses of large ventilator man-
agement trials.9'~%3

Amato and colleagues®’ recently showed
that DP was a powerful stratified risk predictor of
lung injury and that its decrease was strongly

8 PIP
IN Driving pressure=
= Plateau
1) (Plateau pressure — PEEP)
qh:': APressure = (VT/Compliance)
@ PEEP
o Lung APressure = (VT/ Static Compliance)
o
Time (s)

Fig. 21. DP is the difference between P, and PEEP, and is a correlate of the ratio between VT and the compli-

ance of the respiratory system.
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Fig. 22. Placement of the thoracic belt with 16 elec-
trodes at the sixth intercostal space for measurement
of pulmonary impedance.

associated with increased survival even in patients
with protective Pya: (<30 cm H,0) and a normal VT
of 5 to 7 mL/kg. An increase in 1 standard devia-
tion in DP (=7 cm H,0) was associated with in-
crease mortality (RR [relative risk], 1.41; 95%
confidence interval, 1.31-1.51; P<.001). Some
other studies have confirmed these findings.®* 6

ELECTRICAL IMPEDANCE TOMOGRAPHY

Electrical impedance tomography (EIT) is a nonin-
vasive, radiation-free, bedside monitoring tool that
allows real-time imaging of ventilation. It provides
a continuous view of the regional pulmonary vol-
ume dynamics by using analyses of thoracic
impedance derived from 16 or 32 skin electrodes
placed around the chest.®”

The display is of a visual slice of the lung similar
to the one seen in a coronal cut of a chest tomo-
graphic image (computed tomography). The belt
containing the electrodes is generally placed at
the sixth intercostal space (Fig. 22).

EIT is considered safe and easy to use. Further-
more, EIT has shown a good correlation with find-
ings obtained by computed tomography, nitrogen

Tidal image C1

L —
T —

o~

” -

washout, PET, and single-photon emission
computed tomography.®8-103

The changes in the trend of impedance can be
reflected in the changes of end-expiratory lung
impedance. Therefore, EIT can determine changes
in end-expiratory lung volume and VT associated
with PEEP titration'%%194-107 (Fig. 283), postural
changes, and prone position, ¢ as well as recruit-
ment maneuvers'% and nonconventional modes
of ventilation such as P, release ventilation and
high-frequency oscillatory ventilation.’'©

Pulmonary edema is common in the injured
lung. Its assessment has been considered a key
factor in monitoring and guidance of therapy in
critically ill patients. Trepte and colleagues''"
recently developed a novel approach to assess
extravascular lung water in an animal model by
making use of the functional imaging capabilities
of EIT. A lateral body rotation was used to measure
a new metric, the lung water ratio EIT, which re-
flected total extravascular lung water. The lung
water ratio EIT was compared with postmortem
gravimetric lung water analysis and transcardio-
pulmonary thermodilution measurements. There
was a significant correlation between extravas-
cular lung water as measured by postmortem
gravimetric analysis and EIT (r = 0.80; P<.05).

It is important to remember that the clinical us-
ability and plausibility of EIT measurements
depend on proper belt position, proper impedance
visualization, monitor calibration, and correct anal-
ysis and data interpretation.'®" Moreover, EIT only
provides information on a transverse slice of the
|ung.112—116

SUMMARY

The assessment of respiratory system mechanics
provides critical information in the ICU. This
assessment involves a series of methods and tools

Tidal image C2

S —
e T e e
e =

Fig. 23. EIT divided into 4 regions of interest (ROIs). The noticeable improvement in the impedance (ventilation)
of the ventral regions (ROIs 1 and 2) follow an increase in PEEP. The areas in white show the maximum

ventilation.
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that require skills and experience. A solid under-
standing of respiratory physiology is the first step
to selecting the best and most feasible strategy
to optimize the management of patients in the crit-
ical care setting, particularly those receiving me-
chanical ventilation.
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