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Abstract: Mechanical ventilation (MV) has been an integral method used in ICU care for 
decades. MV is typically viewed as a life-supporting intervention. However, it can also 
contribute to lung injury through stress and strain, as evidenced by ventilator-induced lung 
injury (VILI), even in previously healthy lungs. The negative impact may be worsened when 
significant lung non-homogeneity is present, eg. ALI and ARDS. Protective lung strategies to 
minimize VILI are to use low tidal volumes (Vt 4–6 mL/kg/PBW), plateau pressures (Pplat) 
<30 cmH2O and relatively high positive end-expiratory pressures (PEEP). Yet, use of 
constantly high PEEP levels is well recognized to result in hemodynamic compromise of 
the right ventricle, increased stress and strain through high mechanical energy impact on the 
lung and overdistension of relatively healthy lung tissue. Taking these issues into considera-
tion, a different approach to mechanical ventilation was developed specifically for patients 
with non-homogeneity. This review focuses on a feature called programmed multi-level 
ventilation (PMLV). It is not a ventilation mode per se, but rather a form of extension that 
adjusts and modifies any ventilation mode (eg PCV,PSV, VCV, SIMV, etc.). PMLV is based 
on measured time constants (Tau) of the whole respiratory system, including artificial 
airways, breathing circuits, humidification devices and mechanical ventilator. Using 
a physiology-based approach presents a method to ventilate non-homogenous lungs through 
cyclic changes of different PEEP levels; recruitment takes place in lung areas with long time 
constants but protects relatively healthy lung areas from overdistension thus minimizing 
excessive mechanical power to the lung tissue. 
Keywords: time constant, positive end expiratory pressure, acute respiratory distress 
syndrome, programmed multi-level ventilation

Introduction
Mechanical ventilation (MV) is the life support technique routinely applied for 
a diverse spectrum of indications, from scheduled surgical procedures to acute organ 
failure.1 It is used when there is impending or existing respiratory failure, impairment 
in oxygenation, ventilation or a combination of both. Searching for an optimal ventila-
tion strategy for different lung pathologies is one of the most intensely researched fields 
in critical care medicine. Effort has been put into investigating non-homogeneity of the 
lung that plays a central role in pathophysiology of acute respiratory distress syndrome 
(ARDS). ARDS is an inflammatory process in the lungs that induces non-hydrostatic 
protein-rich pulmonary edema. The immediate consequences are profound hypoxemia, 
decreased lung compliance, and increased intrapulmonary shunt and increased dead 
space.2 Although research in the field of ARDS has progressed immensely for the past 
decades, mortality has not changed substantially and remains relatively high depending 
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on its severity.3 Since 2010, the overall rates of in-hospital, 
ICU, and 28/30-d, and 60-day mortality were 45, 38, 30, and 
32%, respectively.4 In survivors, ARDS causes derangement 
of lung function for 2 years or more after hospital discharge 
as well as marked reductions in quality of life.5

Current recommendations for ARDS ventilated 
patients include: low tidal volumes (4–8 mL/kg/PBW) 
and inspiratory pressures (Pplat <30 cmH2O), prone posi-
tioning in refractory hypoxemia, higher vs lower positive 
end-expiratory pressures (PEEP) and performing lung 
recruitment maneuvers.6 However, recruitment maneu-
vers are not recommended for routine use due to lack 
of significant reduction in mortality on day 28.2 PEEP 
remains the cornerstone of ventilation strategies for 
ARDS. Optimal PEEP is still largely debated and is 
usually hard to find in routine clinical practice as lung 
mechanics change during the course of a disease. Apart 
from extrinsic PEEP that is set deliberately during 
mechanical ventilation, there also exists intrinsic PEEP 
(PEEPi) that originates from insufficient expiration time 
and is generally undesirable.

To address these perplexing issues, programmed 
multi-level ventilation (PMLV) was developed for 
use during MV (Aura V, Chirana Medical, Stará Turá, 
SK). The review describes PMLV used with PCV for 
mechanically-ventilated patients with non-homogenous 
lung conditions.

PMLV Physiology
PMLV incorporates 3 important aspects: time constant 
(TauE) is measured and optimal frequency suggested 
accordingly, mathematically-predicted degree of inhomo-
geneity is incorporated and different PEEP levels are 
recommended based on calculated compliance.

Time Constant (Tau) 
Considerations During Mechanical 
Ventilation and Predicted Optimal 
Frequency
Time constant is defined as the time it takes for the lung units 
to fill or empty. This means that time constant equals the length 
of time in seconds required for lung units to inflate or deflate to 
a certain percentage of their total volume. Ventilation of the 
lung, however, is an exponential process and, by definition, 
time for lungs to empty after delivering tidal volume takes 
3Tau.7 In reality, 3Tau represents 95% of volume expired and 
is considered to be a complete process (Figure 1). Tau in 
respiratory mechanics is a product of compliance of the 
respiratory system (Cst) and airway resistance (Raw). 
Inspiration and expiration both operate with time constants, 
but expiratory time constant (TauE) is used as a basis for 
PMLV, as expiration is presumed to be a passive process 
even in mechanically-ventilated patients.8 Inspiratory time 
constant is loaded with bias due to triggered breaths or 

Figure 1 TauE during expiration with regard to percentage of exhaled volume; 95% (3TauE) for an exponential process to be fully completed.7
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tachypnea, but mainly because of inspiratory drive.7,9 This 
theory is even more complicated because time constant is 
only constant at a particular time. As respiratory mechanics 
(R and C) change during the course of a disease, so does the 
time “constant”. Measurements of dynamic expiratory time 
constant (ie time required for deflation of an end-inspiratory 
volume by 63%) are used for calculation of PMLV.

TauE represents a time constant of the whole respira-
tory system, including artificial airways, breathing circuits, 
humidification devices and mechanical ventilators. Time 
constant in normal healthy lungs typically ranges from 
0.6–0.8 seconds. Values lower than that suggest the restric-
tive nature of a disease (typically moderate to severe 
ARDS and fibrotic states), and values above that suggest 
obstructive conditions (COPD, asthma).10

TauE is also used for calculation of respiratory cycle 
time (Tcy).8 Tcy based on measured time constant is calcu-
lated as follows:

Tcy = 5.2625 * TauE + 0.1242 (1)
Simplified, the above equation can be used to identify 

optimal frequency (Fopt) by multiplying TauE with coeffi-
cient 5.4:

Fopt = 60/Tcy (2)
Fopt = 60/(5.4 x TauE) (3)
The difference between the calculated and the mea-

sured time constant is significant, which makes calculated 
TauE unusable in clinical practice.8 The longer the mea-
sured time constant, the lower the “optimal” respiratory 
rate, and vice versa, to allow full exhalation.

Model-Based Theory of PMLV
A 5-compartment physical model of diseased lungs is used 
to demonstrate PMLV and different mechanical properties 
in terms of resistance (R) and (C). Each of these compart-
ments (C1–C5) has different C and R, resulting in different 
time constant (eg different time needed to fill or empty 
each compartment). C1 is the fastest filling compartment 
with the shortest time constant and C5 is the compartment 
with the longest time constant. When PCV (constant 
inspiratory pressure, one level of PEEP, set respiratory 
rate, I:E ratio 1:1) is applied to a physical model of non- 
homogenous lungs, each compartment is being filled dif-
ferently (Figure 2).

The same physical model can be used when PMLV is 
applied using 2 or 3 different levels of PEEP (PEEP, 
PEEPh and PEEPh2, first being PEEP level with lowest 
value and PEEPh2 being PEEP level with highest value), 
which alternate according to a predefined algorithm based 

on TauE in order to help fill compartments with long time 
constants.

The difference between PC ventilation (PCV) with one 
level of PEEP and PCV with an activated PMLV feature 
(using 2 or 3 levels of different PEEP) in terms of Vt 
redistribution from short Tau into long Tau compartments 
is significant. Using measurements on this mathematical 
lung model, such Vt redistribution represents about 14% 
on average when using 2 PEEP levels (3LV PMLV) and up 
to 18% when using 3 different PEEP levels (4LV PMLV). 
This result may represent a significant shift of a part of Vt 
from healthy to diseased compartments in non-homoge-
nous lungs as well (Figures 3 and 4).

Non-Homogeneity of the Lung 
During PMLV
Even healthy lungs are non-homogenous to some extent. It 
has been shown on electric impedance tomography (EIT) 
images that regional lung aeration differs during mechanical 
ventilation in healthy patients as well.11 This does not repre-
sent any clinical problem since oxygen delivery12 and CO2 

removal meet the physiologic demand. As non-homogeneity 
increases from ALI to severe ARDS, it becomes a clinical 
challenge resulting in substantial mortality.4,13 Such non- 
homogenous lung parenchyma usually presents with bilateral 
X-ray opacities, CT scan infiltrates with various degree of 
involvement, and impaired oxygenation. This physiological 
concept has been described by Gattinoni et al and was termed 
“baby lung”.14 Current recommendations for ventilating such 
ARDS patients focus on protective lung ventilation that has 
traditionally meant low tidal volumes (Vt of 4–8 mL/kg/ 
PBW), PEEP values targeting the oxygenation goal and 
limiting Pplat to 30 cm H2O.15 However, high PEEP values 
have their pathophysiologic consequences, eg over-disten-
sion of normal lung areas, hemodynamic compromise of the 
right ventricle,16 and increased incidence of barotrauma 
when not used cautiously.17

PMLV, on the other hand, proposes a different concept in 
order to decrease a degree of non-homogeneity by recruiting 
long TauE areas of the lung by applying 2 or even 3 levels of 
PEEP that continuously change. The most pronounced effect 
of PMLV is recruitment of long TauE areas because subse-
quent application of higher PEEP provides sufficient pres-
sure and longer inspiratory time for slow regions to fill. 
When different levels of PEEP change in a step-down 
approach up to a baseline PEEP it allows enough time to 
empty long TauE areas. Another aspect is the potentially 
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lower chance of overdistension of healthy areas of the lung 
parenchyma because the PEEP value is not sustained at high 
PEEP levels as with conventional strategies.

Lung Recruitment During PMLV
An open lung approach (OLA) seems well justified at all 
times during mechanical ventilation of non-homogenous 
lungs. Recruitment maneuvers (RMs) are transient and 
sustained increases in transpulmonary pressure are 
designed to open up collapsed airless alveoli in order to 
improve gas exchange and compliance, although their role 
is controversial.18 The rationale behind recruitment is jus-
tified but it has failed to improve patient mortality. The 
ART trial showed increased mortality and the PHARLAP 

trial showed increased cardiovascular adverse events when 
using recruitment maneuvers.19,20 The ART trial used 
a staircase recruitment maneuver (SRM) with high levels 
of PEEPs ranging from 25 to 45 cmH2O with an asso-
ciated higher chance of VILI and barotrauma.17

PMLV, instead, uses a similar approach to staircase 
recruitment. In this concept, 2 or 3 levels of PEEP are 
used, together, usually not exceeding 18–20 
cmH2O through the whole ventilation cycle. The rationale 
of recruitment with PMLV is based on allowing enough 
inspiration time for long TauE regions to fill and recruit 
and the same time to empty when ventilation shifts from 
highest PEEP through middle PEEP and subsequently to 
baseline PEEP level (PEEP, PEEPh, PEEPh2), respectively.

Figure 2 Compartment model showing 5 differently preset compartments with different Tau (different R and C); filling and emptying of each compartment will take different 
times and hence different optimal frequencies to allow complete filling/emptying (Fopt).
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From Theory to Practice
It has been described that even the best optimization in 
terms of frequency and pressure during conventional 
mechanical lung ventilation strategies cannot optimally 
distribute gases to differently-diseased compartments.21 

Hence, a single ventilation mode with fixed ventilation 
frequency (f), inspiratory time (Ti), I:E ratio, Vt, single 
PEEP, and inspiratory pressure cannot optimally ventilate 
inhomogenous lungs.21,22 Fixed ventilation parameters 
will allow optimal ventilation of only some compartments, 
while others will be either sub-optimally ventilated or 
over-distended. Using PMLV, these clinical problems 
may be partly resolved by:

1. Recruitment and ventilation of long TauE areas 
with high PEEP and low ventilation frequency and 
also avoiding over-distension of healthy areas 
(lower PEEP, higher frequency) and thus avoiding 
potential consequences of sustained high PEEP 
when conventional ventilation is used (Figure 5).

2. By using measured TauE, intrinsic PEEP (PEEPi) is 
minimalized by allowing lungs to exhale almost 
fully.

Algorithm for Setting Up the PMLV
First, TauE is measured using PCV with a single PEEP for 
at least 5 minutes until the ventilator averages the TauE 
and then optimal ventilation frequency is calculated: Fopt = 
60/(5.4 x TauE). During that time, the ventilator will 
record the TauE and average this value so that it can be 
reliably used for PMLV setup. This initial setting is impor-
tant to remember as it will be used later during re-measur-
ing of TauE – mainly inspiratory pressure (and thus Vt), 

Figure 3 Physical 5-compartment model and mathematically derived values in terms 
of improved filling of slow compartments with 3LV PMLV. C1-C5 refers to different 
TauE compartments, C1 being fastest (shortest TauE) and C5 slowest (longest TauE). 
The green color represents Vt using single PCV with PEEP and blue Vt with 3LV 
PMLV. Marked filling improvement of slow TauE compartments is seen with PMLV.

Figure 4 Physical 5-compartment model showing Vt redistribution (%) from short TauE compartments (C1, C2) into long TauE compartments (C4, C5) using 4LV PMLV. Vt 
redistribution constitutes 18%, on average.
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frequency, and flow. All these parameters change TauE 
value if used with different Vt, frequency, and flow. 
Using different settings when re-measuring TauE would 
lead to biased TauE and subsequently to different recom-
mended settings of PMLV when lung mechanics change 
during the course of a disease in the same patient.

Then, a different degree of non-homogeneity is selected by 
the clinician. The PMLV algorithm will slightly alter the 
calculated optimal frequency (Fopt) to compensate for non- 
homogeneity and also suggests frequency of higher PEEP 
levels (PEEPh and/or PEEPh2). Non-homogeneity models are 
mathematical models that are supposed to alter the PMLV 
algorithm based on degree of predicted non-homogeneity (or 
severity of hypoxemia as dictated by oxygenation index). The 
first model represents the normal lungs and the last the most 
severe form of ARDS (Table 1).

A final step involves recommending pressure of particular 
PEEP levels (PEEPh and/or PEEPh2), as well as the pressure 
of PCV or PSV applied on top of each PEEP based, again, on 
mathematical model and calculated patient compliance. Peak 
inspiratory pressure alarms are adjusted by the clinician.

These processes are followed automatically and clinicians 
can change any parameter recommended by the ventilator, 
although changing frequency is not recommended as this 
would affect the whole PMLV concept based on TauE.

Application of PMLV in Clinical 
Practice
A clinical scenario involves a patient with moderate to severe 
ARDS. Steps to set up the PMLV include: PCV mode, PEEP 
(0.8 to 1 cm H2O for each 10 kg of PBW (>5 to <10 cmH2O), 
and peak inspiratory pressure to obtain Vt of 8–10 mL/kg 
PBW; FiO2 is set to maintain SpO2 of >88% and frequency 
of 18/min (optimal frequency for initial TauE measurement). 
TauE is measured most precisely if breaths are not triggered 
and the patient is passive.

Figure 5 CT scan of ARDS patient showing different areas of non-homogeneity, different theoretical TauE compartments, and hence different optimal ventilation 
frequencies: 1: TauE 0.2 sec (Fopt = 50 bpm); 2: TauE 0.3 sec (Fopt = 33 bpm); 3: Tau 0.5 sec (Fopt = 20 bpm); 4: TauE 0.8 sec (Fopt = 14 bpm); 5: TauE 1.2 sec (Fopt = 8 bpm).

Table 1 Mathematical Models of Non-Homogeneity to Be Selected 
by the Clinicians – Calculations of Measured Pulmonary Mechanics 
(TauE and Cst) are Altered by the Preset Selected to Achieve the 
Optimal Ventilation for a Particular Patient

Non-Homogeneity Presets

Preset Meaning Predicted Degree of  
Non-Homogeneity

1 Normal lungs None

2 Mild ARDS Mild degree

3 Moderate ARDS Moderate degree

4 Moderate/Severe ARDS High degree

5 Severe ARDS Very high degree
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3LV PMLV or 4LV PMLV is selected and one of 5 
presets representing severity of non-homogeneity (eg 
severity of ALI/ARDS) is selected by the clinician. 
Based on a selected preset, an algorithm will slightly 
alter the calculated optimal frequency (Fopt) to compensate 
for non-homogeneity and also suggest frequency of higher 
PEEP levels (PEEPh and/or PEEPh2).

3LV PMLV is usually selected first (PEEP and PEEPh and 
PCV – same pressure used for both PEEP levels) (Figure 6). 
After selection of PMLV, measured and derived parameters of 
lung mechanics are observed. If oxygenation does not 
improve, 3LV PMLV is turned off and the basic PCV or 
PSV mode is used again to measure TauE and allowed to 
stabilize again for at least 3–5 minutes. Then, 4LV PMLV 
(PEEP, PEEPh, PEEPh2 and PC/PS on every PEEP level) is 
activated (Figure 7). During the early course of a disease, 
TauE is remeasured every 6 to 24 hours, depending on the 
condition. If lung mechanics improve, 4LV PMLV is changed 
back to 3LV PMLV and then to a PCV/PS ventilation when 
weaning is considered in a step-down approach.

Minute Ventilation and PMLV
As static compliance changes over time, especially during 
the early course of ARDS, with constant inspiratory pressure 
modes Vt and therefore MV are expected to change. To 
maintain the desired MV, automatic proportional minute 

volume (APMV, Chirana Medical, Stará Turá, SK) has 
been developed. APMV operates as a closed loop that is 
solely based on modulating inspiratory pressure that alters 
Vt of the next delivered breaths by ±50% based on targeted 
MV. Information to change the pressure for on-coming 
breaths is gained from the Vt from previous delivered 
breaths. Frequency is not modulated when APMV is used. 
In clinical practice, MV is stable and can be adjusted when 
PMLV is used in conjunction with APMV.

Current Evidence of PMLV
The use of PMLV has been recently described as a strategy 
during lung recruitment after heart surgery.23 The study 
described weaning of cardiac surgical patients after extracor-
poreal circulation using PCV (n=44) compared to PCV with 
3LV PMLV (n=44). The PMLV group showed improved 
lung mechanics, oxygenation, carbon dioxide removal and 
hemodynamic stability compared to the PCV group.23 Two 
studies from Berezhnoĭ et al included ARDS patients and 
showed that PMLV improved alveolar ventilation and arterial 
oxygenation and reduced intrapulmonary shunting, duration 
of mechanical ventilation and length of stay in the intensive 
care unit.24 Another study from the same authors treated 68 
patients with severe non-homogenous lung injury of various 
etiologies. The control group (n=34) received conventional 
volume-controlled and pressure-controlled ventilation modes 

Figure 6 Schematic representation of pressure vs time curve (P/t curve) scheme when 3LV PMLV is activated as an extension mode to PCV, Te (expiratory time), Ti 
(inspiratory time), Ppc (pressure of pressure control).
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and the PMLV group (n=34) received 3LV PMLV. The 
PMLV group had improved alveolar ventilation and arterial 
oxygenation and decreased pulmonary shunting.25

Potential Limitations
Limitation of the PMLV strategy may arise because of 
a measured variable (TauE) that is adjusted by computed 
data based on physical and mathematical models, which may 
be oversimplifications of real non-homogeneity presented in 
humans.

Additionally, PMLV tries to use the optimal frequency 
in terms of TauE to a great extent; however, there may be 
clinical scenarios where lung mechanics will have to be 
adjusted out of recommended ranges (COPD with extre-
mely long TauE and low recommended respiratory fre-
quency and high Vt in order to maintain MV). In such 
cases, PMLV is not recommended.

Conclusions and Future Direction
The knowledge, care and strategies used for ARDS are 
constantly evolving and being evaluated. The objective of 
PMLV is to optimize respiratory support while providing 
protective ventilation to critically ill patients. PMLV may 
offer advances in terms of recruiting long TauE areas and 
thus improve oxygenation and Cst, as well as aeration as 
evidenced by EIT and CO2 elimination, while still utilizing 
protective ventilation in terms of peak and plateau 

pressures. PMLV uses physiological principles for the 
purpose of ventilating non-homogenous lungs, but future 
studies are needed to assess efficacy in multiple patient 
populations. Studies focusing on hemodynamic perfor-
mance, visualizing lung recruitment via EIT and compar-
ing driving pressure (ΔP) with other ventilation protocols 
are yet to be conducted. Also, there is a role for both 
quantitative CT scanning and EIT to evaluate tidal volume 
distribution and lung homogeneity. These technologies 
will be incorporated in future clinical trial designs.
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