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This review of the mechanical properties of the respiratory
system 1is related to ventilator practice. As virtually all
modern ventilators display traces of airway pressure (Paw),
volume (V) and flow (V) the necessary information is
immediately available with no additional effort. This review
interprets the information contained in ventilator wave-
forms. The review concentrates on three aspects where
measurements are most useful, namely: (i) the diagnosis and
management of patients with injured lungs; (iii) patients
with airways obstruction; and (iii) the assessment of
respiratory motor output. We will outline the precision
and accuracy of the derived variables, discuss their scientific
basis and review how decisions based on these measure-
ments improve patient outcomes. We give a personal
perspective even if it means taking sides in debates on
controversial issues.

Basic principles

(For a full discussion of classic respiratory system mech-
anics the reader is referred to refs ® and *7). Classic
respiratory mechanics is based on Newtonian physics as
expressed in the equation of motion. The respiratory system
is considered to be a resistive and elastic element in series.
Any pressure applied to it is either stored as elastic pressure
(Pel) or dissipated as resistive pressure (Pres)

P(t)=Pel(t)+Pres(r) (1)

where ¢ indicates a particular time.

In its simplest interpretation the elastic element repre-
sents lungs and chest wall, while the resistive element
represents ventilator tubing, tracheal tube and airways (we
will discuss the pitfalls and limitations of this simplistic
model in the context of the specific applications). It follows
that during inflation of the relaxed respiratory system Pel
can be approximated by alveolar pressure (Palv) and Pres by

the difference between proximal airway pressure (Paw) and
Palv.

Pel(r)=Palv(¢) 2
and
Pres()=Paw(t) — Palv(7) 3)

If flow is zero then Palv equilibrates with Paw so that Pel
can be estimated from airway occlusion pressure. This is
how a static recoil pressure—volume curve measurement is
made.

As Pel is a function of volume and Pres a function of flow
Equation 1 can be rewritten as

P(H)=Po+EV(£)+RV(f) (4)

where Po is the elastic recoil pressure at relaxed end-
expiration. In the clinical literature Po is often referred to as
total PEEP. The constants E and R denote respiratory
elastance and resistance and are the factors that scale
volume and flow to yield Pel and Pres, respectively.
Clinicians are more likely to use the term compliance (C),
which is the inverse of E.

During relaxed expiration, flow is generated by Palv
(relative to Paw), in that it is determined by the elastic recoil
of the respiratory system and by the properties of the
resistive element (i.e. properties of airway, tracheal tube and
equipment). As both determinants vary with lung volume,
so must passive expiratory flow. In normal lungs expiratory
flow varies approximately linearly with volume and
decreases exponentially with time.

Rearranging Equation 4 shows that the slope of the
passive expiratory volume flow relationship equals R/E (or
R*C), which has the units of time. This quantity is the time
constant of the respiratory system and defines the time it
takes for the elastic element to passively empty approxi-
mately 63% of its contents. Inspection of linearity and slope
of the expiratory flow—volume curve can be useful when a
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Fig 1 Results of a Medline search of the term ‘respiratory mechanics’ in
association with ALI or ARDS.

diagnosis of airway or tracheal tube obstruction is suspected
(see page 85).

Assessment of respiratory mechanics in the
diagnosis and management of patients with
injured lungs

The realization that the physical stress of mechanical
ventilation can damage lungs or may amplify non-physical
injury mechanisms has generated renewed interest in the
mechanics of injured lungs.?! Publications on this topic
have increased exponentially in the last decade (Fig. 1). An
International Consensus Conference held in 1993 defined
acute lung injury (ALI) and adult respiratory distress
syndrome (ARDS) as conditions characterized by abnormal
pulmonary gas exchange in the presence of bilateral
pulmonary infiltrates.'® These features are non-specific,
and must be related to the clinical setting and not attributed
to left heart failure. ALI and ARDS differ only with respect
to the severity of the gas exchange impairment and have a
wide variety of causes.

Injury mechanisms and their consequences on lung
mechanics

Irrespective of cause, injured lungs have an abnormal
barrier function. The pulmonary capillaries are leaky and
the alveolar epithelial cells cannot clear water and solute
from the alveolar space properly,'' with important conse-
quences for the mechanical properties of the lung. Injury
and oedema increase pulmonary elastance and resist-
ance.”®® Numerous mechanisms have been proposed to
explain this. Presently the most popular one is the ‘baby
lung’ concept: alveolar flooding causes ‘collapse’ of the
dependent lung so the greater lung elastance reflects the
reduced number and smaller volume of near normal, non-
dependent, and recruitable units.”®*>° Other proposed
mechanisms include increased surface tension by inactiva-
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tion of surfactant,®® airway block by air-liquid interfaces
and bubble formation in small airways,'®'®3*9% reflex-
broncho-constriction,'> ' pneumo-constriction caused by
release of inflammatory mediators* and peribronchial
oedema.'®

Susceptibility of injured lungs to VILI

Two attributes of the injured lung explain its susceptibility
to additional ventilator induced lung injury: (i) the number
of alveoli that can expand during inspiration is decreased
and (ii) the distribution of liquid and surface tension varies
in distal airspaces and hence the local impedances to lung
expansion are heterogeneous.” ** The first attribute is the
key abnormality in the ‘baby lung concept’.® It explains the
increased risk of lung injury from overdistension of aerated
low impedance units. The second attribute, heterogeneity in
regional impedances to lung expansion, has several conse-
quences. One is a large shear stress between neighbouring,
interdependent units that operate at different volumes.
Tissue attachments between large aerated units and smaller
neighbouring flooded or collapsed units carry a stress that is
substantially greater than the average transpulmonary
pressure.’® Another consequence is injury to small airways
and alveolar ducts caused by their repeated opening and
collapse,®*™ by energy dissipation during liquid bridge
fracture or from the stress that is imposed on lining cells by
the movement of air-liquid interfaces with respiration.*®>!
The relative contributions of these related injury mechan-
isms in different diseases is simply not known. Inferences
from animal experiments with short-term endpoints are of
interest but do not show which mechanism is important in
which circumstance. Study of bubble and liquid flow in
tubes, although constrained by simplifying assumptions
(e.g. rigid tube of uniform diameter, smooth surface), are
giving some quantitative data on this problem.'* '3

Whole respiratory system mechanics: methods and
mechanistic interpretation

Much literature now describes the static and dynamic
pressure volume relationships of injured lungs, and the
effects of interventions such as PEEP and recruitment
manoeuvres, > 37 403033357691 A" oreat deal of emphasis
has been placed on methods and analytic
approach,?’ ° 98727794 byt there is little agreement how
these measurements can be used clinically.

The static respiratory system pressure—volume curve of
patients with injured lungs has certain characteristics
(Fig. 2): (i) an S-shaped inflation curve with an upper and
lower inflection point (UIP and LIP, respectively); (ii) an
increased recoil pressure at all lung volumes; and (iii) a
reduced compliance defined by the slope of the inflation
curve between LIP and UIP.

For many years the pressure at LIP was regarded as the
critical opening pressure of collapsed lung units and was
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Fig 2 Cartoon of characteristic PV changes in injured lungs.

considered a target of ‘best PEEP’. The pressure at UIP, in
turn, was considered to indicate alveolar overdistension that
should not be exceeded during mechanical ventilation.”
These ideas have been challenged because most values from
the PV curve have low specificity.** > For example, when
lungs are rinsed with mineral oils to increase surface
tension, the LIP is prominent even though the lung units are
‘open’, that is aerated.”®®! Similar characteristics are
observed when saline filled lungs are inflated with air as
happens during a newborn’s first breath.* Attention is now
on oedema, airway liquid and interfacial phenomena as
causes of increased ‘opening pressure’ and lung imped-
ance.””>? In some patients the LIP originates in the chest
wall and not the lung.”’ This is likely in patients with small
thoracic volumes because the chest wall PV curve is non-
linear in the low volume range.67 Nevertheless, even in
these patients the contribution of the chest wall to the
pressure at LIP is quite small.

Because the chest wall may generate PV artifacts, some
have advocated oesophageal pressure measurement to guide
management in patients with injured lungs. Advocates
usually emphasize that even in recumbent patients the
change in oesophageal pressure (APoes) reflects the average
change in lung surface pressure or pleural pressure (APpl).
However, support for this statement is from experiments on
normal animals.>* Diseased lungs expand non-uniformly
and non-uniform lung expansion is associated with non-
uniform distributions of lung surface pressure.' ** > This
means that the position of the oesophageal balloon at which
APoes mirrors APpl varies greatly with posture, mode of
breathing and with the pattern of respiratory muscle
activation. In other words, in injured lungs the calibration
of the device with an occlusion test’ does not guarantee that
the signal, that is APoes, will represent APpl under the
conditions under which the actual measurements are made.
Any concern about erroneous conclusions from oesophageal
manometry in patients with ARDS is speculative because it
is not possible to measure Ppl without artifact in humans.
However, we cite two examples in support of our argu-
ments. Rich and colleagues measured lung mechanics in
prone dogs.”' During inhalation anaesthesia they observed
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looping and inversions of dynamic PV loops that suggested
negative pulmonary resistances. They attributed this artifact
to a halothane-related inhibition of intercostal muscles,
ribcage instability, and chest wall distortion that changed
the topographical distribution of APpl. Another example is
the apparent large decrease in chest wall compliance of
ARDS patients in the prone posture.”> The investigators
defined chest wall compliance (Cw) as the ratio of tidal
volume to APoes. In 15 of 16 supine patients the Cw
estimate was larger than the predicted norm (reaching
values up to 0.45 litre cm HZO*) and decreased dramat-
ically upon the assumption of the prone posture. This
suggests that in the supine posture the oesophageal balloon
is near flooded derecruited lung, which does not expand
during mechanical ventilation and therefore does not
generate a local pressure swing. Paraspinal lung recruitment
associated with the assumption of the prone posture
dramatically increases volume and ventilation of perioeso-
phageal lung regions, leading to a much smaller estimate of
Cw.

While it is likely that some regions of the lungs approach
their maximal volume at pressures near UIP,**37* the
evidence that ventilating patients in this way causes injury
provided tidal volume is kept low is circumstantial.**¢°7
The pressures and volumes used to test this hypothesis in
experimental animals were generally high and are nowadays
rarely used in clinical practice. Therefore, the term over-
expansion should be used with caution. We will return to
this point in our discussion of clinical implications of
mechanics measurements.

The effects of injury on recoil and on compliance need
not be related. This is because abnormal surfactants with
increased minimal surface tension and impaired dynamic
properties (adsorption, spreading, and compression) cannot
cause an appropriate change in surface tension with lung
volume.®*® As a result both recoil and compliance of
aerated units with abnormal surfactants must
crease,”” 8! 82 while the compliance of flooded and collapsed
units must be more or less zero. This is just one of many
examples why it is difficult to draw inferences about specific
mechanisms from static whole lung PV curves. This would
only be possible if the small-scale distributions of regional
elastances were known.

In some patients there is a larger than anticipated recoil
pressure difference between inflation and deflation, indicat-
ing PV hysteresis. There are several possible mechanisms
for PV hysteresis: (i) the recruitment and derecruitment of
lung units during the manoeuvre; (ii) the volume- and time-
dependent molecular reorganization of surface active
material which coats air-liquid interfaces in alveoli and
conducting airways; (iii) stress relaxation and stress recov-
ery of airways and lung parenchyma; (iv) spurious changes
in lung volume on account of gas absorption during the PV
measurement. The last is a well-described problem of the
supersyringe technique.®®

in-
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The clinical literature on ALI and ARDS has generally
ignored mechanisms two and three and has attributed all
volume- and time-related changes in PV characteristics to
lung recruitment (i.e. the opening of previously closed
units). While in injured lungs recruitment is undoubtedly an
important cause of airway pressure and time-related
changes in lung mechanics, it is certainly not the only
one. In a series of classic papers Hildebrandt and colleagues
studied the physiologic determinants of the PV loop.>* ™! In
the normal lung, stress relaxation, stress recovery, and
hysteresis are surfactant and surface tension phenomena,
and they account for changes in lung volume with pressure
and time. In other words ‘recruitment manoeuvres’ as they
have been described in the critical care literature would be
fully expected to alter volume and recoil of normal lungs by
recruitment independent mechanisms. Compared with sur-
face properties the fraction of elastic pressure that is lost
because of tissue hysteresis is small.”> However, it is not
zero and as emphasized in studies of patients with asthma,
can be an important source of relaxation in a lung which is
actively constricted.>

The neglect of alternative mechanisms as explanations
for PEEP induced changes in the volume of injured lungs is
regrettable, because the reasoning behind the ‘open lung
approach’ is largely based on putative benefits derived from
recruitment. However, if PV measurements cannot distin-
guish between recruitment of new units and stress relaxation
of already recruited units, then clinical decisions will be
based on a mechanism (recruitment) that cannot be confi-
dently assessed.

Role of respiratory mechanics testing in clinical
decision-making

As pointed out, most of the recommendations using
measurements of mechanics to guide ventilator manage-
ment are based on physiologic reasoning and not on
established clinical efficacy. We should consider factors
that determine PV shape and lung mechanical properties, to
assess the soundness of current practice. We will address
two questions: (i) is there a single end-inspiratory pressure
beyond which patients should not be mechanically venti-
lated? (ii) Do measurements of respiratory mechanics help
in the choice of tidal volume and ‘best PEEP’?

There is incontrovertible evidence that mechanical ven-
tilation with large tidal volumes harms the lung.”>*' % In the
single most definitive study trial on the topic, the ARDS
network study, patients were randomized to receive mech-
anical ventilation with tidal volumes of either 6 or 12 cc
kg™! predicted body weight.®> The designers of the study
chose to ignore lung mechanics as a guide to ventilator
management, and instead scaled tidal volume to predicted
body weight, that is an estimate of the size of the normal
lung. Because of this design choice, hypotheses about safety
limits in end-inspiratory recoil pressure (also referred to as
plateau pressure or end-inspiratory hold pressure) cannot be
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tested post hoc. Certainly, in each group in the study plateau
pressure (Pplat) correlated with the severity of injury (the
size of the baby lung) and with outcome (R. G. Brower,
personal communication)."* However, it is difficult to
separate the effects of VT assignment and severity of lung
impairment on Plat and outcomes.

Those who argue that there is a safe threshold value of
Pplat (often proposed as 30 cm H,0), below which the
choice of VT becomes less important, implicitly assume that
the risk of injury increases as peak lung volume increases.®’
Normal lungs approach their total lung capacity, which may
be viewed as their structural limit, at transpulmonary
pressures between 30 and 35 cm H,O. Thus, even in the
heterogeneously affected injured lung the most normal and
hence low impedance units would not exceed their capacity
at Pplat less than 30 cm H,O. Clinical evidence in support of
this approach is the observation that in the ARDS Network
trial the mortality of patients with the greatest respiratory
system compliance was not influenced by VT assignment:
that is, it was identical in the two study arms.®

However, there are powerful arguments against this
reasoning. First, the lack of VT effect on mortality in the
high compliance group has limited statistical power.
Secondly, a post hoc analysis that focused on Pplat rather
than compliance showed that the VT effect was preserved
across all Pplat quartiles (R. G. Brower, personal commu-
nication). Thirdly, in spontaneously breathing animals
experimentally induced hyperpnoea impairs lung barrier
function.*” And finally, fourthly, the large alveolar surface
area change associated with high VT breathing inactivates
surfactant irrespective of the peak lung volume reached.*

The clinical literature provides even less guidance to the
question ‘do respiratory mechanics measurements aid in
the choice of best PEEP’? Most experimental studies on the
topic have used measures of pulmonary gas exchange such
as the Pag /Fip, ratio as surrogate outcome variables of
clinical benefit. While there is no question that adjustments
in PEEP guided by PV loops may be helpful in optimizing
pulmonary gas exchange, it has also become clear that
optimizing gas exchange need not convey outcome/survival
benefit. Those patients randomized to the high tidal volume
group, who ended up having an increased risk of dying, had
more improvement in arterial oxygenation on day 1 than
patients who were randomized to the low VT arm and who
were more likely to survive.®

In summary, measurements of respiratory mechanics in
patients with injured lungs can help to identify patients at
risk for ventilator induced lung injury. Mechanical venti-
lation with airway pressures greater than 30-35 cm H,O
should make the clinician re-assess the settings of VT and
PEEP. Until proven otherwise, patients with injured lungs
should not receive a VT more than 8 cc kg™ predicted
bodyweight (some would argue 6 cc kg™ predicted). Most
experts agree that a routine PEEP setting of 5 cm H,0 is too
little, but there is no evidence that setting PEEP guided by
PV curves results in better outcomes.
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Assessment of respiratory mechanics in
patients with airflow obstruction

In contrast to ARDS/ALI, the mechanisms that govern
patient/ventilator interactions in patients with airway
obstruction are well understood. There is comparatively
little controversy how to interpret and use information on
lung mechanics in clinical decision-making. However, some
care givers may not know or use the knowledge in their day
to day practice. For example, in a recent survey one third of
US senior medical residents were unable to manage auto-
PEEP correctly at the end of their critical care training.'” In
this section of our review we will therefore focus on the
bedside diagnosis of airflow obstruction and on the impli-
cations of this diagnosis for ventilator management.

Basic principles for identifying airway obstruction in
a mechanically ventilated patient

Patients with obstructive lung disease cannot generate
normal expiratory flow. In ambulatory patients this is shown
by characteristic changes in the shape of the maximal
expiratory flow—volume relationship. In mechanically ven-
tilated patients, however, flow—volume curves are harder to
interpret because: (i) one cannot assume a priori that
expiratory flows are maximal; and (ii) absolute lung volume
is not known. The critical care literature has therefore not
paid much attention to flow—volume loops but has
emphasized inadvertent PEEP and the recognition of
dynamic hyperinflation as an important consequence of
airflow obstruction.®? 3> ®* Nevertheless, we find the flow—
volume loop helpful to explain the mechanism of these
features.

Dynamic hyperinflation occurs whenever the respiratory
system cannot generate the necessary expiratory flow near
FRC. In a ventilated patient the expiratory flow requirement
is determined by tidal volume settings and breath timing
(Fig. 3). It can be calculated from the ratio of tidal volume
and expiratory time (VT/TE). Consider a paralysed patient
who is being ventilated with a VT of 0.8 litre, a mean
inspiratory flow of 30 litre min~" and a ventilatory frequency
of 12 min~'. At these settings the expiratory time (TE) is 3.4
s and mean expiratory flow needed is 0.8/3.4 or approxi-
mately 0.25 litre s™'. A patient with normal lungs can
generate a mean expiratory flow of more than 0.25 litre s~
during the normal tidal breathing and the lungs would
therefore reach relaxation volume at end-expiration. The
airway occlusion pressure at end-expiration would be
atmospheric (or equal to extrinsic PEEP). In contrast,
many patients with severe airways obstruction generate
maximal flows between 25 and 75% of their vital capacity
of no more than 0.1 litre s (referred to MMEF or FEF
25-75 in the pulmonary function testing literature). If such
patients were to be ventilated with the settings suggested in
this example, they would ‘dynamically hyperinflate’
because they could not generate the necessary flow of
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0.25 litre s' over most of their vital capacity range. In fact,
the lung volume at which the respiratory system would
reach a new steady state if these conditions were imposed is
defined by the volume at which mean expiratory flow
becomes 0.25 litre s~

Before discussing the clinical application of measure-
ments of mechanics in obstructed patients, it is also helpful
to recall the basic concepts of expiratory flow limitation.
Figure 4 shows three hypothetical driving pressure—
expiratory flow curves at three specific lung volumes (e.g.
end-inspiration, mid-tidal range, and end-expiration). Note
that the curves are non-linear, and that they have a pressure-
dependent and a pressure-independent portion, that is
separated by Pcrit, the critical driving pressure. Over 40
years ago Fry and Hyatt constructed such curves by asking
volunteers to vary their expiratory efforts while they
measured oesophageal pressure and expiratory flow.%® Fry
and Hyatt introduced the idea of dynamic airway collapse as
the principal reason for effort independence of flow and
provided a conceptual framework for examining flow—
volume loops in pulmonary function testing.

Iso-volume pressure flow curves can be measured in
relaxed or paralysed mechanically ventilated patients.>* We
are not suggesting that this be done clinically, but find it
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useful for reviewing important principles. In a paralysed
mechanically ventilated patient the maximal driving pres-
sure for expiratory flow is the respiratory system recoil
pressure at the lung volume in question (denoted by
Pelei me, ee in Fig. 4). As shown on page 81, Pel is the
airway occlusion pressure at the volume under consider-
ation. The driving pressure for flow will be reduced relative
to Pel by applying extrinsic PEEP (PEEPe). The resulting
changes in flow at a given lung volume can be measured and
after repeating this process over many PEEPe settings a set
of iso-volume pressure—flow curves can be constructed. If
one were to do this in a young person with normal lungs one
would discover that any application of PEEPe, no matter
how small, reduces isorecoil flow. In other words, normal
lungs do not reach maximal expiratory flow when they
empty passively. The same procedure in a patient with
severe emphysema would show that Pel is already greater
than the pressure needed to reach maximal flow. Hence,
applying a small PEEPe will not affect flow. Instead of
reducing driving pressure with PEEPe one could just as well
increase it by applying a negative airway pressure.>® If there
were no corresponding flow change one would have to
conclude that expiratory flow limitation is present and that
driving pressure is greater than Pcrit.

The bedside diagnosis of obstruction in
mechanically ventilated patients

It is easy to confirm airflow obstruction and test for
expiratory flow limitation in a patient who makes little to no
spontaneous respiratory efforts.” *> Therefore, the best time
to assess patients for airway disease is shortly after
intubation when most are heavily sedated or have received
relaxants. We can assess: (i) inadvertent PEEP by airway
occlusion at endexpiration; (ii) the shape of the expiratory
flow—volume curve, looking for non-linearity and end
expiratory flow transients; (iii) the shape of the Paw tracing
during volume preset mechanical ventilation including the
decrease from the peak to the plateau airway pressure; and
(iv) the inspection of the peak Paw response to small step
changes in PEEP.

Inadvertent PEEP

Inadvertent (or intrinsic) PEEP (PEEPi) is defined as the
difference between the respiratory system recoil pressure at
end-expiration (end-expired airway occlusion pressure or
total PEEP as it is sometimes referred to) and the end-
expired airway pressure during mechanical ventilation (i.e.
PEEPe). In a relaxed, mechanically ventilated patient the
presence of inadvertent PEEP indicates dynamic hyperin-
flation and shows that end-expired lung volume is greater
than relaxation volume. While virtually all patients with
COPD have some degree of dynamic hyperinflation during
mechanical ventilation, PEEPi and dynamic hyperinflation
are not specific to this condition. Mechanical ventilation
with high minute volumes often causes dynamic hyperin-
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flation irrespective of the patient’s lung mechanics.
Furthermore, the presence of PEEPi and dynamic hyperin-
flation do not mean that end-expired lung volume is
increased in absolute terms. Many recumbent patients
with obesity or ascites breathe at lung volumes near residual
volume because of mass loading of their chest wall.®' As
even a normal lung will suffer limitation of flow at low
volumes, dynamic hyperinflation must occur. Because of
the increased recoil and weight of the chest wall even small
increases in end-expired lung volume above relaxation
volume will generate large amounts of PEEPi (at times in
excess of 15 cm H,0). Therefore PEEPi must be obtained in
the clinical context if it is to be used to diagnose airways
disease.

Many mechanical ventilators have automated the
measurement of PEEPi by imposing an appropriately
timed end-expired occlusion. However, in most cases this
measurement is not reliable in patients with spontaneous
respiratory muscle activity.

Inspection of expiratory flow—volume and flow-time tracings
As pointed out on page 81, the slope of the passive expired
flow—volume relationship has the units of time and defines
the time constant () of the relaxed respiratory system. It is
determined by the product of R and C and defines the time
after which approximately two-thirds of end-inspired lung
volume will be expelled. Factors such as the use of
neuromuscular blocking agents, intubation, anaesthesia,
and mechanical ventilation alter respiratory system mech-
anics. Depending on tracheal tube size the resistance may be
as great as 10 cm H,O litre™ s while compliance may be
as small as 0.06 litre cm H,O™'.?° This means that ‘normal’
intubated patients should be able to empty a tidal breath
without trapping in less than 1 s.

Even without measuring the slope of the expired flow—
volume curve there is a lot to be learnt from simple pattern
recognition. Many patients with lung disease, particularly if
flow is limited during passive expiration, have a non-linear
curve. Unless ventilator tubing and other apparatus dampens
the signal, dynamic airway collapse is associated with a
large flow transient (flow spike) at the beginning of
expiration. This is because gas residing in the collapsing
airways is being expelled at a high rate before flow
limitation sets in. The persistence of expiratory flow
immediately before the transition from expiration to inspir-
ation is another sign that the lung has not completely
emptied in the time available for expiration and that PEEPi
is present.

The same events may be seen in relation to time that is by
inspecting the expiratory flow-time tracing. However,
expiratory flow is not expected to vary linearly with time.
As is true for the PEEPi measurement, flow tracings must be
interpreted with caution in patients who breathe with the
ventilator. The expiratory flow transient that can show
dynamic airway collapse may be blunted by inspiratory
muscle activity that extends into the early expiratory phase
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Normal pattern

Dynamic hyperinflation

Fig 5 An airway pressure—time tracing during inflation of the respiratory
system with constant inspiratory flow.

of the machine cycle. Phasic expiratory muscle activity will
amplify flow transients between end-expiration and the
beginning of inspiration and when present should not be
viewed as evidence of dynamic hyperinflation.

Inspection of the Paw tracing (Fig. 5)

Recalling Equations 1 and 4 on page 81, Paw is the sum of
an elastic and resistive pressure. If a constant (square wave)
inspiratory flow is used to inflate the relaxed respiratory
system (i.e. during volume preset mechanical ventilation)
and the inspiratory resistance is constant in the tidal
breathing range, then the resistive pressure must remain
constant except during flow transients at the beginning and
end of inflation. The pressure transients corresponding to
these flow transients define a resistive pressure (Pres). In the
absence of patient effort Pres can therefore be estimated
from the initial step increase in pressure at the beginning of
lung inflation or from the pressure decrease at the end of the
breath (i.e. from the difference between peak and plateau
pressure). The two estimates of Pres ought to be very similar
(see Fig. 5). If they are not, that is if the early step increase in
pressure is obviously greater than the pressure decrease at
the end of inspiratory flow, one can conclude: (i) inspiratory
resistance decreased significantly with volume; or more
likely (ii) the initial step change in pressure is not only
because of Pres but also reflects PEEPi. Recall that PEEPi is
a pressure that drives expiratory flow and that it must be
counter balanced before flow can be antagonized in the
inspiratory direction.

This method of estimating PEEPi has certain advantages
over the end-expiratory airway occlusion method because it
is not as sensitive to artifacts from spontaneous muscle
activity. Most patients relax at end-inflation because lung
inflation inhibits inspiratory activity. This means that the
decrease in pressure from the end-inspiratory peak to the
plateau pressure can be usually measured unencumbered by
respiratory artifact. On the other hand even in patients who
trigger each machine breath it is usually possible to estimate
the early inspiratory pressure transient by back extrapola-
tion.
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By dividing Pres and inspiratory flow one can compute an
ohmic resistance, which if it is large (>15 cm H,O litre ™
s71), suggests a problem with a tracheal tube or the airways.
The pitfalls of this measurement are that it depends on the
flow setting. Tracheal tubes have very non-linear pressure/
flow characteristics, so resistance is very flow dependent.
The use of correction factors determined in vitro, to adjust
for tube size, may not help as inspissated secretions and
‘tube biting’ can cause high inspiratory resistance. With
inspiratory flow values less than 1 litre™ s~ and tracheal
tubes greater than 7 mm internal diameter, Pres is usually
less than 10 cm H,O. As a rule of thumb, unless there are
other indicators of intrinsic airways disease such expiratory
flow limitation, increases in Pres above this value should be
attributed to tube and ventilator apparatus problems.
However, a normal inspiratory resistance does not preclude
the presence of severe expiratory airflow obstruction for
example from emphysema.

The peak Paw response to small step changes in
PEEP (Fig. 6)

As explained in Figure 4, if PEEP does not affect expiratory
flow, then expiratory flow limitation is present. It is neither
feasible nor necessary to construct iso-volume pressure flow
curves at the bedside. Nevertheless, the mechanisms
depicted in Figure 4 explain why measuring airway pressure
responses to PEEPe is an easy way to check for expiratory
flow limitation. In a patient who is ventilated in a volume
preset mode any reductions in iso-volume flow range must
decrease expired volume (the integral of all iso-volume
flows with respect to time), cause gas trapping, raise PEEPi
and the Pel at end-expiration (total PEEP). As the delivered
inspired gas volume is kept constant the peak airway
pressure of the subsequent breath must increase by an
amount equal to the change in PEEPi. In other words
changes in peak airway pressure indicate changes in lung
volume (Figs 5 and 6). To the extent that changes in PEEPe
do not affect respiratory muscle activity at end-inflation, this
test for flow limitation remains valid even in patients who
trigger the ventilator.

Similar inferences can be made during pressure preset
mechanical ventilation, provided peak airway pressure is
kept constant during the PEEPe adjustment. In that instance
PEEPe induced increases in PEEPi and total PEEP would
reduce respiratory system inflation pressure (Ppeak minus
total PEEP) and consequently lower peak inspiratory flows.
In other words, during bilevel pressure ventilation to
constant end-inflation pressures, if there are no changes in
peak inspiratory flow when PEEPe was adjusted, expiratory
flow limitation is likely. However, such an inference cannot
be made in patients who trigger the ventilator because any
change in inspiratory effort would also affect peak
inspiratory flow.
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Fig 6 PEEP and the detection of expiratory flow limitation.

Clinical implications of respiratory mechanics
measurements in patients with obstruction

A detailed discussion of the ventilatory management of the
patient with airway obstruction is beyond the scope of this
review, but we will make a few specific comments. With
few exceptions patients with dynamic hyperinflation and
flow limitation during passive expiration in the mid vital
capacity range (i.e. over a range of recoil pressures between
approximately 10 and 20 cm H,0) will prove to have severe
COPD when they are later tested in a pulmonary function
laboratory.”® Therefore, there is no reason why severe
COPD should remain unsuspected and undiagnosed in any
mechanically ventilated patient. Dynamic hyperinflation
and gas trapping to high lung volumes increases the work of
breathing and can reduce cardiac output.®* The increased
work of breathing (the work to trigger a machine assisted
breath) may be reduced by careful application of PEEPe.
Figures 4 and 6 help to know how one arrives at the ‘best
PEEP’ for this objective. Assuming the patient is flow
limited, the maximum PEEPe that can be applied without
affecting iso-volume flow and hence worsen trapping is
given by the difference between Pel.. (total PEEP) and Pcrit
of the pressure flow curve near end-expiration. It follows
that best PEEP is the maximum amount of PEEPe that can
be applied without raising peak airway pressure during
volume preset mechanical ventilation (Fig. 6).

Patients who are hypotensive because of dynamic hyper-
inflation should be given fluids and the ventilator settings
adjusted to minimize PEEPi. This usually requires a
reduction in tidal volume and treatment such as sedation
to reduce the ventilatory frequency. Increasing inspiratory
flow in the hope of prolonging TE is rarely effective in
patients, who trigger the ventilator, because increases in
flow tend to increase ventilatory frequency by a Breuer
Hering reflex-related mechanism.®° 5
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Fig 7 Schematic of inspiratory muscle activity (Pmus) on airway pressure
and flow during mechanical ventilation in a volume preset mode.

Value of respiratory mechanics in the
assessment of respiratory drive and timing

In most cases, when ventilator waveforms are measured,
concurrent activity of the respiratory pump is a confounding
signal. However, as shown with a simple mechanical
analogue (Fig. 7) inspection of ventilator waveforms can
indicate the performance of the ventilatory pump. Figure 7
shows a resistive and elastic element (the respiratory
system) connected to two pressure generators (the mechan-
ical ventilator, pump 1 and the respiratory muscles, pump
2). In the absence of phasic respiratory muscle activity, the
airway pressure and flow patterns reflect the choice of
ventilator mode and the relaxation characteristics of lungs
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and chest wall. During lung inflation with constant
inspiratory flow, the production of muscle pressure (Pmus)
by the respiratory pump alters the shape of the inspiratory
Paw tracing (shaded area in Fig. 7). In contrast during lung
inflation with constant pressure (not shown) Pmus would
alter the shape of the inspiratory flow profile. Activation of
respiratory muscles during lung deflation distorts the
expiratory flow profile. Significant differences from the
expected pressure volume and flow patterns indicate a large
Pmus output, which is a large patient effort. In comparison,
minor departures indicate decreased respiratory muscle
pressure on account of low drive, abnormal neuro-mechan-
ical coupling, muscle weakness, muscle fatigue, or hyper-
inflation.

A great deal has been written about patient—ventilator
interactions and the reader is referred to several reviews of
this topic.**®® Here we consider the clinical context in
which this information can be used. Ventilator waveforms
can show if respiratory efforts (and hence drive) are
increased and if respiratory muscle output is synchronous
with machine inflations. Based on this assessment, the care
giver must decide if an intervention is required. This
depends on the assessment of patient comfort and on the
judgment whether the work of breathing is excessive and
potentially harmful. Harm may arise either because: (i) the
task is fatiguing (a state that has proven difficult to define
and document in the clinical setting); (ii) is uncomfortable;
or (iii) causes a dangerous stress response that jeopardizes
the balance between oxygen supply and demand in vulner-
able tissues. Once the decision to intervene has been made,
therapy consists of a change in ventilator settings with or
without the judicious use of sedatives. Changes in ventilator
settings can affect respiratory drive and timing through
several pathways: (i) by alleviating shortness of breath
(cortical/behavioural feedback); (ii) by correcting hyper-
capnia and hypoxaemia (chemoreceptive feedback); and
(iii) by affecting amplitude and rate of lung and chest wall
expansion (neuromechanical feedback). Behavioural and
chemoreceptive pathways will influence effort and drive
while neuromechanical feedback is more likely to affect
breath timing. Failure to reduce excessive patient efforts
through increases in ventilator support is usually an
indication for sedatives.

Patient—ventilator dys-synchrony is exceedingly common
and if patient discomfort or efforts are not judged excessive,
may not require specific therapy. Predisposing factors
include all the conditions associated with reduced muscle
pressure output and impaired neuro-mechanical feedback.
Without careful inspection of pressure volume or flow
tracings it is often very difficult to appreciate that a patient
generates inspiratory efforts far in excess of machine rate. It
may also become apparent that there is no appreciable
temporal relationship between efforts and machine breaths.
Such patients are often encephalopathic, hypermetabolic,
and critically ill. They may be easy to ventilate because they
are too weak or their drive is too suppressed to ‘fight the

89

ventilator’. Nevertheless, recognition of ‘silent tachypnoea’
is useful because it is the respiratory controller’s manifest-
ation of a stress response, predicts futile weaning attempts
and guides the use of sedatives, narcotics and paralytics.
Although, to our knowledge, this hypothesis has not been
formally tested, we contend that respiratory waveform
analysis is a more effective way of monitoring the dosing of
neuromuscular blocking agents than monitoring neuromus-
cular transmission.
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