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ABSTRACT: During mechanical ventilation, the respiratory system is under the
influence of two pumps, the ventilator pump and the patient's own respiratory
muscles. Depending on the mode of mechanical ventilatory support, ventilation
may be totally controlled by the ventilator or may be determined by the interac-
tion between patient respiratory effort and ventilator function. In either case, com-
pared to spontaneous breathing, the breathing pattern is altered and this may
influence: 1) force-length and force-velocity relationships of respiratory muscles
(mechanical feedback); 2) chemical stimuli (chemical feedback); 3) the activity of
various receptors located in the respiratory tract, lung and chest wall (reflex feed-
back); and 4) behavioural response (behavioural feedback). Changes in these feed-
back systems may modify the function of the ventilator, in a way that is dependent
on the mode of mechanical ventilatory support, ventilator settings, mechanics of
the respiratory system and the sleep/awake stage. 

Thus, the response of ventilator to patient effort, and that of patient effort to
ventilator-delivered breath are inevitably the two components of control of breath-
ing during mechanical ventilation; the ventilatory output is the final expression of
the interaction between these two components. As a result of this interaction, the
various aspects of control of breathing of the respiratory system may be masked
or modulated by mechanical ventilation, depending on several factors related both
to patient and ventilator. This should be taken into consideration in the manage-
ment of mechanically ventilated patients.
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The act of breathing is a complex process [1, 2]. Brief-
ly, the medullary respiratory controller (central control-
ler) accepts information from chemical (peripheral and
central chemoreceptors) and nonchemical sources. Based
on this information, the central controller activates spinal
motor neurons serving respiratory muscles, with an inten-
sity and rate that may vary substantially between breaths.
The activity of spinal motor neurons is conveyed to res-
piratory muscles, which contract and generate pressure
(Pmus). Pmus is dissipated to overcome the resistance and
elastance of the respiratory system (inertia is negligible)
and this combination determines the volume-time profile
and, depending on breath timing, ventilation. Volume-
time profile and breath timing via force-length and force-
velocity relationships of respiratory muscles affect Pmus,
whereas they modify the activity of spinal motor neu-
rons and the medullary respiratory controller via affer-
ent nerves from various receptors. On the other hand,
ventilation and gas exchange properties of the lung deter-
mine arterial blood gas values, which in turn, via peri-
pheral and central chemoreceptors, affect the activity of
the medullary respiratory controller, closing the loop.

In a mechanically-ventilated patient, the breath deliv-
ered by the ventilator has two components, one related
to the volume-time profile and the other to ventilator tim-
ing [3, 4]. Volume-time profile, according to the equa-
tion of motion [5], is determined by the combined action
of Pmus, pressure provided by the ventilator (Paw) and

the mechanical properties of the respiratory system (elas-
tance and resistance) (fig. 1). Depending on the mode
of mechanical ventilatory support, volume-time profile
and ventilator timing may be totally controlled by the
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Fig. 1.  –  Schematic representation of the interaction between patient
respiratory effort and ventilator-delivered breath. Pmus: pressure gen-
erated by respiratory muscles (inspiratory muscles generate positive
pressure and expiratory muscles negative); Paw: airway pressure; V:
instantaneous volume above passive functional residual capacity (FRC);
V ': instantaneous flow (inspiratory flow is positive); Rrs: resistance of
the respiratory system; Ers: elastance of the respiratory system; Ventilator
timing: duration of inspiratory and expiratory flow (mechanical inspi-
ratory and expiratory time); Neural timing: neural (patient) inspira-
tory and expiratory time; VT: tidal volume. fRvent: ventilator (respirator)
frequency; fR,pt: patient spontaneous breathing frequency. Depending
on the mode of ventilatory support, Pmus and neural timing may or may
not affect Paw and ventilator timing, respectively. Note that fR,vent may
not reflect fR,pt. See text for further details.



ventilator or may be determined by the interaction bet-
ween patient respiratory effort and ventilator function [3,
4]. In either case, compared to spontaneous breathing,
the pattern of breathing and ventilation are changed.
These changes may alter: 1) force-length and force-velo-
city relationships of respiratory muscles (mechanical
feedback) [6, 7]; 2) chemical stimuli (chemical feed-
back) [8]; and 3) the activity of various receptors locat-
ed in the respiratory tract, lung and chest wall (reflex
feedback) [9, 10]. Furthermore, changes in volume-time
profile and breathing pattern are readily perceived in
awake subjects and may evoke behavioural ventilatory
responses (behavioural feedback) [11, 12]. As a result of
mechanical, chemical, reflex and behavioural feedback,
Pmus and patient neural timing (neural inspiratory and
expiratory duration) are altered and these alterations,
depending on the mode of mechanical ventilatory sup-
port [3, 4], may or may not influence Paw and ventilator
timing (fig. 1). Thus, the ventilatory output is the final
expression of the interaction between patient effort and
ventilator. It follows that the response of ventilator to
patient effort, and that of patient effort to ventilator-
delivered breath are inevitably the two components that
control breathing during mechanical ventilation. An
understanding of these two components is essential for
the physician dealing with the issue of control of breath-
ing in mechanically-ventilated patients.

Response of ventilator to patient effort

Basic principles of positive pressure ventilators

Positive pressure ventilators can be characterized by
various variables, which control the initiation of the me-
chanical breath, gas delivery and mechanical inspira-
tory time [3]. The response of the ventilator to patient
effort depends on the type of variables that a specific
mode of ventilatory support uses.

Trigger variable. The trigger variable defines when the
ventilator initiates gas delivery. This variable may be
time, pressure or flow [3, 13]. With time-triggering, the
ventilator delivers gas at fixed time intervals. With pres-
sure- or flow-triggering, gas delivery is initiated when
the patient decreases airway pressure (Paw) below pos-
itive end-expiratory pressure (PEEP) before the assist
ventilation begins. In some modes, the ventilator does
not provide any flow until Paw decreases to a predeter-
mined level (pressure-triggering); whilst in other modes,
the ventilator allows air to flow in response to the de-
crease in Paw, and triggering occurs when flow from
machine to patient exceeds a set level (flow-triggering).
Therefore, with time-triggering, the ventilator rate bears
no relationship to patient breathing frequency; while
with pressure- or flow-triggering, the ventilator rate is,
theoretically, set by the patient.

Variables that control gas delivery and mechanical inspi-
ratory time. Gas delivery from the ventilator may be
governed by a set flow (volume-control), a set pressure
(pressure-control), or instantaneous flow and volume

(proportional assist ventilation) [3, 4]. With volume-con-
trol modes, the volume-time profile and duration of
inspiratory flow are predetermined by the ventilator set-
tings. Thus, changes in Pmus and neural inspiratory time
cannot modify tidal volume (VT) delivered by the ven-
tilator. Any change in Pmus causes Paw to change in
the opposite direction, because total pressure (Paw+Pmus)
is not changed. Therefore, with volume-control modes,
the ventilator antagonizes the intensity of patient effort
(fig. 1). Furthermore, the time at which inspiratory flow
is terminated is independent of neural inspiratory dura-
tion. It follows that, with volume-control neither the
intensity of patient effort nor neural inspiratory time
are expressed by the output of the ventilator.

With pressure-control, the ventilator once triggered
causes Paw to increase rapidly to a preset level, remain-
ing at that level until a preset cycling-off criterion (the var-
iable that terminates gas delivery) is reached [3, 4, 14].
Because Paw is constant, the volume-time profile is under
the influence of Pmus, and any change in the intensity
of patient effort is expressed by a change in inspiratory
flow rate (fig. 1). The cycling-off criterion may be a set
time or flow. With time-cycling, neural inspiratory time
is ignored by the ventilator and the tidal volume is deter-
mined by Pmus waveform (inspiratory and expiratory)
and mechanical properties of the respiratory system [5]
(fig. 1). With flow-cycling, gas delivery is terminated
when inspiratory flow reaches a fixed level (usually 0.1
L·s-1) or a value which is proportional to peak inspira-
tory flow (usually 25%). This method is called pressure-
support (PS) and is widely-used [3, 14]. Theoretically,
with PS the patient retains considerable control of the
inspiratory volume-time profile and inspiratory flow dura-
tion; any change in the intensity and rate of patient effort
should be expressed by VT and ventilator timing. Never-
theless, in the face of high ventilatory demands, many
ventilators are not able to maintain constant Paw, and
Paw deviates from the target level [15]. Furthermore, it
has been shown on theoretical grounds that the ability
to modulate VT during PS is limited, particularly in pati-
ents with abnormal mechanics, for reasons related both
to patient and ventilator (for review see [15]). Therefore,
the ventilatory consequences of a given increase in pati-
ent effort might be expressed inappropriately (see below).

Proportional assist ventilation (PAV) is a new mode
of mechanical ventilation in which Paw is proportional
to instantaneous flow and volume [4, 16]. Thus, there
is not a target level either for pressure or for flow. The
proportionality between Paw and instantaneous flow and
volume is preset by the ventilator, according to the fol-
lowing equation:

Paw = k1×V ' + k2×V

where V ' and V are instantaneous flow and volume, res-
pectively, and k1 and k2 are gain factors. To the extent
that V ' and V depend on the intensity of inspiratory effort
(Pmus), Paw is positively related to Pmus, as opposed to
being negatively related (volume control) or independent
(pressure control). With PAV, the volume-time profile
and breathing pattern are tightly linked to Pmus wave-
form [4, 15, 16]. Any change in the rate and intensity
of patient effort should be expressed by ventilatory out-
put.
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Missing effort

Ideally, in patients ventilated on assisted modes, all
inspiratory efforts trigger the ventilator, which delivers
gas and supports the patient effort [3]. The level of sup-
port may range from zero to near maximum and, depend-
ing on the mode used, may vary from breath to breath
[3]. With zero support, the patient performs the total
work of breathing; whilst with near maximum support,
inspiratory muscles relax after triggering.

High resistance to airflow, low elastic recoil, high ven-
tilatory demands, and short expiratory time may not per-
mit the system to reach static equilibrium volume at the
end of expiration [17]. Hence, inspiration begins at vol-
umes at which the respiratory system exhibits a posi-
tive recoil pressure, referred to as intrinsic PEEP (PEEPi)
[18–22]. This phenomenon is called dynamic hyperin-
flation and is a common finding in mechanically-ven-
tilated patients [18–21]. In this case, the patients must
first generate enough Pmus to overcome PEEPi before
triggering occurs. There might be a situation where
pressure generated by the inspiratory muscles to initiate
a breath is less than PEEPi plus the airway pressure de-
crease required to trigger the ventilator, and, therefore,
inspiratory effort fails to trigger the ventilator ("miss-
ing effort") [15, 23–26]. Because there is no inflation
during this breath, lung volume continues to decline, so
that the elastic recoil is less at the beginning of the next
patient effort and the patient is in a better position to
trigger the ventilator on the next spontaneous cycle.

Figure 2 shows airway pressure (Paw), airflow, and
oesophageal pressure (Poes) in a patient with chronic
obstructive pulmonary disease (COPD) mechanically-
ventilated on assist volume-controlled (AVC) mode. In
the example presented in figure 2, VT was set to 0.55 L,
given with a square-wave flow-time profile. On one
occasion, inspiratory flow (V 'I) was set to 90 L·min-1

(fig. 2a) and on another to 30 L·min-1 (fig. 2b). Several
important points are illustrated by the figure. At both
90 and 30 L·min-1 values of V 'I a significant number of
missing efforts occurred. These missing efforts can be
identified using Paw, flow or Poes waveforms. An abrupt
decrease in Paw and Poes during expiration and hesita-
tion in expiratory flow, which are not followed by mach-
ine-delivered breath, indicate missing effort. At V 'I of 90
L·min-1, the rate of machine cycles was 17 breaths·min-1,
whereas the patient's spontaneous rate was 22 breaths·
min-1. Minute ventilation, determined by ventilator rate
and VT, was 9.4 L·min-1. By changing V 'I to 30 L·min-1,
it can be observed that there was a decrease in mac-
hine rate and ventilation to 13 breaths·min-1 and 6.2
L·min-1, respectively, despite the fact that patient's breath-
ing frequency increased to 24 breaths·min-1. Furthermore,
note that a considerable portion of inspiratory muscle
pressure needs to trigger the ventilator; and, in some
breaths, all the muscle pressure is dissipated to trigger
the venti-lator and, therefore, neural inspiratory time
ends when machine inspiratory time starts. It is obvi-
ous that the machine cycles out of phase with the patient
and the discrepancy varies substantially from breath to
breath. Finally, observe that when Poes swings are decreased
the likelihood of missing effort increases. This indicates
that, for a given degree of PEEPi, missing effort is more
likely to occur when the Pmus is small, such as when
the muscles are fatigued and/or weak or when central
drive is low (i.e. low Pa,CO2).

The phenomenon of missing efforts has been studied
in detail, on theoretical ground, by YOUNES [15, 23], who
used a model of the respiratory system to examine the
relationship between machine rate and spontaneous breath-
ing frequency during various modes of support (AVC,
PS and PAV). His analysis indicates that, for given
mechanical properties of the respiratory system, the rel-
ationship is not simple and is influenced by the level
of assist ventilation, the intensity of patient effort and
the spontaneous breathing frequency. Increased assist
level, spontaneous patient breathing rate and decreased
intensity of patient effort are associated with greater disc-
repancy between patient and ventilator (fig. 3). The like-
lihood of missing efforts was less with PAV, probably
because neural timing and drive is tightly linked to ven-
tilator timing and VT.

To summarize the observations on missing efforts: 1)
the rate of the machine's cycles does not reflect the pat-
ient's spontaneous breathing frequency. 2) at constant
patient breathing frequency, the rate of the machine's
cycle may be influenced by Pmus, an index of VT demand
(i.e. drive). Any factor that affects Pmus may also affect
ventilator frequency and thus, paradoxically, stimuli that
increase drive may actually affect machine rate; 3) at
constant patient breathing frequency and Pmus, manipula-
tion of the assist level (pressure or volume assist), machine
inspiratory time and cycling-off criteria may change the
machine's rate; and 4) decrease in patient breathing fre-
quency may decrease the proportion of missing effort
by prolonging expiratory time. This may increase the
machine's rate and vice versa.

It is obvious from the above considerations that the
phenomenon of missing effort has a considerabe affect
on the interpretation of ventilatory output in relation to
the control of breathing during mechanical ventilation.
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Fig. 2.  –  Airway pressure (Paw), flow and oesophageal pressure
(Poes) in a patient with chronic obstructive pulmonary disease venti-
lated on assist volume-controlled mode with two different inspiratory
flow rates (V 'I): a) 90 L·min-1; and b) 30 L·min-1. Tidal volume was
kept constant (0.55 L). Missing efforts are indicated by arrows. See
text for further details.



Furthermore, with missing efforts, significant alteration
in patient effort occurs due to changes in feedback loop.
Failure of the ventilator to respond to patient inspiratory
effort may alter mechanical, chemical, reflex and beha-
vioural feedback, thus, secondarily affecting the inten-
sity and rate of the patient's respiratory effort (fig. 1).

Retriggering

With retriggering the ventilator is triggered more than
once during the same inspiratory effort [15, 23]. This
may occur if the patient inspiratory effort is vigorous
and longer than mechanical inflation time. In which case,

at the end of mechanical inspiration, Pmus continues to
increase and, because inspiratory flow is zero or is rev-
ersed, it is dissipated to overcome the elastic recoil
alone. Thus, there might be a situation where Pmus is
greater than elastic recoil, causing airway pressure to
decrease below PEEP and this triggers the ventilator
(fig. 4). Retriggering may occur with PS or AVC. On
the other hand, retriggering does not occur with PAV
because, with this mode, Pmus is the variable that con-
trols gas delivery. Short mechanical inflation time may
promote retriggering (fig. 4). With the phenomenon of
retriggering, machine rate overestimates patient sponta-
neous breathing frequency. Furthermore, as with miss-
ing efforts, retriggering might change the patient effort
if alterations in various feedback systems occur (figs. 1
and 4).

Response of patient effort to ventilator-delivered
breath

Mechanical feedback

Mechanical feedback describes the well-known effects
of length (volume) and velocity of contraction (flow) of
respiratory muscles, as well as of geometrical factors on
Pmus [6, 7, 27]. For a given level of muscle activation,
Pmus decreases with increasing lung volume and flow.
Thus, for similar neural output to respiratory muscles,
Pmus should be smaller during mechanical ventilation
than during spontaneous breathing if pressure provided
by the ventilator results in greater flow and volume. The
consequences of mechanical feedback in mechanically-
ventilated patients are not known. However, the effects
of mechanical feedback on Pmus would be small if vol-
ume and flow are low relative to their maximum val-
ues [28, 29]. During mechanical ventilation, the operating
volume and flow are relatively low [3, 4], indicating that
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Fig. 3.  –  Volume, airflow, muscle pressure (Pmus) and airway pres-
sure in a simulated patient with obstructive lung disease ventilated on
pressure-support (PS)  mode. a) The ventilator is triggered every other
spontaneous inspiratory effort. Ventilator rate is 20 cycles·min-1, while
the patient's spontaneous breathing frequency is 40 breaths·min-1 (arrow
indicates missing effort). b) Keeping the same Pmus, patient's rate
decreases from 40 to 30 breaths·min-1, allowing more time for expi-
ration. This causes a reduction in the magnitude of dynamic hyper-
inflation and, as a result, each inspiratory effort triggers the ventilator.
The ventilator rate increases to 30 cycles·min-1, while the patient's
rate has actually decreased. Notice in both figure 3a and b the dis-
crepancy between neural and machine inspiratory and expiratory time.
(Vertical dotted line indicates the beginning of inspiratory effort).
(From YOUNES [15], with permission).
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Fig. 4.  –  Flow (inspiration down), volume (inspiration down), end-
tidal CO2 (ETCO2) and airway pressure (Paw) in a normal subject ven-
tilated on assist volume-controlled mode. Note double-triggering (arrow)
when inspiratory flow was 1 L·s-1. This occurred because mechanical
inspiratory time, which was preset by ventilatory settings, was con-
siderably shorter than neural inspiratory time. In this case, Pmus imme-
diately after inflation, decreased Paw below the threshold for triggering
and caused the ventilator to recycle. The actual tidal volume (VT)
delivered to the subject and the ventilator rate are double the prede-
termined VT (note the expired VT) and spontaneous subject breathing
frequency, respectively. Changing inspiratory flow from 60 to 50
L·min-1 (VT was kept constant) increased mechanical inflation time
from 0.6 to 0.8 s and double-triggering did not occur. Observe, also,
the difference in ETCO2 between the breaths with and without double-
triggering.



mechanical feedback is not very important for mech-
anically-ventilated patients. Nevertheless, it is possible
that this type of feedback may be of clinical signifi-
cance in patients with high ventilatory requirements
and/or impaired neuromuscular competence. Furthermore,
in the presence of dynamic hyperinflation inspiratory
muscles are forced to operate at high lung volume, which
is a disadvantageous position for pressure generation
[30–32]. Therefore, mechanical feedback, by reducing
Pmus, might increase the number of missing efforts in
patients with dynamic hyperinflation.

Chemical feedback

One of the main objectives of mechanical ventilation
is to unload the respiratory muscles [3]. It would be
interesting to see the effects of respiratory muscle unload-
ing on control of breathing. Theoretically, the respira-
tory system can follow one of three courses in response
to unloading: 1) respiratory muscle activation is down-
regulated, so that the same ventilation as before the
unloading is obtained; 2) respiratory muscle activation
remains unchanged and, therefore, ventilation increa-
ses according to the degree of unloading; and 3) there
may be an intermediate response, whereby ventilation
is higher at a lower level of respiratory muscle activity.
It is generally believed that the respiratory system fol-
lows the third course; with unloading, ventilation is high-
er and respiratory motor output is lower [16, 33, 34].
Whilst these findings indicate that reflex feedback rel-
ated to the load per se plays a role in determining the
level of respiratory muscle activation, the results of such
studies fail to provide information about the relative
importance of such feedback. This is because these stud-
ies were performed using an open loop system and,
therefore, chemical feedback was not strictly compara-
ble with and without unloading. Thus, the observed
downregulation of respiratory muscle output could have
been related to associated reduction of chemical feed-
back produced by the higher ventilation. In an open sys-
tem, chemical feedback cannot be discounted on the
grounds that partial pressure of oxygen or carbon diox-
ide (PO2 or PCO2) did not change "significantly".

The ability of respiratory muscle unloading to down-
regulate respiratory motor output has been questioned
by several pieces of evidence. Data from patients dur-
ing constant flow synchronized intermittent mandatory
ventilation (SIMV) have shown that for a given level
of assist, inspiratory effort did not differ between spon-
taneous and mandatory breaths [35, 36]. These results
indicate that inspiratory output is preprogrammed and
is relatively insensitive to breath-by-breath changes in
load seen during SIMV. Chemical feedback could be a
critical factor for this breath programming. These results
have recently been challenged by GIULIANI et al. [37],
who showed that the mode of mechanical ventilation is
important to show an effect of unloading on respiratory
effort. They demonstrated that inspiratory effort was small-
er in mandatory breaths than in spontaneous only if
SIMV is applied with flow-triggering and constant pres-
sure. However, in this study, respiratory effort was quan-
titated using oesophageal pressure, which complicates
the interpretation of the results. With pressure assist ven-
tilation, changes in oesophageal pressure do not reflect

changes in respiratory muscle pressure and, thus, in
patient effort [16]. Furthermore, oesophageal pressure
was related to static recoil pressure of the chest wall
and was not corrected for flow resistance [16, 32]. It
follows that with high inspiratory flows, observed with
constant pressure, inspiratory effort was underesti-
mated, making the interpretation of the results compli-
cated.

Recently, using a rebreathing method, we studied the
response of neuromuscular output to CO2 with and
with-out unloading of the respiratory system [38]. The
unloading was achieved using PAV. At similar PCO2 in
peripheral and central chemoreceptors, neuromuscular
output, expressed by transdiaphragmatic pressure and
total pressure generated by all respiratory muscles, rem-
ained virtually unchanged by an approximately 50–60%
reduction of the normal mechanical load; the neuromus-
cular output was tightly linked to CO2 and not to load
reduction. These results indicate that increasing the ass-
ist level in mechanically-ventilated subjects unloads the
respiratory muscles only to the extent that PCO2 decr-
eases. The degree of downregulation should depend on
the sensitivity to CO2 and the magnitude of PCO2 reduc-
tion. Notwithstanding that the response to unloading
might be related, to some extent, to baseline mechani-
cal load or to the mode of mechanical ventilation [37],
these results emphasize the importance of chemical feed-
back during mechanical ventilation. Paradoxically, the
role of chemical feedback has been largely ignored by
studies dealing with the effect of mechanical ventila-
tion on respiratory muscle activity.

The effectiveness of chemical feedback to compensate
for changes in chemical stimuli in mechanically-ven-
tilated patients is a complicated issue. During controlled
mechanical ventilation (CMV), an increase in chemical
stimulus (Pa,CO2 or arterial oxygen tension (Pa,O2)) can-
not elicit any ventilatory response, because the ventila-
tor does not increase its rate or its VT in response to
patient effort. With assist modes of mechanical venti-
latory support, the patient, theoretically, has the option
to change ventilation as a result of chemical feedback.
With constant flow SIMV, a change in chemical stim-
uli may elicit a ventilatory response only through alter-
ations in the characteristics of spontaneous breaths, while
mandatory breaths are independent of patient effort, a
situation similar to that during CMV. In patients venti-
lated on AVC mode, the respiratory system can compen-
sate for changes in chemical stimuli through breathing
frequency, but not through the intensity of patient effort.
On the other hand, with pressure assisted modalities of
ventilatory support (PS or PAV) the ventilator delivers
a VT which varies with the intensity of patient effort. In
this case, the ventilator has the ability to respond to both
components of the ventilatory response to change in
chemical stimuli (fig. 5). It follows that with pressure-
assist, chemical feedback may better control arterial
blood gas values.

What happens in reality? We are all familiar with a
patient ventilated on assist modes, who although hav-
ing an intact central drive and normal or near normal
respiratory system mechanics, develops respiratory alka-
losis or acidosis as a result of an inappropriate assist
level, a change in metabolic demands, or a change in
gas exchange properties of the lung. Notwithstanding the
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differences between volume and pressure assist, as far
as the response of the ventilator to patient effort is con-
cerned, the pati-ent with both modes of ventilatory sup-
port, through chemi-cal feedback, should be able to
maintain a constant Pa,CO2, by appropriate adjustments
in rate, intensity of respiratory effort, or both. Assum-
ing normal activity of nonchemical inputs (mechano-
receptors, irritant receptors, cortical influence), failure
to maintain a constant Pa,CO2 may imply either a defect
or reduced effectiveness of chemical feedback during
mechanical ventilation. This issue is of paramount impor-
tance in understanding the relationship between chem-
ical feedback and mechanical ventilation, and the following
observations may help us to clarify it.

Awake normal humans ventilated on AVC or PS with
a relatively high VT were seen to develop hypocapnia
[39–42]. This was due to the fact that the subjects con-
tinued to trigger the ventilator rhythmically despite high
tidal volumes and hypocapnia. Manipulation of PCO2
over a wide range had no appreciable effect on breath-
ing frequency [39, 40]. On the other hand, the intensity
of respiratory effort, quantified from changes in airway
pressure at constant flow and volume, rate of decline of
airway pressure prior to triggering, VT and mouth occlu-
sion pressure at 0.1 s from the onset of inspiratory effort
(P0.1) increased as a function of PCO2 [39, 40]. It is of
interest to note that the response was evident even in
the hypocapnic range [39] (fig. 6). These results indi-
cate that in mechanically-ventilated, awake humans: 1)
breathing frequency is relatively insensitive to CO2 over
a wide range of PCO2; 2) the intensity of respiratory
effort increases with increasing PCO2, even below eucap-
nic levels; and 3) the ventilatory response to CO2 is
expressed mainly by intensity of respiratory effort. 

These observations have at least two important con-
sequences that should be taken into consideration in the
management of mechanically-ventilated patients. Firstly,
PS and AVC modes of mechanical ventilation greatly
compromise the ability of chemical feedback to control
PCO2. This is because, with AVC, the ventilator once
triggered delivers a fixed VT [3, 4], whilst with PS, in
the absence of active termination of inspiration, the VT
has a minimum value which depends on PS level, mechan-
ical properties of the respiratory syste, and the cycling-
off criterion [14, 23]. It follows that, with both modes
of support breathing, frequency plays a key role in

defending respiratory alkalosis. To the extent that breath-
ing frequency is insensitive to CO2 [39, 40], mechani-
cally-ventilated awake subjects may easily develop
respiratory alkalosis due to inappropriately high assist
levels, reduced metabolic rate, or improvement in gas
exchange properties of the lung.

Secondly, because the ventilatory response to CO2 is
expressed mainly by the intensity of respiratory effort
[39], PS mode, which permits VT to change in response
to patient effort [14], may, in contrast to AVC, com-
pensate for changes in PCO2. We should mention, how-
ever, that the compensation during PS is partial because
of the minimum VT delivered (see above) and the lim-
ited ability of respiratory effort to modulate VT, partic-
ularly in patients with abnormal mechanical properties
of the respiratory system [15, 23]. PAV may permit bet-
ter control of patient effort to ventilator-delivered vari-
ables [43], due to the fact that the volume-time profile
and ventilator timing are tightly linked to Pmus [4, 15].
Indeed, it has been demonstrated in patients ventilated
on PAV, that ventilation and breathing pattern did not
change appreciably as assist level was varied from near
maximum to the lowest tolerable [43]. However, this
mode is currently under investigation and we cannot
comment on it further.

Although the above studies used CO2 as a stimulus,
similar principles should apply if PO2 is altered. In
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steady-state, the effects of CO2 and O2 on breathing pat-
tern are qualitatively similar; increasing the O2 or CO2
stimulus affects mainly the intensity of respiratory effort,
while the response of breathing frequency is signifi-
cantly less [8].

We should be aware that the effect of mechanical ven-
tilation on control of breathing as far as chemical feed-
back is concerned might be modulated by various disease
states. It has been shown in awake patients with obstruc-
tive sleep apnoea [44], and in patients with brain damage
[45], that a drop in PCO2 because of brief (40 s) hypo-
xic hyperventilation, resulted, in contrast to normal sub-
jects, in significant hypoventilation. When hypoxia was
sustained for much longer (25 min), hypoventilation was
observed even in normals [46]. This hypoventilation was
interpreted as evidence of a defect or reduced effec-
tiveness of short-term poststimulus potentiation, a brain
stem mechanism promoting ventilatory stability [46, 47].
To the extent that mechanical ventilation may repre-
sent a type of forced hyperventilation, these results could
apply in mechanically-ventilated patients. High assist
levels in these patients may decrease Pa,CO2 and trigger
periodic breathing. Nevertheless, further studies are need-
ed that will test the ventilatory response to chemical
stimuli during various modes of ventilatory support, as
well as the effects of disease.

So far, we have discussed chemical feedback during
wakefulness. The picture is completely different during
sleep or under anaesthesia. Several studies have shown
that, under these circumstances, the maintenance of res-
piratory rhythm is critically dependent on chemical feed-
back [41, 48–50]. Reducing Pa,CO2 by only a few mmHg
causes apnoea. In the face of mechanical ventilatory sup-
port with assist modes, there are compensatory changes
in breathing pattern, so that PCO2 is forced to remain
around the CO2 set-point [41]. Thus, if pressure support
or volume assist are set at values higher than those
required for eucapnia or for Pa,CO2 set-point, periodic or
irregular breathing may be caused (fig. 7). These epi-
sodes may be associated with significant hypoxaemia,
an issue of great importance for critically ill patients.
However, it should be mentioned that in the presence
of active lung disease, input to the respiratory controller
from nonchemical sources [51] may not permit chemi-
cal feedback to prevent respiratory alkalosis during sleep
or under anaesthesia.

Periodic or irregular breathing during sleep as a result
of mechanical ventilatory support may be prevented or
attenuated with PAV, which does not guarantee a min-
imum VT. Indeed, MEZA et al. [52] have shown, in nor-
mal sleeping subjects, that mechanical ventilation with
PAV was not associated with periodic or irregular breath-
ing. They observed that VT, respiratory frequency (fR)
and end-tidal carbon dioxide tension (PETCO2) remained
relatively stable, even at the highest assist level. These
results indicate that during sleep PAV permits chemi-
cal feedback to regulate breath-by-breath arterial blood
gas values.

In summary, the effectiveness of chemical feedback
to compensate for changes in chemical stimuli during
mechanical ventilation depends on: 1) the mode of mech-
anical ventilatory support; and 2) the sleep/awake stage.
Failure to appreciate the role and limitations of chemi-
cal feedback during mechanical ventilation may lead to
serious consequences for patient management. Diseases
that may alter the response to mechanical ventilation
should always be a consideration.

Reflex feedback

Reflex feedback plays an important role in control of
breathing [1, 2]. The characteristics of each breath are
influenced by various reflexes, which are related to lung
volume or flow and mediated by receptors located in the
respiratory tract, lung and chest wall [9, 10]. Most of our
knowledge about the effects of these reflexes on control
of breathing has been obtained from animal studies [53–
55]. Very little is known about the relevance of these re-
flexes to mechanical ventilation and much work needs to
be done. A few points, however, deserve some comment.

Static and dynamic changes in lung volume elicit
responses mediated by vagal and chest wall receptors
[9, 10, 15, 23, 53, 54]. In addition, it has been shown
that controlled mechanical ventilation results in the gen-
eration of a VT-dependent inhibitory input to inspiratory
muscles, mediated by an unidentified pathway [56, 57].
All of these reflexes related to lung volume influence
the breathing pattern in a complex way. The final resp-
onse depends on the magnitude and type of lung vol-
ume change, the level of consciousness, and the relative
strength of the reflexes involved [15, 23]. At present, the
role of the above reflexes on mechanically-ventilated
patients is unclear.

Currently, in mechanically-ventilated patients inspira-
tory flow rates are adjusted mainly for the purpose of
enhancing patient-ventilator interaction and of changing
inspiratory time, and, thus, affecting airway pressures,
dynamic hyperinflation, haemodynamic status and distr-
ibution of ventilation [37, 58, 59]. However, inspiratory
flow rates may affect respiratory output in a way that
has been largely ignored in patient management. It has
been shown, in mechanically-ventilated normal subjects,
that increasing inspiratory flow rate exerted an excita-
tory reflex effect on respiratory output; increasing inspi-
ratory flow was associated with an increase in central
drive and breathing frequency, and a decrease in expirat-
ory time [60, 61]. This effect was complete in one breath
after a change in flow rate, and persisted, although to a
lesser degree, during non-rapid eye movement (NREM)
sleep [60] (fig. 8). The strength of this reflex was not
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affected by breathing route (nose or mouth), temperature
and volume of inspired gas and anaesthesia of upper and
lower airways [61]. Presumably, the excitatory effect of
inspiratory flow is mediated through receptors located
deep in the airway mucosa or chest wall. 

There are at least four implications for the mechani-
cally-ventilated patient, as far as this reflex is concerned.
Firstly, an increase in assist level intended to decrease
respiratory effort is likely [37, 59] to be less effective
than planned because of the stimulating effect of the
concomitant increase in flow. Secondly, high inspiratory
flow rates may cause hyperventilation and respiratory
alkalosis, an important cause of various arrhythmias and
weaning failure [62, 63]. Thirdly, the desired effect of
flow on expiratory time [58] may not be achieved (fig.
9). Fourthly, the ventilatory consequences of flow are
likely to be different depending on sleep/awake stage.
Collectively, these observations indicate that the excita-
tory effect of flow rate may modify expected responses
to change in ventilatory settings, thus, affecting thera-
peutic decisions.

Behavioural feedback

The effects of behavioural feedback on control of
breathing during mechanical ventilation are unpredict-
able, depending on several factors related to an indi-
vidual patient, ventilatory settings and intensive care
unit (ICU) environment [11, 12]. Ventilatory strategies
intended to achieve a particular goal might be ineffec-
tive in awake patients due to behavioural responses. For
example, it has been shown in mechanically-ventilated
normal subjects, that both higher and lower than spon-
taneous inspiratory flow increases the sense of dysp-
noea [64]. Thus, in awake patients a change in inspiratory
flow may cause discomfort and alteration in patient
effort. Similarly, increasing the assist level, which
inevitably increases the airway pressure [3, 4], may force
the patient to fight the ventilator. Indeed, JURBAN et al.
[65], in patients with COPD, increased the pressure-
support level and observed expiratory efforts, while the
ventilation was still inflating the thorax. This neural-
mechanical dyssynchrony can be very uncomfortable,
as is well-recognized with the use of inverse-ratio ven-
tilation. Furthermore, active expiratory efforts in pati-
ents with flow limitation during passive expiration cause
dynamic compression in the airways downstream and
an unpleasant sensation [66]. Discomfort related to ven-
tilatory settings may be manifested with rapid shallow
breathing (panic reaction) leading to a vicious cycle
[67]. Finally, we should recognize that ventilatory set-
tings that seem satisfactory during sleep, where behav-
ioural feedback is absent, may become a source of
discomfort during wakefulness with unpredictable effects
on patient status.

Conclusion

To summarize, mechanical ventilation considerably
influences the control of breathing, as well as its expres-
sion. During mechanical ventilation, the respiratory sys-
tem is under the influence of two pumps, the ventilator
pump (Paw) and the patient's own respiratory muscles
(Pmus). The physician dealing with a mechanically-ven-
tilated patient should be aware that: 1) ventilatory out-
put may not reflect patient effort; and 2) various aspects
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of control of breathing may be masked or modulated by
mechanical ventilation. Guidelines for mechanical venti-
latory support must take into consideration the interact-
ion between patient feedback (chemical, reflex, mechanical
and behavioural) and ventilator-delivered breath.
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