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Abstract

Background: Adaptive mechanical ventilation automatically adjusts respiratory rate (RR) and tidal volume (V%)

to deliver the clinically desired minute ventilation, selecting RR and V; based on Otis’ equation on least work of
breathing. However, the resulting V4 may be relatively high, especially in patients with more compliant lungs.
Therefore, a new mode of adaptive ventilation (adaptive ventilation mode 2, AVM2) was developed which
automatically minimizes inspiratory power with the aim of ensuring lung-protective combinations of V; and RR.
The aim of this study was to investigate whether AVM2 reduces V4, mechanical power, and driving pressure (AP,
and provides similar gas exchange when compared to adaptive mechanical ventilation based on Otis’ equation.

Methods: A prospective randomized cross-over study was performed in 20 critically ill patients on controlled
mechanical ventilation, including 10 patients with acute respiratory distress syndrome (ARDS). Each patient
underwent 1 h of mechanical ventilation with AVM2 and 1 h of adaptive mechanical ventilation according to Otis’
equation (adaptive ventilation mode, AVM). At the end of each phase, we collected data on V4, mechanical power,
AP, PaO,/FiO, ratio, PaCO,, pH, and hemodynamics.

Results: Comparing adaptive mechanical ventilation with AVM2 to the approach based on Otis’ equation (AVM),
we found a significant reduction in V4 both in the whole study population (7.2 +0.9 vs. 82 + 0.6 ml/kg, p < 0.0001)
and in the subgroup of patients with ARDS (6.6 £+ 0.8 ml/kg with AVM2 vs. 7.9 £ 0.5 ml/kg with AVM, p < 0.0001).
Similar reductions were observed for APy, (whole study population: 11.5+ 1.6 cmH>O with AVM2 vs. 126 +

2.5 cmH,0 with AVM, p < 0.0001; patients with ARDS: 11.8 + 1.7 cmH,O with AVM2 and 13.3 +2.7 cmH,0 with
AVM, p =0.0044) and total mechanical power (16.8 + 3.9 J/min with AVM2 vs. 18.6 £ 4.6 J/min with AVM, p = 0.0024;
ARDS: 15.6 £ 3.2 J/min with AVM2 vs. 17.5 4.1 J/min with AVM, p=0.0023). There was a small decrease in PaO,/
FiO, (270 £ 98 vs. 291 + 102 mmHg with AVM, p=0.03; ARDS: 194 + 55 vs. 218 £ 61 with AVM, p=0.008) and no
differences in PaCO,, pH, and hemodynamics.

Conclusions: Adaptive mechanical ventilation with automated minimization of inspiratory power may lead to more
lung-protective ventilator settings when compared with adaptive mechanical ventilation according to Otis’
equation.

Trial registration: The study was registered at the German Clinical Trials Register (DRKS00013540) on December 1,
2017, before including the first patient.
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Background

Adaptive mechanical ventilation provides automated
selection and continuous adaptation of basic ventilator
parameters like respiratory rate (RR), tidal volume (V7),
and inspiratory time, based on the clinically required
minute ventilation (V) and on the expiratory time con-
stant (RC,) of the patient’s respiratory system.

The first adaptive mechanical ventilation mode was
introduced in 1994 by Hamilton Medical (Bonaduz,
Switzerland) as “adaptive lung ventilation” [1] and was
then further developed into the commercially available
“adaptive support ventilation” (ASV) [2]. With ASV,
the combination of RR and V7 to achieve the desired
Vi is calculated based on Otis’ equation on minimal
work of breathing [3]. Several studies have shown that
ASV facilitates ventilatory management and shortens
the total duration of mechanical ventilation in different
patient populations [4—7]. However, it has been ob-
served that ASV may lead to automated delivery of V¢
in excess of what is currently recommended for lung-
protective ventilation, especially in patients with more
compliant lungs [8].

Recently, adaptive ventilation modes similar to ASV
have been released by different manufacturers, includ-
ing “Adaptive Ventilation Mode” (imtmedical, Buchs,
Switzerland), “Work of Breathing Optimized Ventila-
tion” (Salvia Medical, Kronberg, Germany), and “Adap-
tive Minute Ventilation” (Mindray, Shenzhen, China).
All of these select the combination of RR and V7 ac-
cording to Otis’ equation and might therefore also de-
liver large V7, as observed for ASV by Dongelmans
and coworkers [8].

In a recent methodological publication on advanced
modes of mechanical ventilation and optimal targeting
schemes [9], van der Staay and Chatburn pointed out
that Otis’ equation was originally derived to better
understand the energetics of unassisted spontaneous
breathing, assuming inspiratory muscle pressure to fol-
low a sinusoidal waveform during inspiration. How-
ever, all abovementioned adaptive ventilation modes
are based on pressure-controlled mechanical ventila-
tion, which delivers a “square-wave” inspiratory pres-
sure during mandatory breaths. Therefore, the authors
proposed the concept of “inspiratory power” and de-
rived an equation to select a combination of RR and
V1 that minimizes inspiratory power during adaptive
mechanical ventilation, assuming a square-wave pres-
sure pattern as it occurs during pressure-controlled
breaths. This concept of inspiratory power assumes
that during a pressure-controlled breath, airway pres-
sure rises immediately from positive end-expiratory
pressure (PEEP) to the set inspiratory pressure and is
maintained stable throughout the course of inspiration.
The resulting inspiratory power can then be calculated
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as follows: first, the inspiratory pressure difference
above PEEP is multiplied with V7 to yield the area of
the pressure-volume-loop, which is equal to the work
per breath. Subsequently, the work per breath is multi-
plied with RR to yield the inspiratory power in J/min.
The RR that is associated with minimal inspiratory
power can then be calculated by the algorithm using a
fixed-point iteration (Eq. 2, below).

For a given Vg, this should lead to lower Vi and re-
duced driving pressure (APg,) when compared to
“traditional” adaptive ventilation based on Otis’ equa-
tion [9].

This concept was implemented in a new adaptive ven-
tilation mode (AVM2, imtmedical, Buchs, Switzerland)
which was specifically developed to minimize inspiratory
power and deliver more “lung-protective” ventilatory set-
tings when compared to adaptive mechanical ventilation
based on Otis’ equation.

We hypothesized that, when compared to “traditional”
adaptive mechanical ventilation based on Otis’ equation
(AVM), ventilator settings selected by AVM2 would be
more lung-protective in terms of Vr, AP, and mechan-
ical power delivered by the ventilator.

Methods

Between December 2017 and June 2018, we conducted a
prospective, randomized, cross-over study including 20
critically ill patients admitted to the interdisciplinary in-
tensive care units (ICUs) of the University Medical
Center Schleswig-Holstein, Campus Kiel, Germany. The
study was approved by the Ethics Committee of the
Medical Faculty of the Christian Albrechts University in
Kiel (D551/17) and registered at the German Clinical
Trials Register (DRKS00013540) on December 1, 2017,
before including the first patient. Written informed con-
sent was obtained from the patient’s legal representatives
prior to study inclusion.

Inclusion criteria

We included intubated adult patients requiring con-
trolled mechanical ventilation, with the presence of an
arterial line, which was required for arterial blood gas
sampling.

Exclusion criteria

We excluded patients with significant expiratory flow
limitation, as evidenced by an RC, of higher than 1.5,
patients with a ratio of arterial partial pressure of oxy-
gen to inspired fraction of oxygen (PaO,/FiO,) of less
than 100 mmHg, arterial pH of less than 7.2, or arterial
partial pressure of carbon dioxide (PaCO,) of more
than 70 mmHg despite optimization of mechanical

ventilation, severe hemodynamic instability, high-
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frequency oscillatory ventilation, and spontaneous
breathing activity.

Study procedure

Before study inclusion, all patients were ventilated in a
conventional pressure-controlled mode. After obtain-
ing written informed consent, patients were random-
ized in a 1:1 ratio to one of two groups: group “AVM-
AVM?2”, first ventilated according to Otis’ equation
with AVM and then according to “minimized inspira-
tory power” with AVM2, or group “AVM2-AVM”, ven-
tilated with both modes in the reversed order (Fig. 1).
Randomization was performed by randomly selecting
and opening one of 20 sealed envelopes for every pa-
tient. Before randomization, it was verified that the last
clinically selected Vg was adequate to deliver clinically
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acceptable pH and gas exchange. If any changes in Vg
were necessary to achieve the desired pH of more than
7.25 and the desired range of PaCO, (35 mmHg <
PaCO, <70 mmHg), the ventilator settings were ad-
justed by the attending ICU physician according to
local clinical practice.

After randomization, the last clinically selected Vg
during conventional ventilation was chosen as the tar-
get Vg for the first adaptive mode to be investigated
and end-tidal partial pressure of carbon dioxide
(etCO,) was documented and selected as “desired” tar-
get value. Depending on group allocation, patients
were then switched to either AVM or AVM2 and ven-
tilated with the selected mode for the duration of 1 h.
If necessary, target Vp was adjusted to keep etCO,
constant (Fig. 2). After 1 h, patients previously

-

| Screened for eligibility (n=306) |

Not eligible (n=255)

N

Spontaneous breathing (n=253)
Hemodynamic instability (n=2)

N

Eligible

(n=51) |

No informed consent (n=31)

N

A 4

Refusal of consent (n=3)
Other reasons (n=28)

Randomized (n=20)

|_

Excluded from
analysis
n=0

Excluded from
analysis
n=0

Analyzed (n=20)

Fig. 1 CONSORT diagram. AVM, adaptive ventilation mode with selection of respiratory rate and tidal volume according to Otis' equation; AVM2,
adaptive ventilation mode with selection of respiratory rate and tidal volume to minimize inspiratory power
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collection of ventilator settings and ABG at T2 / T3.

Fig. 2 Adjustment of target minute ventilation (%MinVol) during ventilation with either mode. End-tidal partial pressure of carbon dioxide (etCO,)
and current minute ventilation (V¢) during stable baseline conditions were documented. During ventilation with either mode, %MinVol was
adjusted according to the protocol in order to keep etCO, within a range of baseline etCO, + 2 mmHg. AVM, adaptive ventilation mode with
selection of respiratory rate and tidal volume according to Otis’ equation; AVM2, adaptive ventilation mode with selection of respiratory rate and
tidal volume to minimize inspiratory power; ABG, arterial blood gas analysis

ventilated with AVM were switched to AVM2 and vice
versa.

With AVM, the RR necessary to achieve target Vi was
automatically calculated by the ventilator according to a
modification of Otis’ equation under the assumption of
an anatomical dead space (VD,) of 2.2 ml/kg predicted
body weight:

\/1+
RR =

With AVM2, the RR to achieve target Vi was calcu-
lated by the ventilator according to the following
equation:

4-7*-RCe - (Vg-VDy - RR)
VD4
2 -2 - RC,

-1

(1)

Ve 1

= . 1-
2-VD 1
e (g e )
e . . e
@

(RR = respiratory rate; 7 =Pi~3.14; e=Euler's num-
ber ~ 2.72; RC, = expiratory time constant; Vj = expira-
tory minute ventilation; VD4 = anatomical dead space)

The equations for AVM and AVM2 are automatically
solved for RR by the ventilator using a fixed-point iter-
ation [9].

Clinically selected PEEP was maintained unchanged
throughout the whole study period.

RR
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Study endpoints

The primary endpoint of the study was the automatically
delivered Vt in ml/kg predicted body weight. Secondary
endpoints were AP, in cmH,O, mechanical power in J/
min, mean airway pressure (P, mean) in cmH,0, PaO,/
FiO,, PaCO,, pH, alveolar minute ventilation (V,4), mean
arterial pressure (MAP), and heart rate (HR).

For assessment of the study endpoints, ventilator data on
Vr, AP, mechanical power, and P, mean as well as
hemodynamic data on MAP and HR were averaged during
the last 5 min of each 1-h period. Real-time data of flow
and airway pressure were stored by the ventilator at a sam-
pling rate of 100 Hz and analyzed off-line after the end of
the study procedure. An arterial blood gas (ABG) sample
was taken to assess PaO,/FiO,, PaCO,, and pH. AP was
calculated as the difference between end-inspiratory plat-
eau pressure during an inspiratory hold maneuver of 2-3 s
and PEEP. Static respiratory system compliance (C,) was
then calculated by dividing expired V1 by APy,

Total mechanical power per breath was derived from
the integral of the inspiratory pressure-volume curve for
each breath in the 5-min interval and multiplied with
RR to obtain a result in Joules per minute (J/min).

To assess V,, physiological dead space (VD) was esti-
mated according to the modified Bohr equation [10]. Sub-
sequently, VD was subtracted from V7 to calculate alveolar
Vir. Finally, alveolar Vi was multiplied with RR to yield V.

Statistical analysis

A sample size of n =20 was calculated to detect an average
difference in Vi of 1 ml/kg assuming a standard deviation
of change in Vr of 1.5 ml/kg with a power of 80% at a sig-
nificance level of p<0.05. Statistical analyses were per-
formed with GraphPad Prism 5.0 (GraphPad Software, La
Jolla, USA). Data were assessed for normal distribution
using the D’Agostino&Pearson omnibus K2 normality test.
Parametric continuous data are expressed as mean * SD,
whereas nonparametric continuous data are expressed as
median (interquartile range). Comparisons between AVM
and AVM2 were performed using the paired two-sided ¢
test for parametric data and the Wilcoxon matched-pairs
test for nonparametric data. The relationship between auto-
matically selected V1 and C, was assessed with Pearson’s
correlation coefficient (r) for both modes.

Results

Details on numbers of patients screened, excluded, ran-
domized, and analyzed are shown in the CONSORT-
diagram (Fig. 1). Basic patient characteristics are sum-
marized in Table 1. According to the Berlin definition
[11], ten patients had acute respiratory distress syn-
drome (ARDS), including five cases of mild ARDS and
five cases of moderate ARDS.

Page 5 of 9

Table 1 Patient characteristics at study inclusion

Gender male/female (n) 13/7
Age (years) 64+ 11
Height (cm) 181+9
Actual body weight (kg) 82+13
Predicted body weight (kg) 74+ 10
Duration of MV before study inclusion (days) 5+3
Pa0,/FiO, (mmHg) 258 +91
PaCO, (mmHg) 43+6
Cis (Ml/cmH,0) 55+13
PEEP (cmH,0) 8 (8-10)
Vr (ml/kg predicted body weight) 75+08
RR (1/min) 15318

Parametric data are presented as mean +* standard deviation; nonparametric
data are presented as median (interquartile range). MV mechanical ventilation,
PaO,/FiO, ratio of arterial partial pressure of oxygen to inspired fraction of
oxygen, PaCO, arterial partial pressure of carbon dioxide, G, static respiratory
system compliance, PEEP positive end-expiratory pressure, V7 tidal volume, RR
respiratory rate

The numerical results for the whole study population
are presented in Table 2:

In comparison to AVM, ventilation with AVM2 led to
statistically significant reductions in Vr by 1.05 + 0.4 ml/
kg, APy, by 1.1+1.3 c¢cmH,O, and total mechanical
power by 1.8 +2.3]/min. RR and P,y mean Were signifi-
cantly higher with AVM2. V, did not differ between the
two modes. Inspiration-to-expiration ratio (LE) was 1:
2.0 £ 0.5 with AVM and 1:1.1 + 0.1 with AVM2, resulting
in a significantly higher P,y mean With AVM2 despite
lower V1 and APgy;.

In ABG samples, we found a small but statistically sig-
nificant reduction in PaO,/FiO, by 21 + 39 mmHg with
AVM2 and no significant differences in PaCO, or pH.
There were no differences in hemodynamics between
both modes. We observed a statistically significant re-
duction in static C by 4.1 + 5.6 ml/cmH,0 with AVM2
as compared to AVM.

In the ten patients with ARDS, Vi was reduced by 1.3 +
0.3 ml/kg with AVM2 (6.6 + 0.8 ml/kg as opposed to 7.9 +
0.5 ml/kg with AVM, p < 0.0001). In this subgroup, APy
was reduced by 1.5+1.2 cmH,O (11.8+1.7 cmH,O and
13.3 £ 2.7 cmH,0 with AVM2 and AVM, respectively; p =
0.0044) and total mechanical power was reduced by 1.9 +
1.6J/min to a value of 15.6 + 3.2 J/min with AVM2 (17.5 +
4.1J/min with AVM, p = 0.006). The complete results of the
subgroup of patients with ARDS are presented in Table 3:

Both with AVM and with AVM2, V1 was positively
correlated to static C,; (r=0.86, p <0.0001 for AVM?2
and r=0.57, p=0.009 for AVM; Fig. 3). Additional data
on the individual correlations between Vi, APg.., and
MP with RC, for both modes and the differences be-
tween modes are presented in Additional file 1.
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Table 2 Results

Parameter AVM AVM2 p value
Vi (ml/kg) 82+06 72+09 < 0.0001
AP, (cmH50) 12625 11516 0.0022
Pinsp (cmH50) 239435 207+28 < 0.0001
RR (1/min) 129+1.7 158+26 < 0.0001
Mechanical Power (J/min) 186+4.6 168+39 0.0024
Va 45+09 46+10 071
Paw,mean (€mH,0) 14.0 (129-146) 146 (13.6-16.1)  0.0008
Cs (ml/cmH,0) 51.8+12.1 47.7+122 0.0043
Rinsp (cmH,0/1/5) 1M.1+£23 100+ 1.7 0.0004
RCe (5) 0.82+0.22 0.83£0.26 0.68
PaO,/FiO, (mmHg) 291+ 102 270+98 0.03
PaCO, (mmHg) 384+42 391+58 033

pH 746 £0.07 746 +0.07 037
MAP (mmHg) 84+12 83+12 087

HR (1/min) 70+£18 71+£18 042

Parametric data are presented as mean + standard deviation; nonparametric
data are presented as median (interquartile range). p values were calculated
using a two-sided paired t test or a Wilcoxon matched-pairs test for
parametric and nonparametric data, respectively. Vr tidal volume, APy, driving
pressure (measured during end-inspiratory occlusion maneuver), Pins,
inspiratory airway pressure (measured during ongoing ventilation), RR
respiratory rate, V, alveolar minute ventilation, Paw,mean Mean airway pressure,
C,s static respiratory system compliance, Rins, inspiratory resistance, RC,
expiratory time constant, PaO,/FiO; ratio of arterial partial pressure of oxygen
to inspired fraction of oxygen, PaCO; arterial partial pressure of carbon
dioxide, MAP mean arterial pressure, HR heart rate

Discussion
In this randomized cross-over study, we found that adap-
tive mechanical ventilation with AVM2, selecting RR and
Vr to minimize inspiratory power, led to significant re-
ductions in V1, AP, and mechanical power when com-
pared to adaptive mechanical ventilation according to
Otis’ equation while providing similar alveolar ventilation.
Several studies have demonstrated the lung-protective
properties of lowering V7 in patients with ARDS [12-14].
In patients without ARDS, lower V1 has been suggested
to be protective [15, 16], but a recent study comparing
low vs. intermediate V7 failed to show any benefit in this
patient population [17]. Amato et al. provided data sup-
porting the hypothesis that AP may be more important
than V7 for preventing death in patients with ARDS [18].
In clinical practice, both V1 and AP can be reduced by
ventilating patients with an increased RR. However, a re-
cent animal study demonstrated that increasing RR may,
by itself, lead to lung damage when the total mechanical
power delivered to the lung exceeds a certain threshold
[19]. A retrospective analysis of more than 8000 ICU pa-
tient data sets revealed that high mechanical power was
independently associated with increased mortality and
prolonged duration of mechanical ventilation [20].
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Table 3 Results for subgroup of patients with acute respiratory
distress syndrome (ARDS)

Parameter AVM AVM2 p value
Vr (ml/kg) 79+05 6.6 + 08 < 0.0001
AP, (cmH-0) 133 +27 118+17 0.0044
Pinsp (cmH50) 230+ 26 205+ 20 <0.0001
RR (1/min) 13.0 £ 20 163+ 29 0.0001
Mechanical Power (J/min) 175+ 46 156 £32 0.006
Va 41+07 39+£09 026
Paw, mean (€MH0) 13.7 £ 09 143 £ 1.1 0.1

Cs (ml/cmH,0) 473 + 9.1 438+ 119 0.12
Rinsp (cmH-0/1/5) 108 £27 95+ 16 0.02
RCe (5) 073 £0.18 071 £ 023 0.53
Pa0,/FiO, (mmHg) 218 + 61 195+ 55 0.01
PaCO, (mmHg) 385+40 402 £ 6.1 0.19

pH 744 + 0.08 743 +0.08 0.18
MAP (mmHg) 82+ 12 81 £12 0.75

HR (1/min) 63 + 11 64 + 11 042

Parametric data are presented as mean + standard deviation; nonparametric
data are presented as median (interquartile range). p values were calculated
using a two-sided paired t test or a Wilcoxon matched-pairs test for
parametric and nonparametric data, respectively. V7 tidal volume, AP, driving
pressure (measured during end-inspiratory occlusion maneuver), Pj,s,
inspiratory airway pressure (measured during ongoing ventilation), RR
respiratory rate, V, alveolar minute ventilation, Paw,mean Mean airway pressure,
C, static respiratory system compliance, Rins, inspiratory resistance, RC,
expiratory time constant, PaO,/FiO, ratio of arterial partial pressure of oxygen
to inspired fraction of oxygen, PaCO, arterial partial pressure of carbon
dioxide, MAP mean arterial pressure, HR heart rate

Therefore, our findings of lower V, AP, and mechan-
ical power suggest that with AVM2, the automatically
selected ventilator settings were more lung-protective
than those selected according to Otis’ equation.

On the other hand, despite higher P, mcan, We ob-
served a small but statistically significant reduction in
PaO,/FiO, and static C,; with AVM2. This is in line
with previous findings of higher V1 being associated
with more aerated lung tissue at end-expiration and in-
creased cyclic recruitment-derecruitment [21, 22]. In-
deed, in the landmark ARDS Network trial comparing
lung-protective V1 of 6 ml per kg with “traditional” Vr
of 12ml per kg, the patients randomized to lung-
protective ventilation had lower PaO,/FiO, on days 1
and 3, despite similar P,y mean in both groups [13].

In most situations, a reduction in PaO,/FiO, by 20
mmHg, as observed in our study, may not be clinically
relevant. However, in severely hypoxemic patients, even
a small deterioration in oxygenation can become a clin-
ical problem. In these cases, one might attempt to coun-
teract this by increasing PEEP, which could, however,
lead to an increase in total mechanical power [23], or by
performing short intermittent recruitment maneuvers

(“sighs”) [24].



Becher et al. Critical Care (2019) 23:338 Page 7 of 9
AVM AVM2
8001 800+
r=0.57 ° L r=0.86
@,
T ° (]
°
600- S % 600- .
[ ] .s ° .... ®
= ° = °°
£ 4001 ° £ 400- o °
Ll ld [)
> >
200+ 2004
0 T T T 1 o T T T 1
0 20 40 60 80 0 20 40 60 80
Static C, Static C,
Fig. 3 Correlation between tidal volume (V4) and static respiratory system compliance (C) for the two different modes Pearson’s r=0.57 (p =
0.0094) for AVM and 0.86 (p < 0.0001) for AVM2. AVM, adaptive ventilation mode with selection of respiratory rate and tidal volume according to
Otis’ equation; AVM2, adaptive ventilation mode with selection of respiratory rate and tidal volume to minimize inspiratory power

Despite minimization of inspiratory power, the average
Vr of 7.2 £ 0.9 ml/kg with AVM2 was still slightly higher
than the value of 6 ml/kg generally recommended for pa-
tients with ARDS. However, in the subgroup of patients
with ARDS, AVM2 selected an average Vt of 6.6+ 0.8
ml/kg. Moreover, the average AP selected by AVM2 was
small, and no patient was ventilated with AP exceeding
15 cmH,O with the new mode. As the result of normal-
izing V1 to Cy, AP is proportional to V1 normalized to
the functional size of the lung [18]. On average, the pa-
tients included in our study had only slightly impaired
Cis. Our analysis of the correlation between static Cy
and V7 revealed that with AVM2, V1 was strongly corre-
lated to C, (r=0.86, p<0.0001; Fig. 3, right panel).
Therefore, it appears that adaptive mechanical ventila-
tion with minimization of inspiratory power leads to an
automated scaling of V7t to functional lung size, an effect
that was less pronounced with adaptive mechanical ven-
tilation according to Otis’ equation (Fig. 3, left panel).

Our study has several limitations. As a pilot random-
ized cross-over study, it did not assess any long-term
effects of mechanical ventilation with automated
minimization of inspiratory power on clinical out-
comes. Moreover, we excluded a rather large propor-
tion of patients for “presence of spontaneous breathing
activity”. We decided to do this because at the time we
performed the study, the algorithm of AVM2 chose the
“traditional” approach of selecting RR and V1 accord-
ing to Otis’ equation whenever a patient-triggered
breath was detected. As the concept of “minimal in-
spiratory power” assumes a square-wave pressure pat-
tern during inspiration as opposed to the sinusoidal
pressure pattern assumed by Otis’ equation [9], it was
a logical approach to apply this concept only to
pressure-controlled mandatory ventilation in a first

step. However, in the meantime, the algorithm of
AVM2 for patients with spontaneous respiratory activ-
ity has been further optimized to prevent excessive Vt
and inspiratory pressure support. A future study
should investigate the improved algorithm in patients
triggering the ventilator.

Another limitation is that we did not directly meas-
ure transpulmonary mechanical power applied to the
lungs, as this would have required insertion of an
esophageal balloon catheter and recording of transpul-
monary pressure. Instead, we assessed mechanical
power delivered to the respiratory system as a whole,
with an unknown proportion of power distending the
patient’s chest wall. With the randomized cross-over
design of our study, we sought to minimize any bias
resulting from this limitation. In the recently published
study by Serpa Neto et al. on mechanical power and
mortality in critically ill patients [20], mechanical
power was also derived from global ventilator parame-
ters with no data on transpulmonary pressure avail-
able. Therefore, it appears that despite the valid
assumption that mechanical power assessed by direct
measurements of transpulmonary pressure may be a
more precise “biomarker” of potential damage to the
lungs [25], mechanical power delivered to the respira-
tory system as a whole is still associated with clinically
relevant changes in patient outcomes.

Recently, the original ASV (Hamilton Medical) has also
been modified to reduce the delivered V1 and driving
pressure (ASV 1.1). To our knowledge, there are no con-
trolled studies comparing ASV 1.1 to ASV based on Otis’
equation or to AVM. It would be interesting to assess the
differences between ASV 1.1 and AVM2 in a future study.

We must admit that there is currently no evidence of
improved long-term outcomes when using adaptive
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mechanical ventilation in the management of critically ill
patients with and without ARDS. Observational studies
have repeatedly shown that the implementation of lung-
protective ventilation in daily clinical practice is slow
and incomplete. In the LUNG SAFE study, less than two
thirds of patients with ARDS were ventilated with tidal
volumes of 8 or less ml/kg predicted body weight and
there was no evidence to suggest that lower tidal vol-
umes were used in patients with a less compliant re-
spiratory system [26]. Conceivably, a broader application
of adaptive mechanical ventilation modes optimized for
lung-protective ventilation might improve the manage-
ment of mechanically ventilated patients in daily clinical
practice.

Conclusions

In conclusion, our results indicate that adaptive mechan-
ical ventilation with minimization of inspiratory power
may be more lung-protective in patients undergoing
controlled mechanical ventilation without spontaneous
efforts than adaptive mechanical ventilation according to
Otis’ equation.
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