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Abstract Objective: During pressure
support ventilation (PS), an abrupt
increase in ventilator pressure above
the pre-set level is considered to
signify expiratory muscle activity.
However, relaxation of inspiratory
muscles may also cause the same
phenomenon, and this hypothesis
has not been explored. The aim of
this study is to examine the cause of
this increase in ventilator pressure,
during PS, in critically ill patients.
Design: Retrospective study. Set-
ting: In a university intensive care
unit. Methods: Fifteen patients
instrumented with esophageal and
gastric balloons, and in whom airway
pressure (Paw) during PS exhibited
an acute increase above the pre-set
level towards the end of mechanical
inspiration were retrospectively ana-
lyzed. For each breath, the time of the
rapid increase in Paw was identified
(tPaw) and, using the transdiaphrag-
matic (Pdi) and gastric (Pga) pressure
waveforms, related to: (1) the end

of neural inspiration (peak Pdi) and
(2) the time at which Pga started to
increase rapidly after the end of neur-
al inspiration indicating expiratory
muscle recruitment. Results: The
tPaw was observed 32 ± 34 ms after
the end of neural inspiration, well
before (323 ± 182 ms) expiratory
muscle recruitment (identified in
eight patients). There was a signifi-
cant linear relationship between the
rate of rise of Paw after tPaw and the
rates of decline of Pdi and inspiratory
flow. Conclusion: We conclude that,
during PS ventilation, the relaxation
of inspiratory muscles accounts for
the acute increase in Paw above the
pre-set level, in addition to the con-
tribution made by the occurrence of
expiratory muscle activity.

Keywords Pressure support · Inspi-
ratory muscle relaxation · Expiratory
muscle contraction · Ventilator
pressure increase

Introduction

It is generally accepted that during pressure support (PS)
ventilation an abrupt increase in ventilator pressure above
the pre-set level signifies expiratory muscle activity [1, 2].
This has been explained by the inability of the ventilator
(technical limitation) to appropriately decrease the deliv-
ered pressure to compensate for the acute increase in alveo-
lar pressure caused by contraction of expiratory muscles.
Under certain circumstances, the increase in the ventilator
pressure results in termination of the ventilator inspiratory

phase, before the flow cycling off criterion is met [1, 2].
However, relaxation of inspiratory muscles may also cause
an increase in alveolar pressure by unmasking the influ-
ence of elastance on alveolar pressure, an effect that mim-
ics that of expiratory muscle contraction [3]. Since relax-
ation of inspiratory muscles precedes the contraction of
expiratory muscles [4], the increase in ventilator pressure
during PS ventilation may signify the end of neural in-
spiration and not expiratory muscle contraction. This hy-
pothesis has not been explored. The aim of this study is
to examine the cause of the increase in ventilator pressure
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above the pre-set level during PS ventilation in critically ill
patients.

Methods

We retrospectively analyzed 15 patients instrumented
with esophageal and gastric balloons, who, in all breaths,
exhibited an acute increase in airway pressure above the
pre-set level towards the end of mechanical inspiration
during PS ventilation. Seven patients were ventilated
with a Puritan-Bennett 840 ventilator (Puritan-Bennett,
Los Angeles, CA, USA) and eight with a Drager Evita 2
(Drager, Germany). With both ventilators, the rising time
was set to be relatively fast (0.1 s with the Evita 2 and
90% with Puritan-Bennett 840) and the flow threshold
for cycling off was set to 25% of peak inspiratory flow.
In these patients, esophageal and gastric balloons were
inserted either to measure lung mechanics for clinical
purposes, or as part of other protocols. For each patient,
flow (V̇ ), volume (V), and airway (Paw), esophageal (Pes),
gastric (Pga) and transdiaphragmatic (Pdi = Pga – Pes)
pressures were measured breath by breath [5].

Data analysis

For each patient, 20 breaths over a period of 3 min were
randomly selected for analysis. For each selected breath,
Pdi, Pes, Paw, V , and V̇ were aligned at the beginning of
neural inspiration, defined as the time at which Pdi began
to increase rapidly from the value reached during expir-
ation [6]. For each breath, the time of the rapid increase
in Paw was identified (tPaw) and related to: (1) the end of
neural inspiration and (2) the time at which Pga started to
increase rapidly (if it occurred) after the end of neural in-
spiration [5]. The end of neural inspiration was defined
as the point at which Pdi started to decline rapidly [6].

No. Diagnosis Age VT Fr PS PEEP tineural
(years) (ml) (breaths/min) (cmH2O) (cmH2O) (s)

1 ARDS 63 410 32 9 3 0.57
2 ARDS 71 380 30 5 5 0.52
3 COPD 74 400 28 10 7 0.64
4 COPD 68 680 26 10 6 0.68
5 COPD 70 480 24 5 5 0.56
6 COPD 80 280 35 13 5 0.38
7 ARDS 54 300 27 10 5 0.54
8 ALI 36 530 30 9 3 0.64
9 COPD 65 410 37 9 7 0.26

10 COPD 70 550 17 7 6 1.03
11 ARDS 67 580 20 5 6 0.68
12 ALI 40 470 32 10 6 0.53
13 COPD 67 290 27 8 5 0.63
14 ALI 43 510 30 5 7 0.72
15 COPD 66 370 36 9 5 0.38

Table 1 Patients’ characteristics,
breathing pattern and ventilator
settings during pressure support.
(ALI, acute lung injury; ARDS,
acute respiratory distress
syndrome; COPD, chronic
obstructive pulmonary disease;
Fr , respiratory frequency;
PEEP, applied positive
end-expiratory pressure; PS,
pressure support above PEEP;
tineural , neural inspiratory time;
VT , tidal volume)

The time at which Pga started to increase rapidly after the
end of neural inspiration was considered to be the begin-
ning of expiratory muscle recruitment [5]. The rate of rise
of Paw after tPaw (∆Paw/dt) was calculated as the differ-
ence between peak Paw and Paw at tPaw divided by the
time lapse between them. The absolute value of the Paw
increase above the pre-set pressure-assisted level was also
measured. The rate of decline of Pdi (∆Pdi/dt) was cal-
culated as the difference between Pdi at the end of neu-
ral inspiration and Pdi at peak Paw divided by the time
lapse between them. The rate of decline of inspiratory flow
(∆V̇ /dt) was calculated as the difference between inspira-
tory flow at the end of neural inspiration and inspiratory
flow at peak Paw divided by the time lapse between them.
The rate of Pdi increase (∆Pdi/dtinsp) was calculated as the
difference between Pdi at the beginning of inspiration and
peak Pdi divided by the time lapse between them.

Results
Table 1 shows patients’ characteristics, breathing pattern
and ventilator settings during PS ventilation.

In all patients, the acute increase in Paw occurred
soon after (32 ± 34 ms) the end of neural inspiration
(Fig. 1, Table 2). In 8 of the 15 patients, gastric pressure
analysis indicated expiratory muscle recruitment after
the end of neural inspiration, and the acute increase in
Paw was observed well before this recruitment took place
(323 ± 182 ms). (Fig. 1, Table 2).

Table 3 shows mean values of peak Pdi, the rate of
rise of Paw (∆Paw/dt), the rate of rise and drop of Pdi
(∆Pdi/dtinsp and ∆Pdi/dt, respectively), and the rate of
decline of inspiratory flow (∆V̇ /dt). There was a signifi-
cant linear relationship between: (1) ∆Paw/dt and ∆Pdi/dt
(r = 0.66, p < 0.01) and (2) ∆Paw/dt and ∆V̇ /dt (r = 0.75,
p < 0.001) (Fig. 2). There was no relationship between:
(1) peak Pdi and ∆Paw/dt, (2) ∆Pdi/dtinsp and ∆Paw/dt,
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Fig. 1 Airway pressure (Paw),
esophageal pressure (Pes),
gastric pressure (Pga), trans-
diaphragmatic pressure (Pdi),
and flow (l/s) as a function of
time in two representative
patients ventilated with pressure
support ventilation and in whom
expiratory muscle recruitment
was observed. Pressure values
measured in cmH2O. Notice that
in both patients Paw began to
increase above the pre-set
pressure level soon after the end
of neural inspiration (first
vertical dashed line) and well
before the rapid increase in Pga
(second vertical dashed line)

Fig. 2 a Relationship between relaxation rate of the diaphragm
(∆Pdi /dt) and the slope of the acute increase of Paw above the
pre-set pressure level (∆Paw/dt) (r = 0.66, y = 8.8 + 0.13x, p < 0.01).
b Relationship between the rate of inspiratory flow decrease (∆V̇ /dt)

and ∆Paw/dt (r = 0.75, y = 0.9 + 5x, p < 0.001). (Closed squares,
patients ventilated with Evita 2; open squares, patients ventilated
with Puritan-Bennett 840)
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Table 2 Relationship between the time of rapid increase in airway
pressure (Paw) above the pre-set pressure level (tPaw) and the end
of neural inspiration (A) and the rapid increase in gastric pressure
(Pga) after the end of neural inspiration (B) in each patient. Negative
values (ms) indicate that tPaw occurred before an event (i.e., peak Pdi
or rapid increase in Pga); positive values indicate that tPaw occurred
after an event. (N.O., not observed)

No. A B

1 50 N.O.
2 19 –224
3 30 N.O.
4 35 –376
5 49 –324
6 22 –140
7 5 –662
8 4 N.O.
9 137 –484

10 3 –245
11 30 N.O.
12 30 N.O.
13 14 N.O.
14 57 N.O.
15 2 –125
Mean 32 –323
SD 34 182

Table 3 Mean values of peak transdiaphragmatic pressure (Pdi),
the rate of drop of Pdi (∆Pdi /dt) and inspiratory flow (∆V̇ /dt), the
rate of rise of Pdi (∆Pdi /dtinsp), the difference between peak airway
pressure (Paw) and Paw at tPaw (∆Paw) and the rate of rise of Paw
(∆Paw/dt)

Parameter Mean values ± SD

Pdi (cmH2O) 10.6 ± 6.6
∆Pdi/dt (cmH2O/s) 46.51 ± 35.0
∆Pdi/dtinsp (cmH2O/s) 19.17 ± 11.1
∆V̇ /dt (l/s) 2.75 ± 1.0
∆Paw (cmH2O) 2.60 ± 1.0
∆Paw/dt (cmH2O/s) 14.66 ± 6.9

and (3) peak Pdi and peak Paw above the pre-set pressure
support level.

Discussion
The major findings of this study can be summarized as fol-
lows: in critically ill patients mechanically ventilated with
PS, the acute increase in Paw above the pre-set level: (1) oc-
curs very soon (~30 ms) after the end of neural inspiration
and well before (> 320 ms) the recruitment of expiratory
muscles, and (2) is related to the rate of Pdi and inspira-
tory flow decrease. These findings indicate that during PS
ventilation, the relaxation of inspiratory muscles is an al-
ternative explanation for the acute increase in Paw above
the pre-set level, in addition to the occurrence of expiratory
muscle activity.

Due to the retrospective nature of our study, we
used pressure measurements to infer respiratory muscle
activity as opposed to electromyographic activity (EMG)
recordings. We believe that this type of analysis is valid
for three reasons. Firstly, acute changes in Paw are in-
fluenced directly by acute changes in alveolar pressure
brought about by corresponding alterations in respiratory
muscle pressure and only indirectly by changes in EMG.
Indeed, a given change in EMG activity may result in
different alveolar pressures depending on several factors,
such as instantaneous flow, lung volume and chest wall
configuration [7]. Secondly, it has been shown in crit-
ically ill patients that peak Pdi occurs at approximately
the same time as peak EMG diaphragmatic activity,
whereas expiratory muscle EMG activity begins much
later [4, 8]. In addition, it has been shown that although
an overlap of a few milliseconds may exist between the
end of inspiratory and the beginning of expiratory muscle
activity, this occurs well after the peak Pdi and peak
EMG diaphragmatic activity [4]. In our study, the acute
increase in Paw followed peak Pdi a few milliseconds
later, indicating that, at least in these patients, this increase
was related to the decrease in diaphragmatic activity.
Thirdly, several studies have used Pga in order to estimate
the activity of expiratory muscles [9–12]. The validity
of the Pga tracing to indicate the time at which expir-
atory muscle recruitment occurs is supported by studies
showing that electromyographic activity of expiratory
muscles is closely related to Pga [4, 11]. Parthasarathy et
al. [4] studied normal subjects and during PS ventilation
they induced flow limitation with a Starling resistor, and
observed that the expiratory increase in Pga correlated
with the amplitude of the moving average of EMG of the
transversus abdominis muscle. Furthermore, they showed
that in terms of timing, the tracing of Pga and the rectified
transversus abdominis EMG closely resembled each other.
These results indicate that Pga may be used instead of
EMG to estimate both the timing and the magnitude of
expiratory muscle recruitment. Thus, for all these reasons,
we believe that using pressure measurements instead of
EMG is valid.

In 8 out of 15 patients in whom the Pga waveform
after the end of neural inspiration indicated expiratory
muscle recruitment, the acute increase in Paw occurred
several milliseconds (~320 ms) before the beginning of
this recruitment. This precludes expiratory muscle activity
as being the cause of the Paw increase in our patients, and
indicates that the changes in inspiratory muscle activity
are the main factor influencing the pressure delivered by
the ventilator. In our study, relaxation of the diaphragm
in all patients was associated with an acute increase in
Paw a few milliseconds later, indicating that the ventilator
pressure was affected by the increase in alveolar pressure
caused by an alteration in inspiratory and not in expiratory
muscle activity.
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Our study showed that the rate of Paw increase above
the pre-set level was not influenced by events before the
end of neural inspiration, such as respiratory drive (the
rate of rise of Pdi) and peak Pdi. Then again, the rate of
Pdi and inspiratory flow decrease, both reflecting the ra-
pidity of diaphragmatic relaxation [3], was a main deter-
minant of the rate of rise of Paw, explaining approximately
43% (for Pdi) and 56% (for flow) of its variability. This
indicates that relaxation of the diaphragm, and the asso-
ciated changes in alveolar pressure, influenced the func-
tion of the ventilator. In view of the fact that during PS
ventilation the expiratory valve opens when Paw reaches
a certain value above the pre-set level [1], the relaxation
of inspiratory muscles may directly affect the duration of
mechanical inspiration by activating this cycling off crite-
rion.

Our study is limited by its retrospective nature. Pa-
tients included in this study were subject to inclusion and
exclusion criteria established in previous studies, and their
selection depended solely on the presence of a Paw
increase during inspiration. Our study can definitely point
out inspiratory muscle relaxation as a possible cause of
Paw increase in these patients, but a prospective study
is necessary to establish the frequency of inspiratory
muscle relaxation versus expiratory muscle contraction
as a cause of this phenomenon. For example, expiratory
muscle contraction in patients in whom relaxation of
inspiratory muscles occurs during the rising time of
pressure support may cause an abrupt Paw increase
above the pre-set level. Relaxation of inspiratory muscles

during the rising time may be due to either delayed
triggering (i.e., because of severe dynamic hyperinflation,
low respiratory drive or weak inspiratory muscles) or
to a relatively slow rising time [3]. This was not the
case in our study since with both types of ventilators,
the rising time was set to be fast, while in all patients
the end of neural inspiration occurred well after Paw
had stabilized to the pre-set value. We think that the
distinction between relaxation of inspiratory muscles and
contraction of expiratory muscles as the mechanism of
Paw increase is important, since with the former, good
patient–ventilator synchrony may occur, while with the
latter, asynchrony and fighting with the ventilator is the
rule.

Our patients were ventilated with two types of venti-
lators and thus we do not know whether these results ap-
ply to other ventilators. The ability to compensate for the
acute increase in alveolar pressure depends on ventilator
function and may differ between ventilators [13]. However,
since the ventilator types used in this study are quite mod-
ern, it is unlikely that other types will be able to respond
differently. Nevertheless, further studies are needed to re-
solve this issue.

In conclusion our study shows that during PS venti-
lation, the acute increase in Paw above the pre-set level
might signify the relaxation of inspiratory muscles and
might not be exclusively due to expiratory muscle activity.
Therefore, the presence of this phenomenon does not
necessarily indicate either expiratory muscle contraction
or fighting with the ventilator.
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