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Effekte der assistierenden
mechanischen Beatmung
auf die Atmungskontrolle

Zusammenfassung Wéhrend der
spontanen Atmung wird die Wellen-
form des Atmungsmuskeldrucks
(Pmus) durch ein komplexes System
bestimmt, bestehend aus einem Mo-
torarm, einem Kontrollzentrum und
verschiedenen Ruckkoppelungs-
mechanismen, welche Informatio-
nen zum Kontrollzentrum senden.
Wahrend der unterstiitzten mechani-
schen Ventilation wird der vom Ven-
tilator gelieferte Druck (Paw) in das
System integriert und kann die Wel-
lenform des Pmus andern, was sei-
nerseits die Funktion des Ventilators
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Effects of assisted mechanical ventilation

on control of breathing

modifiziert. Daher stellen die Reak-
tion des Pmus auf Paw und die Reak-
tion von Paw auf Pmus die zwei
Komponenten sowohl der Patienten-
Ventilator-1nteraktion als auch der
Atmungskontrolle wéhrend der me-
chanischen Ventilation dar. Die Re-
aktion des Paw auf Pmus ist abhan-
gig von: 1. dem Modus der Ventilati-
onsunterstiitzung, 2. der Mechanik
des Atmungssystems und 3. den
Charakteristika der Pmus-Wellen-
form. Andererseits wird die Reaktion
von Pmus auf Paw durch vier Riick-
koppelungssysteme vermittelt: 1. das
Mechanische, 2. das Chemische, 3.
das Reflex, und 4. das Verhaltens-
system. Esist logisch, daf? das Sy-
stem, welches die Atmung kontrol-
liert, durch die mechanische Ventila-
tion wesentlich modifiziert werden
kann. Der Arzt, der einen mecha-
nisch beatmeten Patienten behandelt,
soll die Interaktion zwischen der At-
mungsanstrengung und der Funktion
des Ventilatorsin Betracht ziehen
und sich im Klaren sein, dai die ven-
tilatorische Leistung die verschiede-
nen Aspekte der Atmungskontrolle
spiegeln kann, aber nicht muf3.

Schlusselworter Atmungs-
muskeln — Ventilation — chemische
Ruckkoppelung — Reflexriickkoppe-
lung — Verhaltensriickkoppelung

Summary During spontaneous
breathing, the respiratory muscle
pressure (Pmus) waveform is deter-
mined by a complex system consist-

ing of amotor arm, a control center,
and various feedback mechanisms
that convey information to the con-
trol center. During assisted mechani-
cal ventilation, the pressure deliv-
ered by the ventilator (Paw) isincor-
porated into the system and may
alter the Pmus waveform, which in
turn modifies the function of the
ventilator. Thus, the response of
Pmus to Paw and the response of
Paw to Pmus constitute the two com-
ponents of patient-ventilator interac-
tion as well as of control of breath-
ing during assisted mechanical venti-
lation. The response of Paw to Pmus
depends on: 1) the mode of ventila-
tory support; 2) the mechanics of the
respiratory system, and 3) the char-
acteristics of the Pmus waveform.
On the other hand the response of
Pmus to Paw is mediated through
four feedback systems: 1) mechani-
cal; 2) chemical; 3) reflex, and 4)
behavioral. It follows that the system
that controls the act of breathing
may be considerably modified by
mechanical ventilation. The physi-
cian dealing with a mechanically
ventilated patient should take into
account the interaction between the
respiratory effort and the function of
the ventilator and be aware that the
ventilatory output may or may not
reflect the various aspects of control
of breathing.

Key words Respiratory muscles —
Ventilation — Chemical feedback —
Reflex feedback — Behavioral
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Fig. 1 Schematic representation of the system that controls the act
of breathing. Dotted lines indicate various feedback systems. See
text for details

Introduction

The respiratory control system consists of a motor arm,
which executes the act of breathing, a control center lo-
cated in the medulla, and a number of mechanisms that
convey information to the control center [1, 35]. Based on
the information the control center activates spinal motor
neurons subserving respiratory muscles, withintensity and
rate that varies substantially between breaths. The activity
of spinal motor neuronsisconveyed, viaperipheral nerves,
to respiratory muscles, which contract and generate pres-
sure (Pmus). Pmusisdissi pated to overcomeresistanceand
elastance of the respiratory system (inertia is assumed to
be negligible) and this combination determines volume-
time profile and, thus, ventilation. Volume-time profile af -
fects Pmus via force-length and force-velocity relation-
ships of respiratory muscles (mechanical feedback),
whereas it modifies the activity of spinal motor neurons
and control center via afferents from various receptors |o-
cated inthe airways, chest wall or respiratory muscles (re-
flex feedback). Inputs generated from other sources (i.e.,
behavioral, temperature, postural) may also modify the
function of the control center. On the other hand, ventila-
tion and gas exchange properties of the lung determine ar-
terial blood gases (PaO,, PaCO,) which, in turn, affect
the activity of control center, via peripheral and central
chemoreceptors (chemical feedback). This system can be
influenced at any level by diseases or therapeutic modal -
ities (Fig. 1).

During mechanical ventilation, the pressure provided
by the ventilator (Paw) isincorporated into the system [7].
Therefore, in mechanically ventilated patients the driving
pressure for inspiratory flow (Pror) is the sum of Pmus
and Paw [7, 33]. Pror isdissipated to overcome resistance
(Rrs) and elastance (Ers) of the respiratory system, deter-

mining the volume-time profile according to the equation
of motion:

Pror = Pmus + Paw = V' xRrs + V xErs,

where V' and V are flow and volume relative to passive
FRC, respectively.

The volume-time profile, viamechanical, chemical, re-
flex, and behavioral feedback systems, affects Pmuswave-
form, which, depending on several factors (see below), al-
ters Paw waveform. It is obvious that the response of Paw
to Pmus and that of Pmus to Paw constitute the two com-
ponents of control of breathing during mechanical venti-
lation. Theinteraction between these two components may
alter either the system itself or its expression, leading to
serious consequences concerning the management of me-
chanically ventilated patients [7].

Determinants of Paw during assisted mechanical ventilation

The waveform of Paw depends on three factors: 1) the
mode of mechanical ventilation, 2) the mechanics of the
respiratory system, and 3) the characteristics of Pmus
waveform.

Mode of mechanical ventilation

There are several modes of assisted mechanical ventilation
[33, 36]. These can be classified in three categories: 1) as-
sist volume control (AV C), where the ventilator, oncetrig-
gered, delivers a pre-set tidal volume with a pre-set flow-
time profile, 2) pressure support (PS), where the ventila-
tor delivers a pre-set pressure, and 3) proportional assist
ventilation (PAV), where the ventilator delivers pressure
which isproportional (the proportionality is pre-set) toin-
stantaneousflow and volumeand, thus, to Pmus. With AVC
mechanical inflation time is determined, theoretically, by
the ventilator, whereas with PSit isinfluenced both by the
patient and ventilator [33]. On the other hand, with PAV,
mechanical inflation time is controlled mainly by the pa-
tient [36]. However, PAV mode is under intense investiga-
tion and it is not available for general use. In this article,
the peculiar relationship between Paw and Pmusinthe PAV
mode will be used as atool to clarify some important as-
pects of control of breathing relevant to mechanical ven-
tilation.

The operational principles of each ventilator mode de-
termine the relationship between Paw and Pmus (Figs.
2-4). With AV C there is a negative relationship between
Paw and Pmus, whereas with PS there is no relationship
and with PAV there is a positive one. Thus, in mechani-
cally ventilated patients the ventilatory output can not be
interpreted properly if the mode of ventilatory support is
not taken into account. During assisted ventilation,
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Fig. 2 Partial pressure of end-
tidal CO, (PrCO,), airway
pressure (Paw) volume, and
flow in a patient ventilated on
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Fig. 3 Partia pressure of end-
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changes in ventilatory output may not reflect correspond-
ing changes in patient effort (Figs. 2—4).

Mechanics of respiratory system

The mechanical properties of the respiratory system (and
ventilator tubings) play a crucia role in the response of
Paw to Pmus. These properties may influence Paw inde-
pendent of Pmus, leading to patient-ventilator asyn-

chrony. Abnormal respiratory system mechanics is the
main cause of asynchrony between Pmus and Paw. Usu-
ally asynchrony between Pmus and Paw waveforms is
mainly dueto the phenomenon of dynamic hyperinflation
and can be observed with all modes of support [5, 24, 28,
29, 37, 38]. Dynamic hyperinflation isacommon finding
in patientswith obstructive lung disease[28]. It is caused
by several factors such as low elastic recoil, high ventil-
atory demands, increased expiratory resistance, and short
expiratory time [28]. When dynamic hyperinflation is
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Fig. 4 Partia pressure of end-
tidal CO, (PgrCO,), airway
pressure (Paw) volume, and
flow in a patient (same patient
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present, end-expiratory lung volume is above passive
FRC or the volume determined by external PEEP
(PEEPe) and, therefore, elastic recoil pressure at end-ex-
piration is positive. This positive elastic recoil pressure,
referred to asintrinsic PEEP (PEEPI), represents an elas-
tic threshold load for the patient and may lead to ineffec-
tive efforts during assisted mechanical ventilation (fail-
ure to trigger the ventilator) (Fig. 5).

Ineffective efforts have been observed both with AVC
and PS, particularly when the patient has tachypnea (short
expiratory time) and the assist level (volume or pressure)
is relatively high. With PAV the likelihood of ineffective
effortsisconsiderably reduced [26, 38]. Thisismainly due
to the fact that with PAV the end of mechanical inflation
time occurs at the end of neural inspiration because, by de-
sign, Paw is linked to Pmus. Therefore, mechanical infla-
tion time can not be extended to neural expiratory time,
which is available for lung deflation.

The phenomenon of ineffective efforts considerably
influences the interpretation of ventilatory output in re-
lation to the control of breathing during assisted mechan-
ical ventilation. Inthe presenceof ineffectiveefforts, ven-
tilator frequency does not reflect a patient’s spontaneous
breathing rate. Furthermore, with ineffective efforts, sig-
nificant alteration in patient respiratory effort occurs due
to changes in feedback loop. For example the patient
shown in Fig. 5 decreased his breathing frequency with
increasing inspiratory flow, most likely because chemi-
cal feedback was altered as a result of better synchrony
between patient and ventilator. Indeed, at high inspira-
tory flow rate, minuteventilationincreased from6.2/min
to 9.4 I/min, causing a decrease in PaCO,, which might

be associated with a drop in the patient’s spontaneous
breathing frequency.

Characteristics of Pmus waveform

The characteristics of Pmus waveform influence the Paw
inacomplex way, depending on several factorsrelated both
to patient and ventilator. Although extensive review of
these factors is beyond the scope of this article, some ex-
amples may be helpful to understand how the characteris-
tics of Pmus may affect ventilator function.

Theinitial rate of Pmusincrease interacts with thetrig-
gering function of the ventilator. A low rate of the initial
increase of Pmus, as it occurs with a concave upwards
shape of Pmus or low respiratory drive (i.e., low PaCO.,,
sedation, sleep), increases the time delay between onset of
a patient’s inspiratory effort and ventilator triggering and
promotes asynchrony (see above). At presence of dynamic
hyperinflation this increased triggering time, particularly
when it is associated with relatively short neural inspira-
tory time and low peak Pmus, may result in ineffective ef-
forts with all the consequences described above (Fig. 5).
Alternatively, anincreasein intensity of inspiratory effort,
asit occursfor examplewith an increase in metabolic rate,
high PaCO,, or decrease in the level of sedation, is mani-
fested in the rate of rise of Pmus as well as in the peak
Pmus. This may cause a decrease in the time delay, thus,
promoting patient-ventilator synchrony. Onthe other hand,
if the patient inspiratory effort is vigorous and longer than
mechanical inflation time, the ventilator may be triggered
more than once (doubl etriggering) during the sameinspir-
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Fig. 5 Airway pressure (Paw), flow, and esophageal pressure (Pes)
in a patient with chronic obstructive lung disease ventilated on as-
sist volume control mode with two different inspiratory flow rates
(V)), 90 I/min (Fig. 5A) and 30 I/min (Fig. 5B). Tidal volume (V1)
was kept constant (0.55 I). Ineffective efforts are indicated by ar-
rows. Observe the time delay between the onset of inspiratory effort
(abrupt decrease in Pes) and the ventilator triggering. By increasing
thetime availablefor expiration (increaseininspiratory flow at con-
stant V4, Fig. 5A) the number of ineffective efforts was reduced and
as aresult the rate of the ventilator increased

atory effort. This may occur when at the end of mechani-
cal inspiration Pmus continuesto increase and, becausein-
spiratory flow iszeroor isreversed, it isdissipated to over-
come only the elastic recoil. Thus, during mechanical ex-
piration there might be a situation where Pmus is greater
than elastic recoil, causing airway pressure to decrease be-
low PEEP and this triggers the ventilator. Short mechani-
cal inflation time and low el eastic recoil at end-inspiration
may promote re-triggering. It follows that changes in the
characteristics of Pmus waveform may influence ventila-
tor rate and ventilatory output even in the absence of a
changeinthe patient’srespiratory frequency. Alterationin
ventilatory output may secondarily modify patient effort
through various feedback loop changes [7].

Determinants of Pmus during assisted
mechanical ventilation

The waveform of Pmus during assisted mechanical
ventilationisdetermined mainly by four feedback systems:
1) mechanical, 2) chemical, 3) reflex, and 4) behavioral.

Mechanical feedback

Mechanical feedback describes the effects of length (i.e.,
volume) and velocity of contraction (i.e., flow) of respir-
atory muscles, as well as of geometrical factors on Pmus.
For agiven neural output to inspiratory muscles, Pmus de-
creases with increasing lung volume and flow [39]. There-
fore, for similar level of muscle activation, Pmus should
besmaller during mechanical ventilation than during spon-
taneous breathing if pressure provided by the ventilator
resultsin greater flow and volume. Theinfluence and con-
sequences of mechanical feedback during mechanical ven-
tilation have not been studied. It is likely that the effects
of mechanical feedback on Pmus in mechanically venti-
|ated patients arerelatively small, dueto low values of op-
erating volume and flow.

Chemical feedback

Chemical feedback refers to the response of the respira-
tory system to PaO, PaCO,, and pH. In spontaneously
breathing normal subjects chemical feedback isan impor-
tant determinant of respiratory motor output both during
wakefulness and during sleep. Two crucia questions are
raised at this point: 1) To which extent does mechanical
ventilation alter the contribution of chemical feedback in
determining Pmus? 2) Is the effectiveness of chemical
feedback to compensate for changes in chemical stimuli
modified by mechanical ventilation?

Contribution of chemical feedback in determining Pmus
during mechanical ventilation

Several years ago Milic-Emili and Tyler studied in normal
subjects the ventilatory response to CO, with different re-
sistiveloads and observed that, for agiven PCO,, thework
output of inspiratory muscles did not change appreciably
with the load [20]. Data in patients during constant flow
synchronized intermittent mandatory ventilation (SIMV)
and biphasic positiveairway pressure (BIPAP) have shown
that, for a given level of assist, inspiratory effort did not
differ between spontaneous and mandatory breaths[16, 18,
34]. Recently Leung et al. [17] studied the respiratory ef-
fort of patients ventilated with SIMV or a combination of
SIMV and pressure support. Compared to SIMV alone,
when PS was added to a given level of SIMV, inspiratory
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Fig. 6 Average time course of
transdiaphragmatic pressure

50

55

and pressure generated by all
respiratory muscles (Pmus)
(Pdi) at three levels of Pe+CO,,
(50, 55, and 60 mmHg) with
(dashed lines) and without (sol-
id lines) mechanical ventilatory
support. The traces were
aligned at the onset of neural
inspiration (zero time). Me-
chanical ventilatory support

Pmus (cmH20)

was achieved using proportion-

al assist ventilation (the assist
level was such as to decrease
the elastance and resistance of

respiratory system by 50%).
Observe the similarity of Pdi
and Pmus with and without me-
chanical ventilation particularly
at low PgCO,. At high

P CO,, Pdi and Pmus at the
end of inspiration were slightly
lower due to mechanical feed-
back (force-length and force-
velocity relationships of respir-
atory muscles). (Modified from

Pdi (cmH20)

Georgopoulos et al. [18] with
permission)

pressure-time product (an index of inspiratory work of
breathing) decreased both in mandatory and intervening
breaths. This additional reduction during mandatory
breaths was proportional to the decrease in respiratory
drive (estimated using the change in esophageal pressure
beforetriggering, dp/dt) during intervening breaths. These
results indicate that inspiratory activity was pre-pro-
grammed and relative insensitive to changes in load
between mandatory and spontaneous breaths during SIMV
or BIPAP. Chemical feedback could be acritical factor for
this breath programming. Using a closed circuit experi-
mental set-up we demonstrated that, when the chemical
stimulus was rigorously controlled, unloading of the res-
piratory muscles by mechanical ventilation (proportional
assist ventilation, 50% reduction of the normal load) did
not result in down-regulation of respiratory muscle activa-
tion [8]. The waveforms of transdiaphragmatic pressure
and pressure generated by all respiratory muscles (Pmus)
did not differ significantly with and without unloading
(Fig. 6). Theseresultsindicate that the neuromuscular out-
put was tightly linked to CO, (i.e., to chemical stimulus)
and not to load reduction. It follows that mechanical ven-
tilation, which can be viewed as atype of respiratory mus-
cle unloading, does not alter significantly the contribution
of chemical feedback to the prevailing levels of respira-
tory muscle activity. Chemical feedback remains an im-
portant determinant of Pmus even in mechanically venti-
lated patients.

Time (sec)

Effectiveness of chemical feedback
during mechanical ventilation

Although mechanical ventilation per se does not alter sig-
nificantly the contribution of chemical feedback in deter-
mining Pmus, its effectiveness to compensate for changes
in chemical stimuli may be modified [7]. Thisissue is of
fundamental importance to understand the concept of con-
trol of breathing during mechanical ventilation. However,
the effectiveness of chemical feedback may differ between
wakefulness and sleep (or anesthesia). For this reason the
effectivenessof chemical feedback during mechanical ven-
tilation will be described separately during wakefulness
and during sleep or anesthesia.

Wakefulness. Recent studies have examined the ventilato-
ry responseto CO, in mechanically ventilated normal con-
scious subjects [8, 9, 25, 30]. These studies demonstrated
that, asit occurs during spontaneous breathing, changesin
PaCO, resulted in a progressive increase in the intensity
of respiratory effort (Pmus) with initially no changein res-
piratory rate. Respiratory rate increased, to a much lesser
extent, when PaCO, approached values well above eucap-
nic level. It is of interest to note that this response pattern
was observed independent of the mode of mechanical ven-
tilation, indicating that there is no fundamental difference
in response to CO,, between various modes of ventilatory
support [8, 9, 25, 30].

Theventilatory response patternto chemical stimuli has
important consequencesasfar astheeffectivenessof chem-
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Fig. 7 Breathing frequency (Fr, dashed lines) and peak inspiratory
muscle pressure (peak Pmus, solid lines) as a function of end-tidal
PCO, (PerCOy) in a patient ventilated on three modes of ventilato-
ry support. Fr and peak Pmus were expressed as % of the values ob-
served during spontaneous breathing. PAV; proportional assist ven-
tilation. PS; pressure support. AVC; assist volume control. See text
for further details

ical feedback isconcerned. Recently, we studied in normal
conscious humans the effectiveness of chemical feedback
during various modes of assisted ventilatory support [21].
Figure 7 shows ventilatory output as a function of PaCO,
in arepresentative patient with relatively normal respira-
tory system mechanics ventilated with different modes of
assisted mechanical ventilation. On each mode the patient
was ventilated with the highest comfortable level of assist,
corresponding to 80% reduction of patient resistance and
elastance with PAV, 10 cm H,O pressure with PS, and
1.2 1 V+ with AVC. When the patient was stable on each
mode, inspired CO,(F,CO,) wasincreased in stepsand the
response of the respiratory system to this CO, challenge
was observed. Several important points are illustrated by
thefigure: 1) Thestarting PCO, point wasconsiderably |o-
wer with PS and AV C than with PAV; a significant respi-
ratory alkalosis was observed with PS and AV C but not
with PAV. 2) Breathing frequency remained relatively
stable compared to baseline level (spontaneous breathing)

| @ e
) es
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(-3
<
2
c
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o
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-
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2
0 1 1 1 1 1
0 s0 100 150 200 250 300

Fig. 8 SamepatientasinFig. 7. Relationshipsbetween V and peak
Pmus (% of spontaneous breathing) during different modes of sup-
port. Regression lines were constructed by the least square method.
See Fig. 7 for abbreviations

over awide range of PCO,. The patient continued to trig-
ger the ventilator rhythmically despite severe hypocapnia
3) At zero F,CO, and independent of the mode of ventila-
tory support, the intensity of respiratory effort, as ex-
pressed by peak Pmus (Pmus was cal culated using esoph-
ageal pressure measurements and the Campbell diagram),
decreased to approximately 50% of baseline and increased
progressively with increasing CO, stimulus. Fig. 8 shows
the rel ationship between the intensity of patient effort, ex-
pressed by peak Pmus, and V+ in the same patient. Asis
expected with AVC, V1 is constant and independent of
Pmus. With PS, V increased with increasing Pmus. How-
ever, even when Pmus decreased to 50% of baseline, V+
was approximately 40% higher than that during spontane-
ous breathing. This is because with PS, in the absence of
active termination of inspiration, the V+ has a minimum
value, which depends on the PS level, mechanical proper-
ties of respiratory system, and cycling-off criterion [37,
38]. On the other hand, with PAV the decrease of Pmusto
60% of baseline was able to maintain V at the baseline
level, thus, avoiding asignificant drop in PCO.. It follows
that modes of ventilatory support that permit the intensity
of patient effort to be expressed on the V delivered by the
ventilator increase the effectiveness of chemical feedback
to regulate PaCO, and particularly to prevent respiratory
alkalosis, an important cause of arrhythmia and weaning
failure. Thus, the effectiveness of chemical feedback in-
creasesprogressively asweswitchfrom AV C to PS to PAV.
The above considerations are also supported by the study
of Puntillo et al. [26]. These investigators studied the var-
iability of variousventilatory parameters observed over 12
h in patients with acute respiratory failure. The patients
were studied one day during PS and the following day dur-
ing PAV. Compared to PS, with PAV arterial blood gases
during the 12 h period of observation were maintained
within narrower limits. Thiswaslikely duetotheincreased
ability of patientsto change V+ inresponseto alterationin
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ventilatory demands; with PAV the variability of V+ was
significantly greater, whilethat of breathing frequency was
significantly less than the values observed during PS.

Variousdisease states may alter the principlesdescribed
above. This remains an unexplored area and much work
needs to be done. We have shown in conscious patients
with the sleep apnea syndrome and in patients with brain
damage that a drop in PaCO, due to brief (40 s) hypoxic
hyperventilation, resulted, contrary to normals, in signifi-
cant hypoventilation and in some cases triggered periodic
breathing [10, 11]. Thishypoventilation wasinterpreted as
evidence indicating a defect or reduced effectiveness of
short-term post-stimulus potentiation, a brain stem mech-
anism promoting ventilatory stability [12]. In which case
level of assist that causes a significant decrease in PaCO,
may promote unstable breathing, asituation closely resem-
bling that observed during sleep (see below).

Recently Ranieri et al. [27] studied the response to
added dead space in patients with abnormal respiratory
system mechanics (high resistance and elastance) venti-
lated either on PS or PAV. Addition of dead space(i.e., CO,
challenge) during PAV resulted in an increase in V4 with
no change in breathing frequency. This response pattern
was similar to that observed in normals. With PSin the
same patients, dead space resulted in an increase in rate
with little changein V+, while they experienced more dis-
comfort. However, because with PS the ability of patients,
particularly inthe presence of abnormal respiratory system
mechanics, to increase V1 is limited [37, 38], it is likely
that theincreasein rate reflects greater respiratory distress
(i.e., behavioral feedback).

Seep — Anesthesia. It is well known that removal of the
wakefulness drive to breathe as it occurs during sleep or
under anesthesia increases the dependence of respiratory
rhythm on PaCO, [4, 6, 23, 33, 40]. Under these circum-
stances a drop in PaCO, by 3—+4 mmHg causes apnea. An
assist level that is associated with arelatively high V1 in-
creases the likelihood of apneas and may trigger periodic
breathing [23, 24]. The occurrence of periodic breathing
is clearly an indication of over-assist. Periodic breathing
may cause significant hypoxemia, an issue that should be
considered seriously in critically ill patients. Reducing the
assist level to the point where breathing becomes stable
may improve oxygenation and sleep quality. Periodic
breathing has been observed with PS and AV C modes of
ventilatory support [4, 23, 32]. On the other hand, it has
been shown that unstabl e breathing did not occur with PAV
despitethefact that the subjectswereventilated at the high-
est assist level (90% assist) [19]. Thisisdueto thefact that
with PAV thereisatight link between Pmus and Paw [36].
It follows that modes of ventilatory support that decrease
the V+ in response to any reduction in Pmus promote ven-
tilatory stability. It should be mentioned that in the pres-
ence of active lung disease (i.e., pneumonia, ARDS) in-
puts to respiratory controller from other than chemical

sources (i.e., reflex feedback) may not permit chemical
feedback to prevent respiratory alkalosis during sleep or
under anesthesia.

In summary, the operation of chemical feedback during
assisted mechanical ventilation depends on 1) the mode of
mechanical ventilatory support, 2) the sleep/awake stage,
and 3) disease state.

Reflex feedback

Reflex feedback plays an important role in the control of
breathing [1, 35]. The characteristics of each breath arein-
fluenced by variousreflexes, which arerelated to lung vol -
ume or flow and mediated by receptors located in the res-
piratory tract, lung, and chest wall [2, 31, 35]. Mechanical
ventilation may stimulate these receptors by changing flow
andvolume[7]. Inaddition, changesin ventilatory settings
that inevitably associated with volume and flow changes
may also elicit Pmus responses mediated by various re-
flexes[7, 37, 38]. Table 1 summarizes the effects of these
reflexes on Pmus waveform and highlights some possible
consequences during mechanical ventilation. A few exam-
ples may help the reader to follow Table 1. Assume, for
example, that the patient is ventilated on pressure support
and the pressure support level isincreased (1% column of
the Table 1). Thisresultsin higher V1 (2" column) which,
through the vagal volume feedback reflex (3™ column),
will decrease the neural inspiratory and expiratory time as
well asthe peak pressure devel oped by theinspiratory mus-
cles. As a consequence (4™ column), the patient may ex-
hibit dynamic hyperinflation (higher volume must be ex-
haled in shorter time). Dynamic hyperinflation together
with the reduced peak inspiratory pressure may lead to in-
effective effort. Decreasing the assist level (1% column)
may increase neural inspiratory time and peak inspiratory
pressure (3" column) and under certain circumstances may
lead to the phenomenon of double triggering (4" column).
Consider another patient who has high abdominal pressure
(i.e., pancreatitis). The increased abdominal pressure (1%
column) increasesthe el astance of chest wall (2" column).
The changein chest wall elastance modifiesthe activity of
chest wall reflexes (3" column), leading to tachypnea. Ta-
chypnea, particulary in patients with increased expiratory
resistance, may cause (4™ column) patient-ventilator asyn-
chrony (i.e., ineffective efforts). Finally, assume that the
PEEP level isincreased in a patient ventilated on assisted
modes (1% column). This results in sustained increased of
lung volume (2" column) which, through vagal volume
related reflexes, increases the neural expiratory time and
causesrecruitment of expiratory muscles (3" column). The
longer expiratory time and activation of expiratory mus-
cles may decrease the expiratory lung volume, thus limit-
ing the PEEP-induced lung volume change (4™ column).
Notwithstanding that the final response may be unpre-
dictable depending on the magnitude and type of lung vol -



N. Xirouchaki and D. Georgopoul os

171

Effects of assisted mechanical ventilation on control of breathing

Tablel Examples of changes in ventilator settings and clinical status, the reflex response of the patient respiratory effort and possible

consequences during MV

Example Change Response Possible consequences during MV
Vagal volume related reflexes

1 assist level T Vg L Tyn, | Tgn, ¢ Peak Pmus;, 1t dynamic hyperinflation, ineffective effort

| assist level IAVAS 1 Tyn, 1 Tgn, 1 Peak Pmus, double triggering

1 resistance delayed of lung emptying 1 Ten, 1 Pmusg I dynamic hyperinflation

T,m>Tn mechanical inflation during Ten 1 Ten, 1 Pmusg 1 dynamic hyperinflation

t PEEP sustained increased of lung volume 1t Tgn, 1 Pmusg | PEEP-induced lung volume change

T,m<T,n withdrawn of lung volume during T Tin double triggering

neural inspiration

Chest wall reflexes

1 abdominal t Ecw t Fr 1 patient-ventilator asynchrony

pressure

Flow-related reflexes

I T,m at constant
T

t inspiratory flow

L Tyn L Ten

1 dynamic hyperinflation

T,n, Tgn; neural inspiratory and expiratory time, respectively. T,m; ventilator inspiratory time. Ec,y; chest wall elastance. Fr; breathing fre-
guency. Pmus,, Pmusg; inspiratory and expiratory muscle pressure, respectively. V; tidal volume. MV; mechanical ventilation

ume change, the level of consciousness and the relative
strength of the reflexes involved, reflex feedback should
be taken into account when ventilatory strategies are
planned. However, very few studies have examined spe-
cifically the operation of reflex feedback during mechan-
ical ventilation and much work is clearly needed in this
field. It isour opinion that this feedback, under certain cir-
cumstances, may be of importance for the management of
mechanically ventilated patients. For example, it has been
shown that increasing inspiratory flow rate causes tachy-
pnea [13, 14]. This response was also observed during
NREM sdleep, although its magnitude was reduced. This
observation confirms that the response is mediated via a
reflex pathway (i.e., not abehavioral response) and that its
potency is related to the level of vigilance. The response
was equally strong in quadriplegic, indicating that it is not
mediated by rib cage receptors, and was also preserved in
patients with double lung transplants [15]. The latter ob-
servation does not exclude a vagal mechanoreceptor re-
sponse, since many of these receptors are located above
the resection line, while there is a possibility of regenera-
tion. The excitatory effect of inspiratory flow on breath-
ing frequency has two important clinical implications.
First, an increase in flow rate intended to reduce inflation
time and provide more time for expiration in order to re-
duce the dynamic hyperinflation (i.e., in patients with ob-
structive lung disease) [15] may be detrimental and elicit
the opposite response (i.e., decrease in expiratory time)
(Fig. 9). Indeed, in arecent study in patients ventilated on
theassist volume controlled mode, Cornet al. [3] increased
inspiratory flow rate at constant tidal volume and observed
a significant increase in breathing frequency. As a result
of the change in breathing frequency, expiratory time
showed a variable response to changes in flow rate, with
some patients actually demonstrating areduced expiratory
time with higher flow rates. Second, an increase in inspir-

atory flow rate may lead to hyperventilation and respira-
tory alkalosis, important causes of arrhythmia and wean-
ing difficulties.

Behavioral feedback

The effects of behavioral feedback on control of breathing
in mechanically ventilated patients are unpredictable de-
pending on several factorsrelated to an individual patient
and the Intensive Care Unit (ICU) environment. Alteration
of ventilator settings, planned to achieve a particular goal
(i.e., reduction of dynamic hyperinflation), might be inef-
fective in awake patients due to behavioral feedback. Fi-
nally, behavioral feedback may change considerably from
time to time due to changesin the level of sedation, sleep/
awake state, patient status, and stimuli of 1CU environ-
ment. However, the several factorsthat areinvolved in be-
havioral feedback complicate the study and interpretation
of the effects of this feedback on the system that controls
breathing in mechanically ventilated patients.

Composite response of Pmus to Paw

The above considerationsindicate that the final response of
Pmusto Paw is complex and influenced by several factors.
Changes in ventilator settings alter Pmus in away that de-
pends on the 1) instantaneous flow and volume changes, 2)
magnitude of PaO,, PaCO,, and pH changes, 3) individual
sensitivity to chemical stimuli, 4) disease states, 5) level of
consciousness, and 6) type and strength of various reflexes
involved in the response. The unpredictable effects of be-
havioral feedback further complicatethesituation. All these
determinants of Pmus may modify the ventilatory outcome
intended for the change in ventilator settings.
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Fig. 9 Airway pressure (Paw),
airflow, and volume (inspira-
tion positive) in a patient with
obstructive lung disease venti-

lated on assist volume-con-

trolled mode. Arrow indicates
the point at which constant in-
spiratory flow increased from

Paw (cmH20)

30 I/min to 90 I/min (tidal

volume was kept constant). No-
tice that within one breath after
achangein V, from 30 I/min to

90 I/min total breath duration
decreased considerably (from
2.1t0 1.63 s). Therefore, de-

Flow (I/sec)

spite the decrease in inspiratory
time (from 0.9 t0 0.4 s), expira-
tory time did not increase pro-
portionally, but remained rela-

tively constant (from 1.2 to

1.23 s). The excitatory effect of
V, on the rate of inspiratory ef-
fort counterbalanced the benefi-

Volume (1)

cial effect of high V, on expira-
tory time

Conclusion

The pressure provided by the ventilator considerably al-
ters the expression of the system that controls breathing.
During mechanical ventilation the respiratory system is
under theinfluence of two pumps, theventilator pump (i.e.,
Paw) controlled by the physician’s brain and the patient’s
own respiratory muscle pump (Pmus) controlled by the
patient’s brain. In order for the final ventilatory output to
be appropriate for the current status of the patient, a har-
mony between the function of these two brains is essen-

tial. To achieve this harmony, the physician dealing with
a mechanically ventilated patient should be aware that:
1) Paw by changing the driving pressure for inspiratory
flow modifies the volume-time profile, which via various
feedback systems affects Pmus; 2) Paw is influenced by
the mode of mechanical ventilatory support, the mechan-
ics of therespiratory system, and the Pmuswaveform, and
3) asaresult of the Paw-Pmus interaction, the various as-
pects of control of breathing may be masked and/or mod-
ulated by mechanical ventilation.

References

1. Berger AJ(1988) Control of breathing. 4.

Datta AK, Shea SA, Horner RL, Guz

8. Georgopoulos D, Mitoruska |, Bshouty

In: Murray and Nadel (eds) Textbook
of Respiratory Medicine, W. B.
Saunders, pp 49-166

. Coleridge HM, Coleridge JCG (1986)
Reflexes evoked from tracheobronchi-
a tree and lungs. In Cherniack NS,
Widdicombe JC (eds) Handbook of
Physiology. The Respiratory System,
vol. 2. Bethesda MD, American Phys-
iological Society, pp 395430

. Corne S, Gillespie D, Roberts D,
Younes M (1997) Effect of inspiratory
flow rate on respiratory rate in intubat-
ed ventilated patients. Am J Respir
Crit Care Med 156: 304-308

A (1991) The influence of induced hy-
pocapnia and sleep on the endogenous
respiratory rhythm in humans. J Phys-
iol 440:17-33

. Fabry B, Guttmann J, Eberhard L,

Bauer T, Haberthur C, Wolff G (1995)
An analysis of desynchronization
between the spontaneous breathing pa-
tient and ventilator during inspiratory
pressure support. Chest 107:1387—-1394

. Fink BR, Hanks EC, Ngai SH, Papper

EM (1963) Central regulation of res-
piration during anesthesia and wake-
fulness. Ann NY Acad Sci 109:
892-899

. Georgopoulos D, Roussos C (1996)

Control of breathing in mechanically
ventilated patients. Eur Respir J
9:2151-2160

10.

Z, Webster K, Pataks D, Younes M
(1997) Respiratory response to CO,
during pressure support ventilation in
conscious normal humans. Am J Re-
spir Crit Care Med 156: 146-154

. Georgopoulos D, Mitrouska I, Webster

K, Bshouty Z, Younes M (1997) Ef-
fects of respiratory muscle unloading
on the ventilatory response to CO.,.
Am J Respir Crit Care Med 155: 2000—
2009

Georgopoulos D, Giannouli E, Tsara V,
Argiropoulou P, Patakas D, Anthonisen
NR (1992) Respiratory short-term
poststimulus potentiation (after-dis-
charge) in patients with obstructive
sleep apnea. Am Rev Respir Dis
146:1250-1255



N. Xirouchaki and D. Georgopoul os
Effects of assisted mechanical ventilation on control of breathing

173

11.

12.

13.

14.

15.

16.

17.

18.

19.

Georgopoulos D, Mitrouska I, Kolet-
sos K, Markopoulou K, Riggos D, Pa-
takas D, Anthonisen NR (1995) Post-
stimulus ventilation in patients with
brain damage. Am J Respir Crit Care
Med 152:1627-1632

Georgopoulos D, Bshouty Z, Younes
M, Anthonisen NR (1990) Hypoxic
exposure and activation of after-dis-
charge mechanism in conscious hu-
mans. JAppl Physiol 141:69: 1159—
1164

Georgopoulos D, Mitrouska |, Bshouty
Z, Webster K, Anthonisen NR, Younes
M (1996) Effects of breathing route,
temperature and volume of inspired
gas and airway anesthesia on the re-
sponse of respiratory output to varying
inspiratory flow. Am J Respir Crit
Care Med 153: 168-175

Georgopoulos D, Mitrouska |, Bshouty
Z, Anthonisen NR, Younes M (1995)
Effects of NREM sleep on the re-
sponse of respiratory output to varying
inspiratory flow. Am J Respir Crit
Care Med 153: 1624-1630
Georgopoulos D, Mitrouska |, Marko-
poulou K, Patakas D, Anthonisen NR
(1995) Effects of breathing patterns on
mechanically ventilated patiens with
chronic obstructive pulmonary disease
and dynamic hyperinflation. Intensive
Care Med 21: 880886

Imsand C, Feihl F, Perret C, Fitting JW
(1994) Regulation of inspiratory neu-
romuscular output during synchron-
ized intermittent mechanical ventila-
tion. Anesthesiology 80:13-22

Leung P, Jubran A, Tobin MJ (1997)
Comparison of assisted ventilator
mode on triggering, patient effort, and
dyspnea. Am J Respir Crit Care Med
155:1940-1948

Marini JJ, Smith TC, Lamb VJ (1988)
Exernal output and force generation
during synchronized intermittent me-
chanical ventilation. Am Rev Respir
Dis 138:1169-1179

Meza S, Giannouli E, Younes M
(1998) Control of breathing during
sleep assessed by proportional assist
ventilation. J Appl Physiol 84:3-12

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Milic-Emili J, Tyler IM (1963) Rela-
tion between work output of respirato-
ry muscles and end-tidal CO, tension.
JAppl Physiol 18:497-504
Mitrouska |, Patakas D, Katsanoulas
K, Bouros D, Siafakas N, Georgopou-
los D (1998) Effectiveness of chemical
feedback in mechanically ventilated
subjects. Am J Respir Crit Care Med
157: A108

Mitrouska I, Bshouty Z, Younes M,
Georgopoulos D (1998) Effects of pul-
monary and intercostal denervation on
the response of breathing frequency to
varying inspiratory flow. Eur Respir J
11:895-900

Morrell MJ, Shea SA, Adams L, Guz
A (1993) Effects of inspiratory support
upon breathing during wakefulness
and sleep. Respir Physiol 93:57-70
Nava S, Bruschi C, Rubini F, Palo A,
lotti G, Braschi A (1995) Respiratory
response and inspiratory effort during
pressure support ventilation in COPD
patients. Intensive Care Med
21:871-879

Patrick W, Webster K, Puddy A, Sanii
R, Younes M (1995) Respiratory re-
sponse to CO, in the hypocapnic range
in conscious humans. J Appl Physiol
76:2058-2086

Puntillo F, Grasso S, Faneli G, Perchi-
azzi G, Mascia L, Santostasi S, Paglia-
rulo R, Spagnolo A, Giuliani R, Fiore
T, Bruno F, Brienza A, Slustky A
(1997) Spontaneous variations of ven-
tilatory requirements during mechani-
cal ventilation: Pressure support versus
proportional assist ventilation. Inten-
sive Care Med 23 (suppl): S6 (Abst)
Ranieri M, Giuliani R, Mascial,
Grasso S, Petruzzelli V, Puntillo N,
Perchiazzi G, Fiore T, Brienza A
(1996) Patient-ventilator interaction
during acute hypercapnia: pressure-
support vs. proportional-assist ventila-
tion. JAppl Physiol 81:426-436
Rossi A, Polese G, Brandi G, Conti G
(1995) Intrinsic positive end-expirato-
ry pressure (PEEPI). Intensive Care
Med 21:522-536

Rossi A, Appendini L (1995) Wasted
efforts and dyssynchrony: is the pa-
tient-ventilator battle back? (Editori-
a). Intensive Care Med 21:867-870

30

31

32.

33.

34.

35.

37.

38.

39.

40.

. Scheid P, Lofaso F, Isabey D, Harf A
(1994) Respiratory response to inhaled
CO, during positive inspiratory pres-
sure in humans. J Appl Physiol
77:876-882

Shannon R (1986) Reflexes evoked
from respiratory muscles and cortover-
tebral joints. In: Cherniack NS, Widdi-
combe JC (eds) Handbook of Physiol-
ogy: The Respiratory System, vol. 2.
Bethesda MD, American Physiological
Society, pp 431438

Skatrud JB, Dempsey JA (1983) Inter-
action of sleep state and chemical
stimuli in sustaining rhythmic respira-
tion. JAppl Physiol 55:813-822
Slutsky AS (1993) Mechanical ventila-
tion. ACCP consensus conference.
Chest 104: 1833-1859

Viae JP, Duperret S, Mahul P, Dela-
fosse B, Delpuech C, Weismann D,
Annat G (1998) Time course evolution
of ventilatory responses to inspiratory
unloading in patients. Am J Respir Crit
Care Med 157:428-434

Younes M, Remmers J (1981) Control
of tidal volume and respiratory fre-
quency. In: Hornbein TF (ed) Lung
Biology in Health and Disease, Regu-
lation of Breathing, New York, Marcel
Dekker 17:621-671

. Younes M (1992) Proportional assist
ventilation, a new approach to ventila-
tory support. Theory. Am Rev Respir
Dis 145:114-120

Younes M (1993) Patient-ventilator
interaction with pressure-assisted
modalities of ventilatory support. Sem
Respir Med 14:299-322

Younes M (1995) Interactions between
patients and ventilators. In: Roussos C
(ed) Thorax, 2nd edition, Lung Biolo-
gy in Health and Disease, New York,
Marcel Dekker, pp 2367—2420
Younes M, Riddle W (1984) Relation
between respiratory neural output and
tidal volume. J Appl Physiol
56:1110-1119

Younes M (1989) The physiologic ba-
sis of central apnea. Cur Pulmonol

10: 265-326



