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Abstract To describe the principles and the first clinical

application of a novel prototype automated weaning system

called Evita Weaning System (EWS). EWS allows an

automated control of all ventilator settings in pressure con-

trolled and pressure support mode with the aim of decreasing

the respiratory load of mechanical ventilation. Respiratory

load takes inspired fraction of oxygen, positive end-expira-

tory pressure, pressure amplitude and spontaneous breathing

activity into account. Spontaneous breathing activity is

assessed by the number of controlled breaths needed to

maintain a predefined respiratory rate. EWS was imple-

mented as a knowledge- and model-based system that

autonomously and remotely controlled a mechanical

ventilator (Evita 4, Dräger Medical, Lübeck, Germany). In a

selected case study (n = 19 patients), ventilator settings

chosen by the responsible physician were compared with the

settings 10 min after the start of EWS and at the end of the

study session. Neither unsafe ventilator settings nor failure

of the system occurred. All patients were successfully

transferred from controlled ventilation to assisted sponta-

neous breathing in a mean time of 37 ± 17 min (± SD).

Early settings applied by the EWS did not significantly differ

from the initial settings, except for the fraction of oxygen in

inspired gas. During the later course, EWS significantly

modified most of the ventilator settings and reduced the

imposed respiratory load. A novel prototype automated

weaning system was successfully developed. The first clin-

ical application of EWS revealed that its operation was

stable, safe ventilator settings were defined and the respira-

tory load of mechanical ventilation was decreased.

Keywords Weaning � Knowledge based system �
Closed-loop � Mechanical ventilation

1 Introduction

Despite being lifesaving in critical clinical situations it has

been recognized that mechanical ventilation can induce

lung injury [1] and diaphragmatic dysfunction [2]. There-

fore the primary aim of a ventilation strategy should be to

decrease the overall ventilation time. Several studies

revealed a significantly shorter overall ventilation time in

protocol-guided weaning when compared to usual care

[3–13]. Therefore, the use of a weaning protocol is rec-

ommended [14, 15].

One might suggest that not only the implemented

weaning protocol or the applied ventilation mode but the
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whole strategy of ventilator therapy influences ventilation

time, weaning time and outcome. Basically there exist two

different strategies: a classical and an alternative one.

Classically, the ventilator therapy secures normal alveolar

ventilation and adequate oxygenation of the patient. The

weaning process is initiated after the reasons for prolonged

ventilation have been ruled out [15]. Depending on the

clinical condition of the patient, spontaneous breathing

trials are then undertaken.

In contrast, an alternative strategy prefers a smooth tran-

sition to the weaning phase at the early beginning of the

ventilator therapy. Taking into account that mechanical ven-

tilation itself leads to lung injury, the major target of this

strategy is to decrease the respiratory load imposed by

mechanical ventilation as soon as possible, thereby mini-

mizing the ventilator induced lung injury and reducing ven-

tilation time. The basic principles of this strategy are [16–20]:

• Guarantee oxygenation of the patient at the lowest

possible inspired fraction of oxygen (FIO2).

• Assess oxygenation performance and find an optimal

level of positive end-expiratory pressure (PEEP).

• Use the lowest possible level of inspiratory pressure

(Pinsp) and pressure support (PS) to reach normal

alveolar ventilation.

• Adapt inspiration (TI) and expiration times (TE) to the

actual breathing mechanics and thereby avoid intrinsic

PEEP.

• Support assisted spontaneous breathing by decreasing

mechanical breathing frequency (fmech) immediately

when spontaneous breathing activity occurs.

The principle idea behind this strategy is that oxygen-

ation, alveolar ventilation and spontaneous breathing

activity can be treated rather independently. Thus, weaning

may be possible in one or two of the aspects, whereas the

support of the ventilator is still high in the third aspect.

It is apparent that this weaning strategy requires con-

tinuous monitoring of patients by well-trained and moti-

vated members of the staff. The ventilator settings need to

be adjusted several times per hour to assure an optimal

matching between the patient’s needs, the ventilator per-

formance and the strategy outlined above. An automated

system able to continually monitor the patient and adjust

the ventilator settings according to a protocol could be a

reasonable solution.

In this paper, we describe a novel prototype knowledge-

and model-based system for automated weaning of patients

from mechanical ventilation called Evita Weaning System

(EWS). This system incorporates the already outlined

alternative weaning strategy. In a selected case study we

tested the hypotheses that EWS is able (1) to transfer the

patients from controlled mechanical ventilation to assisted

spontaneous breathing and (2) to decrease the respiratory

load of the patients. The respiratory load is measured by a

newly developed scoring system.

2 Materials and methods

2.1 Description of the system

EWS operates with a modified version of a commercially

available intensive care respirator Evita 4 (Dräger Medical

GmbH, Lübeck, Germany) with optional modules for

measuring peripheral oxygen saturation (SpO2), the end-

tidal partial pressure of CO2 (PE0CO2) and a serial com-

munication port for remote respirator control (Fig. 1). The

software of the ventilator (version 2.98) was modified by

the manufacturer (Dräger Medical GmbH, Lübeck, Ger-

many) to enable remote control of the respirator (except for

FIO2) by an external computer. The expert knowledge

about mechanical ventilation and weaning is encoded in a

knowledge base (KB) while the actual respiratory physi-

ology (i.e. current gas exchange and lung mechanics) is

described by a basic physiological lung model.

EWS is designed to provide automated control in the

biphasic positive airway pressure/assisted spontaneous

breathing (BIPAP/ASB) mode. FIO2 was not controlled

automatically. However, EWS proposed novel settings for

Fig. 1 The Evita Weaning System
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FIO2 (according to Table E4) which were then manually set

by the user. The primary aim of EWS is to decrease

respiratory load which is defined as the level of support

provided by the ventilator to reach basic therapeutic goals.

The current respiratory load is determined with the help of

a newly developed scoring system (Table 1). To decrease

the respiratory load, the system uses the following

hypotheses:

• Is it possible to decrease FIO2?

• Is it possible to decrease PEEP when oxygenation

performance is good/sufficient or to increase PEEP

when oxygenation performance is moderate or bad?

• Is it possible to decrease Pinsp and PS?

• Is it possible to induce assisted spontaneous breathing

when no spontaneous breathing activity was detected

during the last 3 h?

The system tests these hypotheses sequentially. The

target range for arterial partial pressure of oxygen (PaO2) is

80 to 100 mm Hg and the proposed setting for FIO2 is

determined according to supplementary Table E4. Auto-

mated PEEP trials are performed as described in the elec-

tronic supplementary material. A systematical approach is

used to decrease Pinsp, PS and fmech. Depending on the

measured respiratory time constant, patients are classified

into one of the three available categories (normal,

obstructive, restrictive). The value of the minute ventilation

(MV) to achieve a target arterial partial pressure of carbon

dioxide (PaCO2) is transferred to the EWS by the lung

model after calibration or adjusted according to the ideal

body weight if no calibrated lung model is available.

Mechanical breathing frequency and tidal volume (VT) are

derived subsequently (see electronic supplementary mate-

rial sections 1.6.1. and 1.6.2). Monitoring is performed by

the continuous measurement of SpO2 and PE0CO2.

KB requires the input of PaO2, PaCO2 and the desired

MV. These values are provided by the physiological lung

model. Before the model is able to provide these values it

has to be aligned to the patient’s respiratory status. This

task is performed by a calibration which is initiated auto-

matically after the start-up of the system. After the cali-

bration, the model displays the simulated blood gas values

and the internal model parameters (e.g. fractions of shunt

and deadspace). The user can then accept the model cali-

bration or provide measured or estimated arterial blood gas

values to the model. In the latter case, the calibration

process is reinitiated and the results are displayed again to

the user. After acceptance, the calibration process is fin-

ished. To calibrate the model to lung healthy patients, the

physician can use a standard configuration of the model

(i.e. standard shunt and deadspace fractions of 5 and 10 %,

respectively). In this case, no arterial blood gas values are

needed.

As common clinical practice, the physician can define a

target PaCO2 value with a default of 40 mm Hg. Then, the

model calculates the MV that is required to achieve the

target PaCO2. This MV is defined as target MV (MVtarget).

When the user accepts the model calibration, MVtarget is

once determined by three simulations with different MV

and PaCO2 values. With these three paired measurements,

a parabola can sufficiently be described and the needed MV

can be assessed. This MVtarget is then applied to the patient.

Then, the model simulates PaO2 and PaCO2 values

continuously and its validity is checked with the measured

SpO2 and PE0CO2. When a drift between the model and the

patient is detected, a recalibration with actual blood gas

Table 1 System to determine the respiratory load score

Score Points Parameter Interpretation

FIO2

FIO2 1 \0.3 Low

2 0.3 to 0.405 Slightly elevated

3 0.405 to 0.605 Moderately elevated

4 0.605 to 0.805 Elevated

5 [0.805 Highly elevated

PEEP (cm H2O)

PEEP 1 \3.5 Low

2 3.5 to 5.5 Slightly elevated

3 5.5 to 8.5 Moderately elevated

4 8.5 to 12.5 Elevated

5 [12.5 Highly elevated

DP (cm H20)

Pressure

amplitude

1 \5.5 Low

2 5.5 to 10.5 Slightly elevated

3 10.5 to 18.5 Moderately elevated

4 18.5 to 30.5 Elevated

5 [30.5 Highly elevated

fspont (min-1)

Spontaneous

breathing activity

4 \0.5 None

3 0.5 to 2.5 Very low

2 2.5 to 6.5 Low (M possible)

1 6.5 to 18 Normal (M possible)

2 [18 Hyperactive (M possible)

PS (cm H2O)

Modulation PSa 0 0 to 8.5 Normal

?1 8.5 to 13.5 Moderate

?2 [13.5 High

a In case of moderate or high pressure support, the spontaneous breathing

activity of a patient is lower compared with a normal pressure support level.

Therefore, the score for spontaneous breathing activity is modulated by the

needed pressure support

FIO2 inspired fraction of oxygen, PEEP positive end-expiratory pressure,

DP pressure amplitude, fspont spontaneous breathing frequency, PS pressure

support
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values is needed. After a successful recalibration, MVtarget

is recalculated. Furthermore, the user has the opportunity to

initiate a recalibration of the lung model at any time. To

calibrate the model to lung healthy patients, the physician

can use a standard configuration of the model. In this case,

no arterial blood gas values are needed.

A detailed description of the physiological lung model

and KB is given in the electronic supplementary material.

2.2 Study protocol

The selected case study was accomplished at the intensive

care unit (ICU) of the Department of Anesthesiology and

Intensive Care Medicine, University Medical Center

Schleswig–Holstein, Campus Kiel. The study was approved

by the local ethics committee. 19 postsurgical patients were

included into the study when fulfilling the following

inclusion criteria: written informed consent given by the

patient or the next of kin, BIPAP/ASB ventilator mode via

an artificial airway with no spontaneous breathing activity,

reduction of the respiratory load considered possible by the

physician in charge, patient monitoring established (elec-

trocardiogram, SpO2, arterial line). Exclusion criteria were:

high-dose catecholamines, anticipated surgical complica-

tion, systemic infection, pregnancy. Detailed patients’

characteristics are given in Table 2. Propofol and sufentanil

were continuously infused to sustain analgesia and sedation.

All patients were connected to the study ventilator and the

ventilator settings set in the ICU were maintained. The used

alarm settings are shown in Table 3. The flow trigger was

set to 5 l min-1, the pressure slope was set to 0.2 s. The

upper limit of PEEP was 15 cm H2O, the lower limit was

3 cm H2O.

After verifying the stable status of the patient, the EWS

was started (start of the study period). The system needed

10 to 30 min for calibrating the model. To get the best

possible adaptation between model and patient, the mea-

sured blood gas values were entered. At the end of this

process the system displayed the simulated distribution of

the three compartments of the lung (normal, dead space,

shunt) as well as the actual simulated blood gas values.

Then, EWS began to adopt the ventilator settings auto-

matically. The weaning period was initiated by decreasing

the level of the propofol infusion (2 ml h-1 every 10 min)

until the patient recovered to a Ramsay Score [21] of two to

three and by switching the operating mode of the EWS to

weaning. Weaning was then accomplished by the auto-

mated weaning system. Automated weaning was stopped

either when patients were extubated or when no significant

changes of the automatic ventilator therapy were sug-

gested. To assure patient’s safety, all changes of the ven-

tilator settings were supervised by an experienced

physician who was able to stop the system anytime.

2.3 Data acquisition and analysis

All Evita 4 settings and measurements as well as the results of

the KB evaluations and the model simulations were auto-

matically acquired and saved in a database. Rejections of the

EWS settings by an experienced physician were documented

separately. For safety analysis, all breath-by-breath ventilator

settings and measurements with defined alarm limits

(Table 3) were recorded and checked. The EWS performance

was assessed by comparing the ventilator settings, PE0CO2,

Table 2 Patients’ characteristics

Patient Age

(years)

Weight

(kg)

Clinical information

1 52 69 Paraglossectomy

2 62 83 Whipple procedure

3 64 83 Hemihepatectomy

4 72 85 Nephrectomy, pulmonary

embolism

5 71 78 Cervical vertebra fracture

6 69 102 Liver transplantation, COPD

7 46 89 Attempted suicide

8 78 67 Multiple trauma, COPD

9 71 75 Thrombectomy

10 68 86 Y-prosthesis

11 53 60 Laparatomy

12 81 72 Cystectomy

13 48 92 Pancreas carcinoma

14 70 95 Rectum resection

15 73 62 Gastrectomy

16 74 82 Cystectomy

17 70 70 Femoral amputation

18 68 98 Oesophageal resection

19 55 77 Sepsis

COPD chronic obstructive pulmonary disease

Table 3 Alarm settings

Parameter Alarm setting

Apnea [60 s

Maximum Pinsp 40 cm H2O

Maximum VT 12 ml kg-1 BW

Minimum MV 40 ml kg-1 BW

Maximum MV 300 ml kg-1 BW

Minimum SpO2 85 %

Minimum PE0CO2 20 mmHg

Maximum PE0CO2 70 mmHg

Maximum f 35 min-1

Pinsp inspiratory airway pressure, VT tidal volume, MV minute ven-

tilation, SpO2 peripheral oxygen saturation, PE0CO2 end-tidal partial

pressure of carbon dioxide, f breathing frequency, BW body weight
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PaO2 divided by FIO2 (whereby PaO2 was estimated from

SpO2 according to Table 4) and the respiratory load score

acquired (1) at the onset of the EWS operation (original

physician’s settings), (2) 10 min after the start of automated

ventilation (initial EWS settings) and (3) by the end of the

study period (final EWS settings). To determine the time

required for achieving sufficient assisted spontaneous

breathing, the time interval between the first spontaneous

breath and the permanent reduction of mechanical ventilation

(\3 mechanical breaths per minute) was measured. ANOVA

for repeated measurements and Bonferroni post-test for mul-

tiple comparisons were used for statistical analysis. Statistical

significance was accepted at p values\0.05.

3 Results

The ventilator settings and measurements acquired at the

three time points (as defined in the Sect. 2) during the study

are shown in Table 5. The changes of the ventilator settings

accomplished by EWS after 10 min of operation resulted in

a significant decrease in FIO2 when compared with the

initial settings ordered by the responsible physician. At the

end of the study period, a significant decrease in FIO2,

Pinsp, PS, mean airway pressure (Pmean) and VT as well as a

significant increase in PE0CO2 were noted. The mean score

of respiratory load fell significantly from 3.9 ± 0.3 and

3.8 ± 0.5 to 3.0 ± 0.8 at the three measurement phases

followed. The high respiratory load during the first two

measurements was caused by the non-existent spontaneous

Table 4 Calculation of the

arterial partial pressure of

oxygen (PaO2) derived from the

peripheral saturation of oxygen

(SpO2) (adopted from data

provided in [72])

PaO2 (mmHg) SpO2 (%)

140 99

110 98

92 97

81 96

75 95

69 94

66 93

63 92

60 91

58 90

56 89

54 88

52 87

51 86

50 85

49 84

48 83

47 82

46 81

45 80

Table 5 Ventilator settings, measurements, respiratory load score and the corresponding sub scores at different measurement phases

Physician’s settings Initial EWS settings Final EWS settings

FIO2 47 ± 10 42 ± 9* 41 ± 6�

PE’CO2 (mmHg) 32.8 ± 5.0 35.4 ± 4.5 38.2 ± 7.7�

PaO2/FIO2 288 ± 81 309 ± 87 318 ± 85

fmech (min-1) 11.9 ± 1.4 12.3 ± 3 1.2 ± 0.8�

fspont (min-1) 0.3 ± 0.8 1.3 ± 3.2 14.7 ± 4.8�

Pinsp (cm H2O) 19.0 ± 3.1 17.1 ± 3.6 15.7 ± 4.9�

PS (cm H2O) 19.0 ± 3.6 16.6 ± 3.7 15.5 ± 4.9�

Pmean (cm H2O) 10.5 ± 2.1 10.3 ± 2.1 8.8 ± 2.6 �

PEEP (cm H2O) 5.7 ± 1.6 6.2 ± 2 5.6 ± 2.7

MV (l min-1) 7.45 ± 1.76 6.98 ± 1.31 8.68 ± 2.81

VT (ml kg-1 BW) 7.9 ± 1.8 7.0 ± 1.8 6.4 ± 2.8*

Respiratory load score

Overall 3.9 ± 0.3 3.8 ± 0.5 3.0 ± 0.8�

FIO2 2.6 ± 0.6 2.3 ± 0.7* 2.2 ± 0.5�

PEEP 2.4 ± 0.6 2.5 ± 0.8 2.4 ± 1.1

Pressure amplitude 2.8 ± 0.4 2.7 ± 0.7 2.4 ± 1.0

Spontaneous breathing activity 3.9 ± 0.2 3.6 ± 1.0 1.8 ± 1.0�

Values are means ± SD. Significantly different from physician’s settings * p \ 0.05; � p \ 0.01; � p \ 0.001

FIO2 inspired fraction of oxygen, PE0CO2 end-tidal partial pressure of carbon dioxide, PaO2 arterial partial pressure of oxygen, fmech mechanical

breathing frequency, fspont spontaneous breathing frequency, Pinsp inspiratory airway pressure, PS pressure support, Pmean mean airway pressure,

PEEP positive end-expiratory pressure, MV minute ventilation, VT tidal volume, BW body weight, RL respiratory load score, EWS Evita Weaning

System
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breathing activity whereas, during the final settings, it was

mainly influenced by PEEP. More detailed data of the

respiratory load sub scores are given in Table 5. All

patients could be transferred from controlled ventilation to

assisted spontaneous breathing. The corresponding mean

time interval was 37 ± 17 min. Consequently, fmech was

lower and spontaneous breathing frequency (fspont) was

higher than during preceding measurement periods.

All patients were orally intubated except for patient 5

(tracheal cannula). The mean (±SD) time a patient spent

on the automated weaning system was 173 ± 53 min. All

patients tolerated the ventilation with the EWS well. No

interruption was necessary and the responsible physician

classified all ventilator settings proposed by the EWS as

clinically acceptable. No technical defects occurred, how-

ever, a restart of the external computer was necessary in

one patient. An overview of the minimal, maximal, and

median ventilator parameters is shown in Table 6.

Safe ventilator settings were achieved in 97.2 % of the

total automatic ventilation time (Fig. 2). The following

safety violations occurred. The upper safety limit for VT

was exceeded in patients 5, 8, 12, 15 and 19 with a max-

imum Pinsp of 29 cm H2O during these episodes. In patient

5, assisted spontaneous breathing was present with the least

possible PS of 5 cm H2O. Therefore, the system could not

further influence VT. In patients 8, 15 and 19, the EWS

immediately reduced PS. In patient 12 the endotracheal

tube was obstructed, therefore, the system increased the

inspiratory pressures. After the removal of obstruction, the

inspiratory pressures were automatically decreased by the

EWS. The lower safety limit for MV was violated in

patients 13, 16 and 19 for the following reasons: (1) run-

ning test to initiate spontaneous breathing (immediately

canceled by the system), (2) coughing or squeezing the

endotracheal tube during the first spontaneous breaths. The

system did not change the ventilator parameters in most

cases, in patient 16, the inspiratory pressure was increased

by 2 cm H2O. PE0CO2 fell twice below the lower safety

limit in patient 4 who suffered from a previously unknown

pulmonary embolism.

A total of 39 PEEP trials were accomplished. Out of

these, 15 tests were completed and the remaining 24 were

interrupted due to instable FIO2 or MV. As a result of the

15 completed trials, PEEP was decreased in ten, remained

unchanged in four and increased in one case.

Table 6 Minimal, maximal, and median ventilator settings and

measurements in all patients

f (min-1) VT (ml kg-1

BW)

MV (ml kg-1

BW)

SpO2(%)

Min 3 0.1 13a 88

Max 33 15* 232 100

Median 13 6.9 86 100

PEEP

(cm H2O)

Pinsp

(cm H2O)

PS

(cm H2O)

PE0CO2

(mmHg)

Min 1 8 8 19*

Max 15 31 31 66

Median 6 17 16 36

a Violation of safety limits

f overall breathing frequency, VT tidal volume, MV minute ventilation,

BW body weight, SpO2 peripheral oxygen saturation, PEEP positive

end-expiratory pressure, Pinsp inspiratory airway pressure, PS pressure

support, PE0CO2 end-tidal partial pressure of carbon dioxide

Fig. 2 Proportion of the time

with detected violation of safety

limits to the overall time spent

on the automated weaning

system in individual patients
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Fifteen patients out of the total of 19 patients studied

were weaned successfully with EWS and were extubated at

the end of the study period.

4 Discussion

We described a knowledge- and model-based system for

automated weaning of patients from mechanical ventilation

and its first clinical application in a selected case study.

Our system was able to transfer all patients automatically

from controlled to assisted mechanical ventilation in a

short period of time. Moreover, the respiratory load was

decreased significantly by EWS.

4.1 Performance of the system

Performance of the system was assessed by a newly devel-

oped scoring system because no validated scoring system

was available at the time of the study. The goal of the scoring

system was to classify the respiratory load imposed on the

lungs by the respirator and to monitor its time course. The

assignment of the points used in the sub scores is derived

from the basic principles of lung physiology and clinical

experience with mechanical ventilation. The higher FIO2,

PEEP and the pressure amplitude the higher the respiratory

load score and vice versa. The lower the spontaneous

breathing activity the higher respiratory load score and vice

versa. However, higher PEEP may also be interpreted as

lower respiratory load given because it leads to a larger

amount of recruited lung tissue. We did not introduce this

phenomenon into our system as EWS was not capable of

detecting the amount of the recruited lung tissue. After

successful weaning of 19 patients with this system, it can be

concluded that the assignment of the points was appropriate.

The decrease in respiratory load, particularly explained by an

increased spontaneous breathing activity, was detected by

the score. However, patients could be successfully extubated

even with a high respiratory load score. For instance, patient

3 exhibited a high respiratory load score because PEEP was

5 cm H2O and FIO2 was 0.35. Therefore, the limits for the

respiratory load score have to be adapted if this score is to be

applied as an extubation criterion in the future.

4.2 Safety

In this selected case study, EWS determined safe ventilator

settings. VT values beyond the upper safety limits were

properly identified and KB immediately lowered the

inspiratory pressures. The inspiratory pressures during

these phases were in an acceptable range. The violation of

the lower safety limit for PE’CO2 was observed in a patient

with a previously unknown pulmonary embolism. The

pathologically increased dead space ventilation was

detected by the model and the MVtarget was appropriately

increased. The violation of the lower safety limits for MV

was not critical as it was induced by the concept to chal-

lenge spontaneous breathing.

Median SpO2 of 99 % was observed in all patients and

SpO2 was always higher than 93 % except for two patients.

In patient 10, FIO2 was immediately increased from 0.4 to

0.5, in patient 18 a false low value occurred. Hence, EWS

provided safe oxygenation in the studied patients [22].

However, it has to be mentioned that EWS only proposed

novel settings for FIO2. For safety reasons, these settings

were transferred manually to the ventilator. PEEP showed a

slight but statistically not significant tendency towards

higher values at the beginning and reached relatively nor-

mal values by the end of the study.

Normal PE0CO2 values were determined in all patients

during the study period except for patient 4 suffering from

the already mentioned pulmonary embolism. The abnormal

difference between the PE0CO2 and PaCO2 was the first

diagnostic marker. This patient is a good example for the

inadequacy of PE0CO2 as a criterion for controlling alveolar

ventilation, as already discussed by Brunner [23], and

circumstantiates the advantage of using a physiological

lung model in automated ventilation. After the adjustment

of the model to the patient’s lung status, the dead space

compartment rose to 71 %. This means, that the pathologic

situation was adequately reproduced by the model. The

determined MVtarget was 13 l min-1. After the adjustment

of ventilator settings according to the EWS proposal,

PaCO2 normalized.

4.3 Comparison between EWS and physician

The ventilator settings and measurements acquired 10 min

after the start of the automatic ventilation reflected the

initial changes performed by EWS. A decrease in inspira-

tory pressure was proposed by EWS in patients with slight

hyperventilation with a consecutive decrease in VT and

MV. EWS also reduced FIO2. In patients with spontaneous

breathing activity, EWS decreased fmech, otherwise the

system applied fmech depending on the actual breathing

mechanics. Most of the patients were ventilated with a

higher fmech and a lower VT than the values set by the

physician. Although EWS was not programmed with the

primary aim of ventilating the patient with low VT, the

results indicate that lung protective ventilation with low VT

was achieved in our patients. This is in agreement with the

findings of the acute respiratory distress syndrome network

showing the negative effect of mechanical ventilation with

high tidal volumes [24]. At the end of the study period,

EWS could successfully wean all patients as reflected by a

decrease in respiratory load score.
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4.4 PEEP trials

In the present study the therapeutic efficacy of the con-

ducted PEEP trials could not be proved. PEEP showed no

significant changes over the whole study period because

the trials were performed only hourly and the patients were

ventilated for a relatively short period of time. Neverthe-

less, successful PEEP trials with subsequent PEEP changes

were performed in some cases. These changes were ade-

quate according to our clinical assessment.

4.5 Technical limitations

Two technical limitations were found. The communication

between the respirator and PC was too slow. Consequently,

when a patient breathed at a rate higher than 25 breath-

s min-1, the system could not identify all breaths. Another

limitation was related to the performance of the physio-

logical lung model. When a patient began to breathe

spontaneously the respiratory mechanics frequently chan-

ged. Under these circumstances, the model could not ade-

quately map the patient in the short period of time available

and the simulated blood gases were not reliable. However,

EWS checked the validity of the simulated blood gases and

if the values were classified as not valid they were not used.

Even in such cases EWS was able to determine adequate

ventilatory settings and continued the automated ventila-

tion of the patient using either the previously determined

MV or MV selected by the user.

4.6 Implemented strategy

We acknowledge that our electronically implemented

weaning strategy may arise some questions. Therefore, we

present the empiric or scientific rationales for each of the

basic therapeutic goals of the system below:

• Guarantee oxygenation of the patient at the lowest

possible FIO2

Albeit no evidence-based recommendation for an opti-

mum FIO2 setting is available, we implemented this strat-

egy into our system for the following reasons: (1) To

minimize the risk of oxygen toxicity while securing suffi-

cient oxygenation [25]. (2) To decrease FIO2 which is an

established clinical process during weaning. An overview

of the existing automated strategies is given in [26].

• Assess oxygenation performance and find an optimal

level of PEEP.

The current weight of literature is indifferent regarding

the optimum level of PEEP [17, 27–29]. In patients with

acute respiratory distress syndrome, two studies revealed

that setting of PEEP above the lower inflection point

improved outcome [30, 31]. However, a low-flow-pressure-

volume-maneuver should not be executed automatically by

an automatic weaning system without careful monitoring

of the patient. A reasonable solution for the clinical prac-

tice (and for EWS) may be the titration of PEEP in patients

with impaired oxygenation performance. PEEP reflects the

disease state of the ventilated lung. Since this disease state

of the lung does not change very quickly, it is not rec-

ommended to change PEEP frequently.

• Use the lowest Pinsp and PS to reach normal alveolar

ventilation

With the help of this therapeutic goal, we aim at

decreasing the ventilatory support as soon as possible.

Consequently, weaning from mechanical ventilation could

be accelerated, which may lead to a shorter overall venti-

lation time.

• Adapt TI and TE to the actual breathing mechanics and

thereby avoid intrinsic PEEP.

An incomplete expiration avoids derecruitment of the

lungs which may lead to an improved oxygenation [32].

However, the amount of the generated intrinsic PEEP is not

predictable and this could lead to an unwanted decrease in

alveolar ventilation. Therefore, it appears to be safer to

guarantee complete expiration and use extrinsic PEEP

instead of the less controllable intrinsic PEEP. A further

advantage of this approach is the prolongation of the

inspiratory time to its maximum possible value for a preset

I:E-ratio which in turn allows the application of low

inspiratory pressures.

• Use the ventilation mode BIPAP/ASB.

• Support assisted spontaneous breathing by using BI-

PAP/ASB and by decreasing fmech immediately when

spontaneous breathing activity occurs.

When the patient does not breathe spontaneously, BI-

PAP/ASB is equal to pressure controlled ventilation

(PCV). Spontaneous breathing is supported in this mode in

three different ways. First, the patient can breathe sponta-

neously on both pressure levels without additional support

of the respirator. Second, the patient can trigger a

mechanical breath and third, the patient can trigger addi-

tional pressure support breaths on the lower pressure level.

Early support of spontaneous breathing compared to con-

ventional mechanical ventilation was associated with lower

peak inspiratory pressures [33, 34], improvement of ven-

tilation-perfusion ratio [35], improvement of splanchnicus

perfusion [36], and less need of sedative drugs [34, 37].

One randomized controlled trial in patients with acute lung

injury showed a significantly lower total ventilation time,

lower length of ICU and hospital stay in patients who were

allowed to breathe spontaneously at an early point of time
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[37]. Therefore, supporting spontaneous breathing with the

used ventilatory mode and the implemented strategy is

reasonable.

4.7 Comparison with other systems

Automated control of mechanical ventilation has been

intensely studied with more than 50 publications from 1953

until to date. Many systems were already designed to

control fmech [38–48]. An excellent overview is given in

[26]. Also, the combination of physiological lung models

and rule-based systems were used by several authors pre-

viously [49–51]. In 1993 Rutledge et al. [51] published an

automated system (VENTPLAN) for the control of four

ventilatory settings (FIO2, PEEP, VT, and fmech). Compa-

rable to EWS the authors used a combination of a mathe-

matical modeling module (based on the physiological lung

model by Riley and Cournand [52]) and a plan evaluator

for the control of the ventilatory settings. VENTPLAN

used the model not only to map the current respiratory

status of the patient. It was also applied to predict the

patients’ respiratory status according to the planned ther-

apy. To our knowledge, this system was only evaluated in a

retrospective study [51]. Rees et al. [50] published a

decision support system that combined physiological

models with a penalty system. The models could be tuned

to an individual patient and with the help of the modeled

parameters the system supported the clinician in inter-

preting the data into a clinical representation of the patient.

Finally, the system proposed a ventilatory strategy that

resulted in a minimum total penalty (indicating a high

clinical preference favoring the strategy). The systems by

Rees et al. and Ruthledge et al. determined proper venti-

latory settings. However, neither of them was designed to

follow a weaning strategy. Our system aims at decreasing

the respiratory load and at weaning the patient from

mechanical ventilation.

To date, three automated weaning systems are com-

mercially available: SmartCare/PS (Dräger Medical,

Lübeck, Germany), Adaptive Support Ventilation (Hamil-

ton Medical, Bonaduz, Switzerland) and Intellivent-ASV

(Hamilton Medical, Bonaduz, Switzerland).

SmartCare/PS is the commercially available version of

NéoGanesh, which was developed by Brochard et al. [53].

The system controls PS in the pressure support mode

(PSV) with the aim of keeping the patient in a zone of

respiratory comfort (ZORC) [54]. It has been shown that

SmartCare/PS is able to keep the patients in ZORC [53,

55] because it adjusts the settings of PS significantly more

often than a physician [55]. SmartCare/PS is a practicable

predictor for a successful extubation trial [56] and was

intensely studied in several randomized controlled trials

[57–59]. In one multicenter randomized controlled trial the

system decreased ventilation time significantly when

compared to usual care [57]. However, the performance of

SmartCare/PS is limited as it is designed to work only in

the PSV mode and solely the PS level is automatically

controlled.

Adaptive support ventilation (ASV) is a combined PCV/

PSV mode with automatic control of inspiratory pressures

and fmech and is aimed mainly at decreasing the patients’

work of breathing [60–64]. ASV works well in anaesthe-

tized and paralyzed patients with obstructive and restrictive

lung diseases [65] and improves the patient-ventilator

interaction [66]. Results concerning the time needed for

weaning patients from mechanical ventilation are ambigu-

ous [67–70]. ASV stands as a milestone in automated

control of mechanical ventilation and its performance has

been checked under clinical conditions. However, a fully

automated ventilation of a patient is not possible with ASV.

Intellivent-ASV is a further development of ASV and is

the first commercially available system that provides an

automated control of all ventilatory settings. The efficacy

and safety of Intellivent-ASV was compared to ASV in one

randomized crossover study in 50 ventilated patients with-

out spontaneous breathing activity [71]. The authors con-

cluded that Intellivent-ASV was safe and able to ventilate

patients with lower Pinsp and FIO2. The results of this first

clinical trial look promising and further studies are ongoing

(clinicaltrials.gov ID NCT01577667, NCT01489085).

In comparison to the above mentioned systems, EWS is

able to set up all ventilatory settings automatically except

for FIO2 and it was evaluated in the present study. We were

able to transfer the medical knowledge about mechanical

ventilation therapy into a knowledge-based system. We

further introduced the basic physiological lung model to

map the clinical picture of the patient in our system. In this

study, we were able to show that this combination provided

safe ventilatory settings and decreased the respiratory load.

However, since no randomized controlled trial comparing

two or more of the available automated weaning systems

has ever been conducted it is still unclear which system

performs the best.

5 Conclusions

A novel knowledge- and model-based prototype system for

automated weaning provided a soft transfer from controlled

to assisted ventilation and succeeded in decreasing the

respiratory load of mechanical ventilation. The combina-

tion of a basic physiological model and a knowledge-based

system as two sources of knowledge (the physiological

situation and medical guidelines) seems reasonable. Fur-

ther development of commercial systems for automated

control of mechanical ventilation may benefit from the
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experience we made with the described prototype. The

practicability, efficacy, and usability of the system have to

be examined in randomized controlled trials using different

automated controlled mechanical ventilation systems.
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