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Hyperinflation in the ICU Key Points

1.

The respiratory consequences of hyperinflation in
spontaneously breathing, mechanically ventilated
patients, are increased work of breathing,
overdistention of the ventilatory pumps (pump
insufficiency), and wasted or ineffective efforts.

2
The hemodynamic consequences of
hyperinflation are decreased venous return,
cardiac output and hypotension. These events are
mare pronounced in patients in intensive care
units under mechanical ventilator support.

1
The reduction of hyperinflation is the prime aim of
the management of respiratory failure in infensive
care units. However, this is not always feasible,
since ventilator support modes may potentially
increase overdistention of the respiratory system.
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PEEP and prolonging the time of expiration by
reducing machine inspiratory fiming (Ti) or by
increasing the expiratory trigger threshold.

5
Reducing wasted efforts of the patient is another
complimentary therapeutic strategy.
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INTRODUCTION

The consequences of hyperinflation in
spontanecusly  breathing  mechanically
ventilated patients are respiratory [Le.
increased work of breathing, overdistention
of the respiratory system and wasted or
ineffective  efforts) and  hemodynamic
compromise. n the passive patient [exhibiting
narespiratory muscle activity) under confrolled
mechanical ventilation, the comsequences
of hyperinflation are overdistenfion and
hemodynamic compromise.

Respiratory Consequences of Hyperinflation
The pathophysiclogy of hyperinflation of
the respirafory system in spontanecusly
breathing mechanically ventilated pafients can
be illustrated using the Camphbell diagram.

Campbell diagram

The Campbell diagram is constructed by
plotting the dynamic relation between pleural
pressure [measured with an esophageal
balloon) and lung volume during breathing
in relation to the passive pressure-volume
curves of the lung Pel | and the chest wall
Pel,, (Figure 1). The Pel_; is consiructed by
connecting the values taken by the esophageal
pressure during passive inflation [le, with
no respiratory muscle activityl when the
airways are closed at different lung volumes.
Unfortunately, as this is difficult to do, since it
requires passive inflation and often muscle
paralysis, a theoretical value for the slope
of this curve is frequently used. However,
if & patient is passively ventilated and an
esophageal balloon is placed, a true value
for the volume—pressure relationship of the
chest wall during passive tidal breathing can
be obfained This passive pressure—volume
relationship can be used as a reference value
for subsequent calculations when the patient
develops spontaneous inspiratory efforts. Any
change in esophageal pressure is referred

Normal breath from the relaxation volume
of the respiratory system
with expiratory muscle use
VL
Pt Puigowt

rspiraiory|
musce Beginning of

End of inspiration Y retaxation expirzgory emort
—Pm
- Relaxation
]
Plaural prassure

Figure 1. In normal subjects, inspirahion starts from
the relaxation volume of the respiratary system, wihele
the possive pressurs-volume curves of the lung %
ond chest woll [Pel_) infersect Inspirstory m
oction results in pressure development [P, J on the left
of the pressure-volume curve of the chest wall [Pal, ]
. Inspiratory flow; and thus increases in lung volume
V] take ploce on the laft of the pressure-volume curve
of lung and coincide with the beginning of inspiratory
muscle action. Inspiration ends on the pressue-wolums
curve of the lung and the inspiratery musdles relax fso
that pressufe fetufng on the pressufe volume curve of
the chest walll In the case shown, expirafion is octive
so that pressure develaps on the right of the pressure
velume curve of the chest woll due fo acthaty of sxpiratory
muscles |'Pm,'. This returns velume bock fo the relmetion
volume of the fespifatory system.

to this line in the Campbell diagram in order
to calculate the true muscular pressure
developed by the patient. In normal subjects.
inspiration starts from the relaxation velume of
the respiratory system [V, where the Pel and
Pel_, intersect [ie, where the tendency i:'u% the
lung to recoil inward is equal to the tendency of
the chest wall to expand: Figure 1). Inspiratory
muscle action fesults in pressure development
[P) on the left of the Pel_ . Inspiratory flow,

inspr
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and thus increases in lung volume [V ], take
place on the left of the F’el]LI and coincide with
the beginning of inspiratory muscle action. At
any volume, the horizontal distance between
the Pel_, and Pel | represents the portion of
inspiratory muscle action devoted to expanding
the lung at this volume with open airways
|elastic pressure], and the portion on the left
of the Pel, represents the pressure dissipated
to generate airflow [resistive pressure]
Inspiration ends on the Pel  [point of zero
flowl and the inspiratory muscles relax so that
pressure returns on the PElm. Expiration is
ususlly passive, and the respiratory system
returns to its relaxation volume along the
Peln: however, in patients with respiratory
distress, such as mechanically ventilated
chronic obsiructive pulmonary disease [COPD)
patients. expiration is frequently active. In the
case of active expiration, pressure develops
on the right of the Pel  due fo activity of
expiratory muscles [P, _| This returns volume
back towards the relaxafion volume of the
respiratory system.

In mechanically ventilated pafients, inspiratory
muscle action has fo overcome the trigger
sensitivity (P ) of the ventilator [horizontal
distance between the Pel , curve and P
Figure 2] before it resulfs in inspiratory flow
and thus increases in V . Thus, the beginning
of inspiratory effort does not coincide with
the beginning of inspiratory flow. Instead,
the initial inspiratory effort [orange line in
Figure 2] is horizontal [no flow, only pressure
development) until it crosses the P_line &t
which time it devistes upward, indicating
inspiratory flow. and thus increasesin V.

Woark of breathing

Measuring work of breathing (WOB] is a useful
approzach to calculate the total expenditure of
energy by the respiratory muscles andfor the
ventilator. In general, the work performed

duringeach respiratorycycleis mathematically
expressed as  WOB =JPressure x Volume,
Le. the area on a pressure—volume diagram
[Figure 1-2|. Esophageal pressure is usually
taken as a surrogate for intrathoracic (pleural)
pressure.  Esophageal pressure  swings
during inspiration are needed to overcome
two forces: the elastic forces of the lung
parenchyma and chest wall, and the resisfive
forces generated by the movement of gas
through the airways. One can calculate these
two components [elastic and resistive] by
comparing the difference between esophageal
pressure during the patients effort during
the breath and the pressure value in passive

Normal breath overcoming ventilator trigger
from the relaxation volume
of the respiratory system with
expiratory muscle use
Vi

P

Relaxation
Volume

Pleural prassurs
Figure 2. In mecharically ventilated patients, inspiratory
muscle ochion has fo overcome the Higger sensifivity
of the ventilator fhorizontal distance between the Pel,
curve and P, | before if results in inspiratory flow and
thus increases in ¥,. Thus, the beginning of inspiretony
effort doss nat colncide with the beginning of inspiratory
flow: Inctead the initial inspiratory effort forange linel
is harizontal {no flow, only pressure development! bl
it cfosses the P, line at which time it devigtes upwaid
indicating inspiratory flow and thus increasesin ¥, In the
carse shown, the irigger sensifivity fs pressure friggering.
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conditions, represented hythestati::Pelh‘The
area between the Pel  and Pel . represents
the elastic work of breathing. The area on
the left of the Pel,; represents the resistive
work of breathing. The area on the right of the
Pel, , represents the work of breathing of the
expiratory muscles.

The WOB is normally expressed in joules [J).
One J is the energy needed to move 1L of gas
through a 10-cmH,0 pressure gradient. The
work per liter of ventilation [J/L] is the work per
cycle divided by the tidel volume [expressedin
liters). In & healthy subject the normal value is
around 0.35 JiL. Lastly. WOB cen be expressed
in work per unit of fime. multiplying joules
pef cycle by the respirstory rete [expressed
in breaths per minute] to obtain the power of
breathing [joules/minute]. In a healthy subject
the normal value is around 2.4 Jimin.

Az fllustrated by the Campbell diagram,
hyperinflation increases the WOB: the higher
the End-expiratory lung volume [EELV], is.
the higher the infrinsic positive end-expiratory
pressure [PEEP]), the largerthearea ofthe work
of breathing on the Campbell diagram. This is
because the Pel; and Pel,, both deviate as
lung volume incresses. Consequently, with a
constant tidal volume (V,), the higher the EELY.
the larger the elastic component of the work of
breathing, and thus the total work of bresthing.
Inttinsic positive end-expiratory pressure can
be quite high, especielly in patients with COPD,
and may represent & high proportion ofthe total
WOB. For example, a patient who displaces
05L of fidal volume through a 7-emH,0
pressure gradient will perform an amount of
work of 0.35)icycle. If nothing else changes
ewcept that this patient develops 5emH,0 of
PEEPi, 0.23) will be required to counterbalance
this. meaning that the total WOB will be 0.60J
(0.35 + 0.25), which represents around 407 of
the total work required for the inspiration.

Overdistention

In patients with hyperinflation, inspirstion
starts from an increased EELY, which
predisposes to overdistention. The higher the
hyperinflation and the higher the inspiratory
pressure of volume delivered by the ventilator,
the higher the risk of overdistention. The
presence of overdistention can be inferred
from the airway pressure over time tracing of
the ventilator screens when late inspiratory
upstroke develops [Figure). '[Editor: Figure
number missing)

Wasted efforts

Wasted or ineffective efforts are inspiratory
efforts that fail to trigger the ventilator:
Mearly 25% of mechanically ventilated
patients exhibit ineffective efforts. which
afe even mofe frequent in COPD patients.
Wasted efforts are & major cause of patient-
ventilator dyssynchrony that increase the
enerygy expenditure of the respiratory muscles
and may injure them. Understanding their
pathophysiology is essentisl to  properly
adjust the ventilator settings to aftenuste or
eliminate them. Wasted efforts should be
searched for before any change in ventilator
settings is implemented during assisted
modes of mechanical ventilation, since any
ensuing |after the change in ventilator settings)
increase in ventilator rate might be caused by
the attenuation of wasted efforts (the ventilator
rate now approaching the patient's respiratory
controller rate] and not by the development of
respiratory distress with the new settings.

How con wosted efforts be defected ot the
bedside?

Wasted efforts can be clinically detected
when the breaths delivered by the ventilator
[measured rate on the ventilator display] are
less then the number of inspiratory efforts
of the patient [on clinical examination] over
the same time interval. On modern ventilator
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Figure 3. Upper panel: Ezopageal (P, | ond airway [P,
) pressures and flow af the rochessiomy in o patlent
with wosted sfforts (block arrows/ on flow-cantrolied
volume-cycled (mssisttantrall mods. Wasted efforts con
be detectsd az abrupt alfway pressure drop simulioneous
to on obrupt decreaze in axpiratory fow ffrom the flow
irajectory established sarlisr during sxpiration] coused by
the inspirotory affort ond nof followed by o mechine breath.
The unis are cm H0 for the pressure tracing and Limin for
fiow:. The patient's inspiraiary efforts are identified by the
negative P swings. The PEEPis st at (. Pao qppropfisisly
dfops o f dufing expiration. demensifating litfle circult or
vlve resiztonce. Wosted sfforts ibiook arrows] ave evident
with ans iriggered breath jwhite orfaw) every two fo thres
inspiatory effrts. Proonged expiatary flow is due o
aiflow limikstion. Lower panel. FEEP is now increased i
10 em HfJ sa the P_ during expifation is now 10 cm K.
Theie iz persistent flow af end-expiration, thus PEEFiis s#il
prezent Wosted efforts (bock arows] hove been reduced
Feok inspifatary pressufe and e P_ have incregsed
slightly compared o the upper panel, mostifely indioaing
@ higher end-expiratory lung volume and otal PEEP level.

scfeens, ineffective efforts can be detected as
abrupt airway pressure drops simultansous
to an abrupt decrease in expiratory flow (from
the flow trajectory established earlier during

expiration) caused by the inspiratory effort, and
not followed by & machine breath (Figure 3).
Monitors that can automatically detect wasted
efforts are available.

ventilofed COPD patients prone to develop
wasted/ineffactive efforts?

In COPD patients with hyperinflation,
inspiration starts from an increased end-
expirstory lung volume (Figure &4). Inspiratory
muscle ection has to overcome the PEEPi [red

Breath from increased end-expiratony
lung volume due to the presence of
dynamig hyperinflation in COPD
U
Py Pt

Dynamic
Hyperinfiation

Relaation
Volurne

Figure &. in COPD patients with dynamic hyperinflotion,
lung volume. Inspiratory muscle acfion hos fo overcoms:
Pel,, ] befafe & fesulte in [nspifatary flow and thus
increazes in volume. in mechanically ventiloted patisnts,
Insplratary muscle actlan has to ovefeame PECF plus the
triggar sensiity P, before t esuits in nspiratory flow
md#:mﬁwrmfnmfmfﬂlmmfhemmm#
insplratary muscle action is less than the sum of PEEF +
P, this inspiratory sffart farangs harizontal line] cannat
trigger the venfiiator, and conseguently does notresult in
Inspiratary flow and s incfeases in volume (¥ This
insplratary sffort i= collad insffective or wosted
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dashed line, horizontal distence between the
Pel, and Pel_ ] before it resulls in inspiratory
flow end thus increases in ¥, In mechanically
ventilated patients. inspiratory muscle action
has to additionally overcome the Ptr of the
ventilator [horizontal distance between the
Pe# and P, | before it results in inspiratory flow
and thus incresses in V| ; thus, in mechanically
ventilated COPD patients. inspiratory muscle
action has to overcome PEEPI plus the P
When the magnitude of inspiratory muscle
action is less than the sum of PEEPI plus P
this inspiratory effort (Figure 4, orange line)
cannat trigger the ventilator, and consequently
does not result in inspiratory flow and thus
increases in ¥, . This inspiratery effort is called
“ineffective” or “wasted”.

Hyperinflation not only increases PEEFI, but
at the seme time renders the respiratory
muscles weaker for a variety of reasons: (see
chapter ...] [Editor: Chapter number missing)
The greater the degree of hyperinflation, the
highet the PEEF, and the weaker become the
respiratory muscles. The net effect is a greater
predisposition fo wasted efforts.

Is the Campbell diagram useful for esfimating
the work of breathing during wosted efforfs?

The Campbell disgram is not useful to estimate
inspiratory work of breathing when inspiratory
triggering does not happen (Le. during wasted
efforts): work is physically defined as the area
subtended in & pressurefvolume loop. Since
there is no inspiratory volume, the work is zero
[elbeit muscles. indeed. consume energyl.
The energy expenditure during non-triggered
wasted inspiratory efforts can be estimated by
the pressure/time product: the product of the
pressure developed by the inspiratery muscles
(difference between the measured esophageal
pressure and the Pel ] multiplied by the fime
of muscle contraction (Le, neural inspiratory

time [Ti]).

How are venfilator seffings affecting the
incidence of wostedfineffective efforts?
Excessive ventilator support predisposes to
ineffective efforts irrespective of the mode of
mechanical ventilation used. This is because,
in the case of COPD. excessive pressure of
volume delivered by the ventilator results in
increased EELY, and this combined with the
long fime constant of the respiratory system
fwhich retards lung emptying) and/or a short
imposed expiratory time (in case of volume or
pressure control) resulis in further increased
EELV before the next inspiratory effort begins
[Figure 5. green curve).

At the same time, excessive wentilator
gssistance  reduces inspirstory muscle
effort, via either a phenomenon called
neuromechanical  inhibition  fthe  main
mechanism most likely being the Hering—
Brever reflex), andlor by producing alkalemia
via excessive C, reduction in patients with
chronic bicarbonate elevation, thus reducing
the drive to the respiratory muscles.

The ensuing inspiratory effort is inadequate to
overcome PEEP plus Pir; thus, this inspiratory
effort fails to trigger the ventilator (ineffective
of wasted effort] (Figure 5, red ling]. This
is. of course, exaggerated in the presence
of respiratory muscle weakness. The next
expirstory effort (Figure3, blue curve)
decreases the EELV. When EELV decreases
to a level where the ensuing inspiratory
effort exceeds PEEFi plus Ptr. the ventilator
is triggered again to deliver & machine breath
(Figure 5, purple curve). The breath-to-breath
variability in breathing pattern contributes
to the variability in the EELV and thus to the
frequency of ineffective efforts.

During assist volume of pressure control
mechanical ventilation, prolonged imposed
inspiratery time (machine Ti grester than the
patient’s neural Ti results in a situation where
the ventilator is inflating the patient long after
the inspirstory muscles have stopped their
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Wasted efforts are due to
breath by breath increases in
end-expiratory lung volume

due to owerassistance, delayed lung
emptying and short expiratory time
Vi
Faaty P

expiratory
effort

e — Relaxation
Volurme

Pleural presaurs
Fiigure 5. I the cose of COPD presented in this figura the
firstinspiratory affart jaronge fine/ triggers the ventilsior
In the next breath that triggered the ventilator, excessive
ventilolor assistonce [sither pressure of volume]
resulting in large #dal velume, combined with the long
fime constant of the respiratory system [which retards
lung emptying] andlor o short imposed expifatory time
lin case of volume or pressufe controll fesult in further
ineragsed end-sxpiratory lung volume before the navt
inspiratary effort begins [green linel The ensuing
inspiratory effart despite being equal to the previous
sffective effort iz inadequats to overame PEEF + P, due
to the increased EELK Thus this insplratory effort foils to
trigger the ventilaior fwasied or ineffective effart redling]
The following expiratory effort ibiue lins decreases the
end-sxpiratary lung volume. When the end-sxpirtery
lung volume decreases to o level whefe the snsuing
inspifatofy effort sxceeds PEEF] +F,, the ventilator is
triggered again fo deliver @ machine bregth [purpls line)

contraction, Le., during the meural expiration.
This results in increased EELV and & shorter
time availshle for expiration, both of which
increase EELY [more hyperinflation] and thus
predispose to wasted efforts.

During pressure support ventilation, a low
expiratory trigger threshold (percentage of

peak inspiratory flow at which the ventilator
cycles fo expiration] might lead to pressure
support being delivered well beyond the
patients neursl Ti. The next inspiratory
effort [controlled by the patient’s respiratory
controller] begins during the early phase of
ventilator expiration, Le, at an increased VL
This effort might not be sufficient to overcome
PEEPi plus Ptr. and thus. this inspiratory effort
also fails to trigger the ventilator:

Therapeutic approach to overdistention

An cbvious solution to reduce overdistention
is to decrease the level of excessive ventilator
assistance (le, the delivered pressure or
volume). This will decrease EELV. However,
this might not be always clinically feasible,
since it might lead to respiratory distress and
derangement of blood gases.

Another not mutually exclusive approach is
to decrease hyperinflation by prolenging the
expiratory time. With a constant VT, decreasing
hyperinflation will decrease overdistention

1. During assist volume or pressure control,
reducing machine Ti [or  equivalently
increasing the inspiratory flow in volume
control) may prolong expiratory time (if the
respiratory frequency. and thus the fotal time
of the respirstory cycle, does not change) and
will reduce hyperinflation.

2 During pressure support, increasing the
expiratory trigger threshold will stop the
bresth earlier, Le. st a lower EELV. and will
prolong expiratory time and thus, will decrease
hyperinflation.

Therapeutic approach to wasted efforts: What
ventilator adjustments should be done in the
presence of wasted/ineffective efforts?

One solution to reduce the frequency of
wasted efforts is to decresse the level of
excessive ventilator assistance [le, the
delivered pressure of volume). This will
decrease the EELV and with a given [or even
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increased) time for expiration will reduce
EELV-hyperinflation and will reverse the
pathophysiology presented above. In clinical
practice one may start gradually decreasing
the level of applied pressure during assist
pressure control or pressure support in steps
of 2em H,0 or the delivered volume in assist
volume control by 10%. However, this might not
be always clinically feasible, since it might lead
to respiratory distress and to derangement of
blood gases.

During assist volume or pressure conirol
reducing machine Ti lor equivalentlyincreasing
the inspiratory flow in velume control] may
prevent ventilator delivery beyond the patients’
neural Ti. This will prolong expiratory time and
will reduce wasted efforts. In practice, machine
Ti may be reduced in steps of 10%. This titration
may be stopped when ineffective iriggering is
eliminated or the patient shows poar tolerance.
During pressure support. increasing the
expirgtory trigger threshold will stop the
breath earlier, and thus at a lower EELY, and
will prolong expiratory fime. Both will reduce
wasted efforts. Practically, the insufflation
time may be gradually reduced, by increasing
the cycling-off criterion in steps of 10%; if
ineffective triggering persists at the highest
value [which depends on the ventilator), the
insufflation time may be further reduced by
adjusfing the maximal insufflation time in
steps of 0.25 from the mean insufflation time;
this fitration may be stopped when ineffective
triggering is eliminated or the patient shows
poor tolerance.

Another solution is the application of PEEP. The
addition of an amount of external PEEP lower
than the PEEP [Figure 6, red dottedlines) offers
part of the pressure required fo overcome
PEEPi plus P [Figure . The inspiratory
effort starts closer to the Pel, [the horizontal
distance between this point and the Pellcw]
being the applied PEEP [PEEP external]l The
inspiratory effort is now adequate to trigger

PEEP extarnal

________ — Relaation
Viokume:

o
Plawral prassurs

Figure 8. In the presence of increased EELV [green
finel, addition of an amount of external PEEP lower than
the PEEF fred dotted lines] offers part of the pressure
requited fo overcome PEEFiF . The inspiratory effart
starts closer to the passive pressure-volume curve of
the lung Mu“l The hofizontol distonce befween this
paint and the passive presswie- volume curve of the
chestwall .’FH.J iz the applied PEEP [PEEP externall The
inspiratory sffortis now odequate to trigger the verdlator
forange linel

the ventilator [orange curve).

In clinical practice, one may begin by applying
small amounts of PEEP le.g. 2 emH,0] and
gradually increase the applied PEEP until
wasted efforts obtain their minimal value.
Increasing the applied PEEP above a certain
value, ie. the value of PEEPi [which is.
however, difficult to measure], will increase
the end inspiratory lung volume and will start
to predispose again to wasted efforts. The
greater the increase of applied PEEP above
PEEPi, the more likely the reappearance or
increase in the number of wasted efforts.

Measurement of PEEFI
it becomes obvious that an accurate
measurement of PEEPI is needed. In passive
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Figure 7 Recordings of Flow (¥ ], [ Pw, and on ling
“rofTected” girway pressufe [oP | in o Fepfesentative
ectively expifing patiant during airway seclusion. cP.
is abtained by subiracting the P“_,egqp fise from P.__ Note
g consistent end-axpiratory plateoy in cf, despite
marked variability in Pw swings. From this plateay, the
PEEFL 5t sub is megsured

mechanically ventilated patients, PEEPI is
routinely measured under static condifions
[PEEPist, or static PEEPI] as the plateau in
airway pressure during a prolonged end-
expiratory airway occlusion. In spontanesusly
breathing mechanically ventilated patients
estimation of PEEFi is difficult without the
placement of esophageal balloons and gastric
balloons. In actively breathing patients on
assisted ventilation. PEEFi has been assessed
dynamically from records of esophageal
pressure [Pes| obtained with the placement
of an esophageal balloon. The decrease in Pes
needed to abruptly bring expiratory flow to
zefo during unoccluded breathing is taken as
dynamic PEEPi [PEEFi.dyn].

However, expirstory muscle activity (which
causes an expiratory rise in gasiric pressure
measured with a gastric balloon [Pgaexp
rise]] can increase the end-expiratory
alveolar pressure independently of dynamic

hyperinflation, leading to an overestimation
of PEEPL. In spontameously breathing and
actively expiring patients, PEEPist can be
corrected for expiratory muscle contraction
by synchronoussly subtracting the expiratory
rise in gastric pressure [Pga.exp rise) from
the end-expiratory airway pressure (Paw]
occurting during airway occlusion (Figure 7,
PEEPi st sub).

In the case that PEEPidyn is part of the
decrease in Pes preceding inspiration, which

Correction of PEEPi,dyn
for expiratory muscle activity
P
.
Embaey \
Pwmm

=
fem H20Y ﬂ_/\kf\/l o s e

w
= UL
YA A

iy

Figure 8. Tracings of esaphogeal pressure [P, ), gastric
pressure|F | transdiaphragmatic pressure [Pl and fiow
IV in o patisnt achively expiring during o spontansous
breathing irial through the ventilator [pressure support of
& cmHL The three vertical lines are passed through the
ansef of inspiratary musde activity (Le, beginning of P,
decay] and the beginning and the end of inspiratary flow:
respectively. Note the large increass afPF ond P_ during
expifation dus ta expiratsfy muscle recruitment AP, s
the incregse in end-expiroiory P,, relofive o ifts level of
the onsetaf sponfansaus bregihing trial, when sxpiratory
muscle activity was nil. P total decay represents the
abrupt dectease inPga fromits maximum end-sxpiratery
volue fo it minimum valus ot the beginning of inspiration
due to relavation of the abdominal muscles. P, exp fise
is the Pw fize from its minimal end-inspiratory level io
the maximal level ot end expiration. The decay in P._
betwasn the first two vertical lines rapfesents dynamic
intrinsic positive snd-sxplratory pressure [PEEF dyn]
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Is measured as PEEPiLdyn, is actually due fo
relaxation of the expiratory muscles, rather
than contraction of the inspiratory muscles to
counterbalance PEEPL. The amount of pressure
due to expiratory muscle activity that should
be subtracted from the measured PEEPi.dyn to
obtain the actual [“true’] PEEPi.dyn elicited by
dynamic hyperinflation is either the increase in
gastric pressure over the course of expiration
[Pga.exp rise] attributed to expiratory muscle
contraction or the total decrease in gastric
pressure observed at the beginning of
inspiration attributed to expiratory muscle
relaxation [Pgatotal decay): the latter being
somewhat more accurate than the former
[Figure 8).

HEMODYNAMIC ~ CONSEQUENCES  OF
HYPERINFLATION

At the end of a normal expiration, alveolar
and airway pressures are zefo relative
to atmosphere, and esophageal pressure
is negative [around -5 cmH0 in normal
conditions|. However, in the presence of
hyperinflation [(because of either dynamic
airway collapse or inadequate time to exhale],
the alveolar pressure remains positive
throughout expiration. This positive alveolar
pressure is transmitted to the pleural-
intrathoracic cavity fo varying degrees
depending on the compliance of the lung. Inthe
case of COPD patients, the lungs are compliant,
s0 most of the positive alveolar pressure is
transmitted to the intrathoracic cavity. This
increases the mean intrathoracic pressure
during the whole respiratory cycle. The effect
is more pronounced in the passive pafient,
because during inspiration (pressure or flow
delivery by the ventilator], the intrathoracic
pressure becomes even more positive than
the pressure exisfing at the end of expiration.
In the spontaneously breathing mechanically
ventilated patient, the inspiratory effort of
the patient decreases the mean inspiratory

pressure and thus the mean intrathoracic
pressure. However the average, ie. the mean
intrathoracic pressure, is still positive. The
more positive the mean intrathoracic pressure,
the more pronouncedits hemodynamic effects.
The hemodynamic effects of hyperinflation are
the result of a complex inferaction between
changes in preload, secondary to changes
in the venous return, right—left venricle
interactions, direct effects of lung inflation
and changes in afterload. At moderate
degrees of hyperinflation, decreased venous
return is the main mechanism leading to
decreased cardiac output. The hyperinflated
lung compresses the pericardum and
especially the pericardial fossa, increasing
their pressure [pericardial and juxtacardial
respectively). This pressure is fransmitted to
the right afrial cavity increasing the right atrial
pressure, which is the downstream pressure
for vemous return. However, hyperinflation
with the resulting PEEPi also elevates the
upstream pressure driving venous return [Le.
the mean systemic pressure] by both reflex
and mechanical means, independent of the
abdominal pressure. The positive intrathoracic
pressure also changes the resistive and elasfic
properties of peripheral veins, increases
venous resistance, and directly compresses
the inferior vena cava. The net effect of all
these phenomena is a decrease in the venous
return.

At the same time that hyperinflation decreases
the preload of the right ventricle, it also
increases its afterload. [e. the pulmonary
vascular resistance. The more lung volume
increases above the relaxation volume of
the respiretory system, the more the intra-
alveolar vessels are compressed, creating
a starling resistor phenomenon.  This
dominates over vessel recruitment, resulting
in increased pulmonary vascular resistance.
The combination of decreased preload and
increased afterload of the right ventricle
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results in decreased stroke volume. and thusin
decreased preload of the left ventricle. Despite
the fact that the elevations in intrathoracic
pressure decrease the transmural pressures
of the left heart, and thus its afterload, the net
effect is a decrease in cardiac output andfor
hypotension.

Of course, the effects of hyperinflation on
hemodynamics also depend on the contractile
function of the right and left heart and the
volume status of the pafient The more
hypovolemic [volume depleted) a patient is, the
more vulnerable they become to the effects
of hyperinflation on the venous return and
the right ventricular afterload: thus, the mare
vulnerable the patient to the development of
hypotension and decreased cardiac output.

In spontanecusly breathing mechanically
ventilated patients, application of external
PEEP is beneficial to counterbalance inrinsic
PEEP [see above]. The hemodynamic effects of
this PEEP application depend on its magnitude.
Positive end-expiratory pressure amounting to
85-90% of PEEPi have no hemodynamic effects,
whereas levels of PEEP above this level and
especially well above PEEFi [e.g., by SemH,0]
decrease cardiac output. It is needless fo say
that levels of PEEP that are higher than PEEPi
are counterintuitive, and should not be used.
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