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1. Introduction 

 

 Hypoxemic respiratory failure is one of the leading causes of the need for mechanical 

ventilation, in the most severe cases as the consequence of acute respiratory distress syndrome 

(ARDS), which still carries high risk of mortality.1 ARDS is a life threatening condition 

precipitated by disorders frequently resulting in critical care admissions like trauma, severe 

burns, sepsis, pancreatitis and pneumonia.2 All of these disorders, either causing direct 

(pulmonary) or indirect (extrapulmonary) tissue damage are featured by a systemic 

inflammatory response. The released cytokines like interleukin (IL)-1, IL-6, IL-8 and tumor 

necrosis factor activate neutrophils in the lung throughout the inflammatory cascade.3 The 

activated immune cells excrete injurious substances such as free oxygen radicals and 

proteolytic enzymes leading to alveolar endothelium and epithelium destruction. The latter 

pathophysiological mechanism induces impaired permeability in the lung resulting in alveolar 

immerging by the protein rich oedema fluid.4 Surfactant, which has a major role in 

modulating the surface tension of alveoli is also washed out. Furthermore, the surfactant 

production is also decreased due to the dysfunction of type II epithelial cells. As a 

consequence, pulmonary atelectasis develops due to alveolar collapse.5 

 Pulmonary atelectasis is accompanied by arterial hypoxemia due to increased 

intrapulmonary shunt (Fig. 1).6 As severe acute hypoxemia is a potential danger for all vital 

organs its resolution is of pivotal importance. There are several interventions, which may help 

improving oxygenation. In the most severe circumstances extracorporeal membrane 

oxygenation7, high frequency oscillatory ventilation8, and prone positioning9 have been 

shown to reverse persistent hypoxemia. Some of these interventions require special 

equipment, demand extra manpower and may be time consuming to commence.  

 

1.1. The open lung concept 

 In less severe cases of acute hypoxemia, especially when this is primarily caused by 

atelectasis, the collapsed lung areas can be opened up with the help of transient increment in 
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transpulmonary pressure (TP) within a short time, hence decreasing shunt fraction and 

improving arterial oxygenation.10 This procedure is called the lung recruitment manoeuvre. It 

can be accompanied by the titration of the “optimal” positive end-expiratory pressure (PEEP), 

a process which is called on a broader term as the “open lung concept” described by 

Lachmann in 1992.11 

   

Figure 1. Intrapulmonary shunt with the background of atelectasis in the alveolus 

 
 

 

 However, it is also well known that not every lung responds for recruitment 

manoeuvers.12 Although most recruitment strategies were tested under controlled mechanical 

ventilation13, there is also increasing evidence that maintaining spontaneous breathing during 

mechanical ventilation may provide numerous advantages.14,15 Applying continuous positive 

airway pressure (CPAP) with or without pressure support (PS) and allowing the patient to 

breathe spontaneously is an often used ventilation mode, both during non-invasive and 

invasive ventilation. Although theoretically alveolar recruitment may also have a place in 

these patients ventilated invasively this has only been investigated during non-invasive 

ventilation.  
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1.2. Benefits of maintaining spontaneous breathing 

 Maintaining spontaneous breathing on mechanical ventilation may provide several 

benefits. One of these advantages is the improvement of oxygenation in patients with acute 

lung injury by the recruitment of atelectatic lung areas in the juxtadiaphragmatic regions. 

Diaphragmatic contractions evoked by spontaneous breathing efforts may facilitate the 

recruitment of collapsed, dependent lung regions. As the collapse of alveoli is more 

pronounced in the dorsal regions where the muscle contraction induced diaphragm excursion 

is the most remarkable the redistribution of ventilation-perfusion ratio may improve 

oxygenation (Fig 2).15 

 Beyond amelioration in gas exchange maintaining spontaneous breathing offers the 

prevention of cyclic alveolar atelectasis in the basal pulmonary regions. The undesirable 

alveolar shearing generated by the cyclic collapse and re-opening can be reduced by this 

advantageous phenomenon.15 Henceforward spontaneous breathing movements can amend 

the protective ventilation strategy by attenuating the mechanical distress. Reducing the 

inflammatory response at the level of alveoli may provide advances in the regeneration of 

pulmonary function. 

 

Figure 2. Diaphragm excursion and ventilation/perfusion (VA/Q) distribution during 

spontaneous breathing and mechanical ventilation 

 

 
AP, abdominal pressure 
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 Prolonged respiratory support, especially controlled mechanical ventilation (CMV), 

induces diaphragm muscle atrophy and dysfunction. The inability of diaphragm contraction 

precipitated by CMV leads to neural deactivation and molecular changes in the muscle cells.13 

Maintaining spontaneous breathing is advantageous in the prevention of losing force 

generated by diaphragm contractility. Furthermore, reserving spontaneous breathing during 

mechanical ventilation offers a lower level of sedation target and improved patient-ventilator 

interaction. This has a major impact on respiratory weaning. The reduced requirement of 

sedatives attenuates the duration of respiratory support, decreases the length of stay in the 

intensive care unit and the overall cost of care giving.15   

    

1.3. Spontaneous breathing trial with T-piece 

  Weaning from mechanical ventilation is a challenging process for critical care 

physicians. Over the last decades many respiratory strategies were investigated to identify the 

most suitable method of successful weaning.16 Conducting spontaneous breathing trial (SBT) 

with T-piece to identify patients ready for extubation has been a common practice,  but it may 

also be used as a weaning tool by alternating periods of ventilatory support and SBT on T-

piece.  

 Ayre’s T-piece is a simple, non-rebreathing circuit first used in paediatric 

anaesthesia.17 Its potential advantages in the critical care setting are the minimal dead space, 

the low airway resistance and the activation of the breathing muscles. The inspired fraction of 

oxygen (FiO2) can be adjusted with high flow oxygen/air mixers or by the application of a 

Venturi injector on the inspiratory limb. PEEP can also be applied with the help of a PEEP-

valve at the end of the expiratory limb hereby establishing a high flow CPAP circuit (Fig. 

3).18 Comparing with mechanical ventilation disadvantages are the lack of pressure support, 

monitoring airway pressure and tidal volume.  

 Spontaneous ventilation can be facilitated by new generation of ventilators, by 

applying CPAP with pressure support (PS) and automatic tube compensation (ATC). The 

purpose of the latter is  the automatic regulation of the airway pressure in proportion to the 

ventilator’s flow rate in order to compensate for the resistance of artificial airways.19 

However, T-piece is applied widespread in everyday practice its effect on gas exchange has 

not been investigated yet. 
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Figure 3. Scheme of the T-piece circuit. 

 

O, oxygen connector with Venturi injector; I, inspiratory limb corrugated tube; T, T-piece; E, 

expiratory limb corrugated tube; P, PEEP valve 
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1.4. Our aims 

 

1. To investigate the effects of recruitment on the PaO2/FiO2 ratio in patients ventilated 

in CPAP/PS mode suffering from moderate and severe hypoxemic respiratory failure. 

2. To assess recruitability in patients ventilated in CPAP/PS mode suffering from 

moderate and severe hypoxemic respiratory failure. 

3. To investigate the effects of T-piece on gas exchange as compared to CPAP/PS and 

CPAP/automatic tube compensation (ATC) modes in tracheostomized patients during 

respiratory weaning. 

4. To investigate alteration in central venous oxygen saturation (ScvO2) after recruitment 

manoeuver in spontaneously breathing patients ventilated in CPAP/PS mode suffering 

from moderate and severe hypoxemic respiratory failure and throughout T-piece trial 

in tracheostomized patients during respiratory weaning. 
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2. Effects of alveolar recruitment in patients ventilated in continuous 

positive airway pressure/pressure support mode 

 

2.1. Materials and methods 

 

2.1.1. Patients 

Following ethics committee approval of the Human Investigation Review Board of 

University of Szeged, informed consent was obtained from the patients’ next of kin. All 

mechanically ventilated patients with maintained spontaneous breathing, ventilated in 

CPAP/PS mode with a PEEP ≥ 5 cmH2O, were enrolled in this prospective, observational 

study if their PaO2/FiO2 ratio < 300 mmHg or required an FiO2 > 0.5, regardless of the 

etiology of respiratory failure.20,21 Exclusion criteria were: age < 18, pregnancy, 

pulmonectomy/lobectomy or spontaneous pneumothorax in past medical history, 

emphysematous bullae, clinically diagnosed end stage chronic obstructive pulmonary disease 

and vasopressor refractory hemodynamic instability.  

 

2.1.2. Measurements and experimental protocol 

All patients who were eligible for the study had a radial arterial and an internal jugular 

or subclavian central venous catheter inserted on admission to the intensive care unit as part 

of our standard care. Patients were sedated with continuous infusion of propofol and fentanyl 

reaching a Richmond Agitation Sedation Scale score of -1 to -2. Electrocardiogram, invasive 

blood pressure and SpO2 were continuously monitored by Dräger Infinity Gamma XL 

Monitor (Telford, PA, USA). Patients were ventilated with Dräger Evita® XL respirators 

(Lübeck, Germany). The level of pressure support was adjusted to achieve adequate arterial 

pCO2 level to maintain pH ≥ 7.30. Respiratory parameters, airway pressures, dynamic 

respiratory compliance, airway resistance, end-tidal carbon dioxide (EtCO2), dead space (Vds) 

and dead space to exhaled tidal volume ratio (Vds/Vte) were all continuously monitored by 

the respirator and its own volumetric capnography.   

Once inclusion criteria were fulfilled respirator settings, cardio-respiratory and airway 

parameters were recorded at baseline. Then PEEP was increased by 5 cmH2O and after 5 
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minutes measurements were repeated to investigate the effect of any PEEP-induced 

recruitment. For alveolar recruitment pressure support was increased to 40 cmH2O for 40 

seconds to limit the undesirable side effects of volutrauma. After which peak inspiratory 

pressure was reduced to the initial value as at baseline while maintaining the increased level 

of PEEP (by 5 cmH2O) according to the open lung concept.11 Measurements were repeated 

immediately after recruitment then 15  and 30 minutes later with constant respirator settings 

as at baseline. Arterial blood gas samples were analyzed by a Roche cobas b 221 (Mannheim, 

Germany) blood gas system at each measurement points and central venous samples were 

taken at baseline and at the final time point to determine ScvO2. 

Primary outcome parameter was the change in oxygenation (PaO2/FiO2) after the 

recruitment manoeuver. Patients were considered as non-responders (NR) if difference of 

PaO2/FiO2 < 20 % and responders (R) if difference of PaO2/FiO2 ≥ 20 % between baseline and 

following recruitment measurements. 

 

2.1.3. Statistics 

Based on a preliminary analysis of our data22, the mean PaO2/FiO2 ratio before 

recruitment was 156 mmHg with a standard deviation of 43 mmHg. In order the study to have 

an 80 % power with a P < 0.05 and to observe an increase in the PaO2/FiO2 of 10 or 20 % 

(which corresponds to a PaO2/FiO2 of 171 and 186 mmHg respectively) after recruitment, the 

required minimal sample size was calculated to be 51 or 13. Therefore we decided that a 

sample size of 30 should be feasible and provide adequate statistical power. 

All data in the tables are presented as median [interquartile range]. Figures are 

presented as boxplots: 5th-95th percentile, interquartile range and median. After testing for 

normality with Shapiro-Wilk test data were analyzed between groups with Mann-Whitney U 

test or Kruskal-Wallis test as suitable. Matched pairs were investigated with Wilcoxon signed 

rank test and relationship was analyzed with Spearman’s correlation coefficient. For 

evaluating goodness of fit and independence Pearson’s chi-square test was used. The ”P” 

value was considered significant if < 0.05. For statistical analysis IBM SPSS Statistics 

Version 20 (Armonk, NY, USA) software was used. 
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2.2. Results 

 

Over the study period 30 patients were enrolled, of whom 15 (50 %) patients turned 

out to be non-responders and 15 (50 %) responders. There was no significant difference 

between groups in baseline respirator settings and demographic characteristics except of age. 

Out of the 19 patients with admission diagnosis of cardiac origin 13 (68 %) were responders 

(Table 1). Serious adverse effects of recruitment manoeuver like pneumothorax and 

worsening hemodynamic instability were not detected. 

 

Table 1. Demographic data 
   

 Non-responders 
(n=15) 

Responders 
(n=15) 

P 

Age – yr 63 [55-58] 74 [59-76] .045 
Male/female – N. 11/4 9/6  
Body-mass index – kg/m2 27 [24-31] 29 [25-34] .389 
APACHE II score 21 [18-25] 23 [19-33] .851 
Baseline PEEP – cmH2O 10 [8-12] 10 [10-12] .389 
Baseline FiO2 – % 60 [50-62] 60 [60-80] .126 
Baseline PS – cmH2O 12 [8-16] 10 [10-16] .935 
Ventilated days – N. 4 [2-6] 2 [1-4] .202 
Lung injury score  2.3 [1.7-2.7] 2.3 [2.0-2.8] .461 
Orotracheal tube ID – mm 8 [8-8.5] 8 [8-8] .567 
Cause of admission (%)    
   Heart failure 4 (13) 6 (20)  
   Ischemic heart disease 2 (8) 7 (24)  
   Pneumonia 3 (10) 1 (3)  
   Sepsis 3 (10) 0  
   Pulmonary contusion 1 (3) 0  
   Stroke 1 (3) 0  
   Other 1 (3) 1 (3)  

         APACHE II, acute physiology and chronic health evaluation II;    
 PEEP, positive end-expiratory pressure; PS, Pressure Support; ID, 
 internal diameter 
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 There was a non-significant decrease in PaO2/FiO2 from baseline to 30 minutes 

following recruitment in the NR-group. In the R-group PaO2/FiO2 significantly improved 

after the recruitment manoeuver as compared to baseline results and remained elevated 

throughout the observation period. There was significant improvement in SaO2 among 

responders, while there was no significant change in the NR-group. Bicarbonate and base 

excess levels showed significant difference between groups at all time points. Hemodynamic 

parameters and ScvO2 did not show any significant change over time (Table 2, Fig 4).  

 

Table 2. Hemodynamic variables and blood gas results 
 

 Group 
Time point 

Baseline PEEP 
increment After RM 15 min 

following RM 
30 min 

following RM 
heart rate – 
1/min 

NR 88 [64-99] 89 [68-102] 87 [66-100] 91 [67-99] 90 [67-99] 
R 95 [70-100] 95 [72-115] 93 [70-106] 92 [70-101] 99 [70-119] 

MAP – mmHg NR 75 [68-92] 80 [70-83] 79 [68-88] 79 [69-83] 80 [70-86] 
R 75 [69-88] 75 [71-87] 78 [66-87] 76 [68-85] 74 [69-86] 

SaO2 – % 
NR 96 [93-99] 97 [94-99] 97 [94-99] 97 [95-98] 97 [95-99] 
R 95 [94-97] 96 [95-98]a 98 [96-99]a 98 [96-99]a 97 [96-99]a 

PaCO2 – 
mmHg 

NR 47 [44-50] 50 [44-52] 48 [43-50] 48 [45-53] 48 [43-52] 
R 39 [37-49] 41 [37-50] 42 [37-51] 40 [37-52] 39 [37-53] 

ScvO2 – % NR 74 [70-82]    77 [69-83] 
R 76 [69-79]    77 [72-81] 

pH NR 7.4 [7.3-7.4] 7.4 [7.3-7.4] 7.4 [7.3-7.4] 7.4 [7.3-7.4] 7.4 [7.3-7.4] 
R 7.4 [7.3-7.4] 7.4 [7.3-7.4] 7.4 [7.3-7.4] 7.4 [7.3-7.4] 7.4 [7.3-7.4] 

HCO3
- – 

mmol/L 
NR 28 [24-31] 29 [24-31] 28 [24-31] 29 [24-31] 28 [23-31] 
R 23 [20-28]b 23 [21-27]b 23 [21-28]b 23 [21-28]b 23 [20-28]b 

BE NR 2.7 [-0.3-4.5] 3.2 [-0.7-5.1] 2.9 [-0.6-5.0] 3.2 [-1.3-5.3] 3.0 [-2.4-5.0] 
R -1.4 [-4.2-2.5]b -1.6 [-4.2-2.5]b -1.8 [-4.2-2.1]b -1.9 [-4.2-1.9]b -1.9 [-4.2-1.8]b 

lactate – 
mmol/L 

NR 0.9 [0.7-1.1] 0.9 [0.7-1.0] 0.9 [0.7-1.1] 0.9 [0.6-1.0] 0.9 [0.6-1.0] 
R 1.1 [0.8-1.6] 1.1 [0.8-1.5] 1.1 [0.8-1.5] 1.1 [0.9-1.5] 1.0 [0.7-1.5] 

PEEP, positive end-expiratory pressure; RM, recruitment manoeuver; NR, Non-responder; R, 
Responder; MAP, Mean Arterial Pressure; ScvO2, central venous oxygen saturation; BE, Base 
Excess 
 
a significant difference as compared to baseline measurements, P < .05 
b significant difference between groups, P < .05  
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Figure 4. Changes in PaO2/FiO2 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 There was no significant change in tidal volume, Vte indexed for predicted 

bodyweight, respiratory rate and minute ventilation between groups and throughout the study 

as compared to baseline parameters. In the NR-group dynamic compliance, a parameter 

indicated on the ventilator dropped non-significantly after the recruitment manoeuver but 

there was a significant increase in Vds/Vte following recruitment and 15 minutes later as 

compared to baseline in the same group. There was no other significant change in the 

examined respiratory and airway parameters in the NR- and R-group. (Table 3).  

 

 
 
 

 

t0, baseline measurements; t1, increasing PEEP by 5 cmH2O; t2, after 
recruitment; t3 and t4, 15 and 30 minutes after recruitment. *significant 
difference as compared to baseline measurements, P < .05 
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Table 3. Respiratory and airway parameters complemented with arterial to end-tidal CO2 results 
 

 Group 
Time point 

Baseline PEEP 
increment After RM 15 min 

following RM 
30 min 

following RM 

Vte – ml NR 473 [398-612] 479 [397-588] 447 [393-615] 506 [378-597] 471 [453-663] 
R 513 [406-667] 489 [385-702] 492 [398-602] 510 [354-698] 520 [402-741] 

Vte/PBW – 
ml/kg 

NR 8 [6-8] 7 [6-9] 7 [5-8] 7 [6-9] 7 [6-9] 
R 7 [7-9] 7 [6-10] 7 [6-10] 8 [6-10] 8 [7-10] 

RR – 1/min 
NR 17 [13-22] 18 [13-20] 18 [13-20] 18 [13-20] 17 [14-22] 
R 19 [13-24] 19 [14-26] 17 [14-26] 19 [15-24] 18 [14-24] 

MV – ml 
NR 7896 [7011-

11016] 
8040 [6300-
11020] 

7524 [7152-
9825] 

7809 [6230-
10380] 

8208 [7260-
10296] 

R 9744 [8037-
11687] 

9741 [8220-
10875] 

9798 [7700-
11808] 

10101 [8328-
11328] 

10116 [8788-
11625] 

Raw – 
cmH2O/L/s 

NR 13 [9-14] 13 [9-18] 14 [10-17] 13 [9-18] 14 [9-18] 
R 11 [9-16] 11 [9-16] 11 [9-16] 11 [9-15] 11 [9-15] 

Crs – 
ml/cmH2O 

NR 68 [47-83] 65 [41-85] 64 [42-75] 69 [43-95] 68 [46-85] 
R 52 [34-98] 53 [31-106] 56 [36-90] 58 [39-98] 58 [39-99] 

EtCO2 –  
mmHg 

NR 42 [34-45] 41 [35-47] 40 [34-45] 41 [36-47] 41 [37-45] 
R 36 [30-47] 37 [31-47] 39 [31-47] 38 [30-48] 39 [30-48] 

P(a-ET)CO2 – 
mmHg 

NR 7 [4-13] 8 [4-10] 8 [5-13] 7 [4-11] 7 [4-13] 
R 5 [1-9] 6 [2-9] 6 [3-11] 5 [1-10] 6 [1-9] 

Vds – ml NR 146 [128-191] 148 [135-201] 153 [133-198] 150 [127-198] 150 [127-198] 
R 153 [118-172] 166 [126-180] 144 [118-180] 153 [125-177] 158 [125-183] 

Vds/Vte – 
%   

NR 32 [27-37] 35 [30-42] 36 [25-42]a 35 [29-41]a 32 [29-40] 
R 26 [22-34] 28 [24-38] 27 [24-33] 27 [24-34] 28 [25-36] 

PEEP, positive end-expiratory pressure; RM, recruitment manoeuver; NR, Non-responder; R, 
Responder; Vte, exhaled tidal volume; Vte/PBW, exhaled tidal volume indexed to Predicted 
Body Weight; RR, Respiratory Rate; MV, Minute Ventilation; Raw, airway resistance; Crs, 
dynamic compliance; EtCO2, end-tidal CO2; P(a-ET)CO2, arterial minus end-tidal CO2; Vds, 
dead space; Vds/Vte, dead space to exhaled tidal volume ratio 
 
a significant difference as compared to baseline measurements, P < .05  

 

 

 Improvement in oxygenation was detected in 74 % of all patients, and in 26 % arterial 

oxygenation did not improve or even deteriorated. Testing in a contingency table the change 

in PaO2/FiO2 and dynamic compliance after the recruitment manoeuver is shown in Fig. 5. 

Improvement (≥ 0) or deterioration (< 0) of dynamic compliance gave high sensitivity and 

specificity with a positive predictive value of 0.89 to differentiate patients with worsening as 

compared to those with improved PaO2/FiO2. 
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Figure 5. Changes in PaO2/FiO2 and dynamic compliance after recruitment manoeuver as 
compared to baseline parameters 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Crs, dynamic compliance, Sens., 
Sensitivity; Spec., Specificity 
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3. Effects of T-piece on arterial and central venous oxygenation in 

trachestomized patients as compared to continuous positive airway 

pressure/pressure support ventilation 

 

3.1. Materials and methods 

 

3.1.1. Patients 

 The study was approved by the Human Investigation Review Board of University of 

Szeged. Due to the prospective observational design of the study, and because T-piece 

weaning has long tradition in the department and the protocol included no other intervention 

that regular monitoring, the need for informed consent was waived. All patients ventilated in 

CPAP/PS mode via a tracheostomy tube and fulfilling the criteria of the department’s 

weaning protocol of SBT were enrolled. Weaning criteria were defined as: SpO2 > 94 %, 

respiratory rate (RR) < 35 min-1, hemodynamic stability with heart rate (HR) < 100 min-1, 

mean arterial pressure (MAP) > 60 mmHg on PEEP < 10 cmH2O, FiO2 < 50 % and PS ≤ 10 

cmH2O. Exclusion criteria were: pregnancy, age under 18, coexisting ventilator associated 

pneumonia and pulmonectomy or lobectomy in past medical history. Electrocardiogram, 

invasive blood pressure, SpO2 and RR were continuously monitored by Dräger Infinity 

Gamma XL Monitor (Telford, PA, USA) and central venous catheters were in situ in all 

cases. Patients were ventilated by Dräger Evita® XL respirator (Lübeck, Germany) at all 

times. 

 

3.1.2. Measurements and experimental protocol 

 Once patients fulfilled the criteria for weaning, baseline (t0) respirator settings, cardio-

respiratory parameters and arterial and central venous blood gas results were recorded while 

the patients were ventilated in CPAP/PS mode. Then PS was decreased to 0 cmH2O when just 

ATC was applied for 15 minutes and the respiratory parameters were recorded again (t1). 

ATC was set to 100 % compensation, artificial airway was marked as tracheostomy tube with 

the exact internal diameter. After that patients were placed on T-piece with constant FiO2 and 

PEEP according to the respirator settings. T-piece was assembled from: a) T-tube 
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(Intersurgical, Wokingham, United Kingdom), b) 1500 mm long corrugated tube as 

inspiratory limb, with a c) Venturi injector (Intersurgical, Wokingham, United Kingdom) to 

provide adequate fresh gas flow (30-50 L/min), d) a 500 mm long corrugated tube as 

expiratory limb, with e) a pre-calibrated, adjustable PEEP valve (Ambu, Baltorpbakken, 

Denmark). FiO2 was monitored throughout with an Ohmeda 5100 Oxygen Monitor (Madison, 

WI, USA) connected between the Venturi injector and the inspiratory limb of the T-piece. 

Repeated measurements were taken at 15 (t2), 30 (t3) and 60 minutes (t4) on the T-piece trial. 

Vital parameters were recorded and arterial blood gas samples were analysed by a Roche 

cobas b 221 (Mannheim, Germany) blood gas system at each measurement points and central 

venous samples were taken at t0 and t4 to determine ScvO2. The trial was interrupted if RR 

increased > 35 min-1, SpO2 decreased permanently under 90 %, HR > 120 min-1, blood 

pressure > 160/90 mmHg or patient indicated shortness of breath. 

 

3.1.3. Statistics 

 After testing for normality with the Kolgomorov-Smirnov test with Lilliefor’s 

modification, matched pairs were tested by nonparametric Friedman’s ANOVA test. The “P” 

value was considered significant if < 0.05. For statistical analysis PASW Statistics 18 

(Chichago, IL, USA) software was used. 

 

3.2. Results 

 

 Over the study period 25 tracheostomized patients were enrolled. The trial was 

interrupted in four cases (16%) after t2, because of pulmonary oedema, hypertension and on 

two occasions because of fatigue with CO2 retention. As data was analysed on an intention-to-

treat basis, we included those 4 patients who failed the T-piece trial in the final analysis. 

Demographic characteristics of the patients is summarised in Table 4. 
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Table 4. Patient characteristics 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

  APACHE II, acute physiology and chronic health evaluation II;     
  PEEP, positive end-expiratory pressure; PS, pressure support 
 

 

3.2.1. CPAP/PS versus CPAP/ATC 

 PaO2/FiO2 and SaO2 did not show any significant change on CPAP/ATC as compared 

to CPAP/PS mode (Fig 6). Tidal volume (Vte) did not decrease significantly with a 

significant increase in RR at the same time. There was no significant change in arterial carbon 

dioxide (PaCO2), pH, base excess (BE), bicarbonate (HCO3
-) and lactate. Switching from 

CPAP/PS to CPAP/ATC had no effect on haemodynamic parameters, as indicated by MAP 

and HR values (Table 5). 

 

 

 

 

 

 

Characteristics Mean ± SD 
Age – yr 60 ± 14 
Male/female – no. 14/7 
Body-mass index 31± 9 
APACHE II score 23 ± 7 
PEEP – cmH2O 7± 2 
FiO2 44 ± 7 
PS – cmH2O 8 ± 3 
Ventilated days – no. 10 ± 6 
Days since tracheostomy – no. 4 ± 4 
Cause of admission  No. (%) 
        Trauma 5 (24)  
        Heart failure 4 (19) 
        Sepsis 4 (19) 
        Intracerebral haemorrhage 3 (14) 
        Other 5 (24) 
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Table 5. Blood gas results and vital parameters. Data are presented as median [interquartile 
range] 
 
 t0 

(n=25) 
t1 

(n=25) 
t2 

(n=25) 
t3 

(n=21) 
t4 

(n=21) 

Vte–ml 450 [365-530] 407 [335-500]    

RR–min-1 23 [18-30] 27 [20-30]c 30 [26-33]c,d 28 [24-35]c,d 29 [25-35]c,d 

SaO2–% 97 [96-98] 97 [95-98] 99 [97-99]c,d 99 [97-99]c,d 99 [97-99]c,d 

PaO2–mmHg 89 [78-111] 96 [82-113] 119 [98-138]c 127 [101-
149]c,d 122 [98-144]c,d 

PaO2/FiO2–
mmHg 208 [175-266] 223 [186-290] 262 [207-339]c 270 [208-

373]c,d 
249 [215-

325]c,d 

PaCO2–mmHg 41 [37-47] 41 [38-48] 47[43-55]c,d 49 [43-58]c,d 50 [43-58]c,d 

ScvO2–% 73 [71-78]    80 [75-82]c 

pH 7.41 [7.39-
7.43] 

7.41 [7.38-
7.43] 

7.36 [7.33-
7.40]a,b 

7.37 [7.33-
7.41]a,b 

7.38 [7.33-
7.41]a,b 

HCO3
-–mmol/l 25.9 [23.7-

27.9] 
26.1 [24.4-

27.6] 
26.9 [25.8-

29.2]c,d 
27.1 [25.7-

30.6]c,d 
27.0 [25.9-

29.6]c,d 

BE 1.3 [-0.2-2.8] 1.4 [0.0-2.3] 1.2 [0.3-3.0] 1.6 [0.1-4.3] 1.9 [0.2-3.4] 

Lactate–mmol/l 1.0 [0.5-1.2] 0.9 [0.5-1.2] 1.0 [0.6-1.1] 0.9 [0.6-1.0]a,b 0.8 [0.5-1.0]a 

HR–min-1 79 [71-86] 78 [71-87] 83 [72-93] 83 [73-93] 85 [74-96]d 

MAP–mmHg 82 [73-95] 83 [73-95] 90 [80-106]c,d 91 [79-105]c,d 93 [78-101]d 

 
Vte, tidal volume; RR, respiratory rate; BE, base excess; HR, heart rate; MAP, mean arterial 
pressure 
 

a significant decrease as compared to t0, p < 0.05 
b significant decrease as compared to t1, p < 0.05 
c significant increase as compared to t0, p < 0.05 
d significant increase as compared to t1, p < 0.05 
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Figure 6. Arterial oxygen tension/fraction of inspired oxygen (PaO2/FiO2). Data are 
presented as 5th-95th percentile, interquartile range and median 
 

         
           t0                              t1                               t2                              t3                               t4 
* P < 0.05 as compared to t0; # P < 0.05 as compared to t1 
 

 

3.2.2. CPAP/PS and CPAP/ATC versus T-piece 

 Regarding oxygenation, PaO2/FiO2 and SaO2 showed significant improvement almost 

at all measurement points on T-piece trial as compared to CPAP/PS and CPAP/ATC modes 

except of results at t2 as compared to t1 when PaO2/FiO2 did not change significantly. There 

was also a significant increase in ScvO2 at t4 as compared to baseline measurements (Fig 6, 

Fig 7, Table 5). 
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Figure 7. Central venous oxygen saturation. Data are presented as 5th-95th percentile, 
interquartile range and median 
 

                                         
                                                      t0                    t4 
   * P < 0.001 
 

 

 RR and PaCO2 were significantly higher at all time-points with a significant decrease 

in pH. There was a tendency of significantly elevated HCO3
- levels at t2-4 with no significant 

increase in BE and lactate levels showed minimal change. Regarding haemodynamic 

parameters MAP was significantly higher on T-piece at all time points and HR increased 

significantly but only by t4 as compared to t1 (Table 5). 
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4. Discussion 
 

 

4.1. Effects of alveolar recruitment in patients ventilated in continuous positive airway 

pressure/pressure support mode 

 

 The most important finding of the study is that recruitment manoeuver improved 

oxygenation by more than 20 % in half of the patients with moderate and severe hypoxemic 

respiratory failure ventilated in CPAP/PS mode. We also found that patients in whom 

hypoxemia was due to cardiac origin seemed to benefit the most, as nearly 70% of these 

patients were found to be responders. 

Patients, according to the change in the PaO2/FiO2 ratio after recruitment, were 

divided to non-responder and responder groups. Regarding the demographic data, it is an 

interesting finding that patients in the NR-group were significantly younger than those in the 

other responder group. There were also more patients with ischemic heart disease and heart 

failure in the R-group, while there were only four patients with heart failure in the NR-group. 

One of the possible explanations is that although lung compliance decreases with age in 

general but success of recruitment depends on other factors like co-morbidities and it may be 

more successful in patients with heart disease as compared to patients with pneumonia. The 

beneficial effects of PEEP induced alveolar recruitment with improved compliance and 

oxygenation are well known phenomenon in patients with ischaemic heart disease.23 PEEP 

can also decrease intrapulmonary shunt such as hypoxic pulmonary vasoconstriction with a 

reduced pulmonary artery pressure among patients with heart failure.24 Therefore it is not the 

age per se but the accompanying higher number of patients with heart condition that caused 

the observed difference in the current study. Our results draw the attention of the importance 

of the etiology of acute lung injury and co-morbidities, at least as far as improvement in 

oxygenation is concerned after the recruitment manoeuver. These results are also in accord 

with those reported in patients on controlled mechanical ventilation25 but it also contradicts 

those in which etiology did not seem to matter.26 However, in this recent study by Grasso et 

al, the sample size was small (11 per group) and none of the patients were admitted due to 

acute heart failure. Nevertheless, the success of recruitment as far as oxygenation is concerned 
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in spontaneously breathing patients having developed hypoxemic respiratory failure due to 

acute heart failure is an important finding and should be investigated further.  

Although it is not the most accurate way to assess lung recruitment, but measuring 

changes in arterial oxygenation is one of the commonly used methods to detect the efficacy of 

recruitment.27,28 Furthermore, there is no consensus on how to define responders and non-

responders based on the PaO2/FiO2 values which vary between 30 to 50 % in the 

literature.26,29 Due to the lack of well-defined values we have chosen an arbitrary threshold of 

difference in PaO2/FiO2 ≥ 20  % to define as responders and < 20 % as non-responders 

following recruitment. Nevertheless, we detected an improvement of oxygenation in 74 % of 

all patients, and in 26 % arterial oxygenation did not improve or even deteriorated. Taking the 

20 % improvement in oxygenation as a clinically significant change, 50 % of patients still 

responded which is similar to that of reported in recently published studies.30,31 However, it is 

important to note that the ratio of responders is highly dependent on the defined threshold. 

Furthermore, the improvement in arterial oxygenation among responders lasted longer than in 

studies where controlled ventilation was applied. In the investigation by Oczenski et al, after 

the initial improvement, PaO2/FiO2 returned to the baseline values after 30 minutes32 while in 

our trial the significant improvement in oxygenation persisted throughout, suggesting that the 

effects of recruitment may last longer in spontaneous assisted modes as compared to 

controlled modes of ventilation in hypoxemic respiratory failure. Although the sample size is 

too small for an outcome study, which holds true for all of the above mentioned 

investigations, but our data suggests that CPAP/PS ventilation and lung recruitment may have 

benefits in patients suffering from moderate to severe acute lung injury especially due to acute 

heart failure which should be investigated further. 

It may also be important to note, that prior to intervention patients were ventilated for 

a median of 4 days in the NR-group while it was only 2 days in the R-group. Although it was 

not statistically significant, but these results are similar to that of reported by Grasso et al, 

where the length of mechanical ventilation was significantly shorter in those patients who 

responded for recruitment manoeuvers.26 

It is well known that not every lung responds for recruitment and unnecessary 

manoeuvers may lead to adverse effects.12,33 Several methods had been evaluated of which 

chest CT scan remains the gold standard warranting the direct visualization of the recruitable 
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lung tissue.12 However, this method requires the transport of the critically ill patients to the 

CT scanner and exposes them to radiation.34 Other bed-side measurements to assess 

recruitability are pressure-volume curve assessment and end-expiratory lung 

volume/functional residual capacity ratio measurement.35,36 Unfortunately, due to financial 

and ethical reasons these methods were not applied in our study therefore we only have 

limited proof on the change in lung volume after the recruitment.  

We did not observe any significant change neither in the PaCO2 nor in any other blood 

gas variables throughout the study. However, there was a significant difference in bicarbonate 

and base excess levels between groups this observation had no effect on the investigation of 

recruitment. One of the potential alternatives for assessing alveolar recruitment may be the 

change in the difference between the arterial and end tidal CO2 (Pa-ETCO2).37 In our study Pa-

ETCO2 although did not change significantly over time in neither of the groups but in the R-

group its value was lower than in the NR-group. Therefore it may be a promising parameter 

but its relevance requires further studies. 

Another important parameter is compliance, which is determined by volume/pressure 

relationships. Theoretically, in recruitable patients increasing pressures will increase volume 

hence compliance should improve or remain unchanged. While in non-recruitable patients 

increased pressures during recruitment can lead to the overdistension without gaining lung 

volumes, hence result in a consecutive fall in respiratory compliance.38 Although, in a recent 

study by Oczenski et al, in patients with ARDS who were ventilated in controlled mode and 

underwent recruitment after a PEEP trial there was no significant change in compliance 3 

minutes after the manoeuver what was accompanied by a significant improvement in 

oxygenation32, This approach cannot be evaluated in our study as the value of the ventilator 

indicated compliance in spontaneously breathing patients has not been validated yet.  

Finally, hemodynamic changes during the recruitment manoeuver have been widely 

investigated.39,40 Although we did not apply advanced hemodynamic monitoring in this study 

but as far as heart rate, mean arterial pressure, lactate and ScvO2 are concerned there was no 

significant change after the recruitment procedure as compared to baseline therefore it is 

likely that patients remained hemodynamically stable, suggesting that performing recruitment 

manoeuver in CPAP/PS ventilation is a safe strategy in patients with severe acute respiratory 

failure 
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There are several limitations of our study. In the absence of lung CT scans, 

recruitment and the degree of the recruited lung area cannot be estimated. Although the 

investigation of Gattinoni et al still remains the reference method to assess lung recruitment12 

we considered it difficult to be accepted ethically because of the potential dangers of transport 

and radiation. Furthermore, esophageal and herewith transpulmonary pressures were not 

monitored therefore we could not conclude if pleural pressure was swinging in spontaneously 

breathing patients hereby producing different recruitment effects during the time course of the 

manoeuver. Finally, neither the sample size which was too small nor the protocol (with one 

single recruitment manoeuver only) allowed us to draw any conclusion regarding hard clinical 

end-points such as ventilator free days, length of stay or outcome. However, based on the 

current findings, a study designed to answer these questions is certainly warranted. 

Nevertheless, the significant tendency what we observed has never been reported before and 

these preliminary results may provide important information for those who are interested in 

applying spontaneous assisted/supported modes of ventilation for patients with severe acute 

respiratory failure.  

 

 

4.2. Effects of T-piece on arterial and central venous oxygenation in trachestomized 

patients as compared to continuous positive airway pressure/pressure support 

ventilation 

 

 The major finding of this study is that breathing via a T-piece improved arterial and 

central venous oxygenation in tracheostomized patients as compared to CPAP/PS and 

CPAP/ATC ventilatory modes.  

 In this investigation 84% of the patients completed the T-piece trial, and in 4 cases we 

had to interrupt the trial. Unfortunately we cannot compare our failure rate directly with 

international results as according to our best knowledge there is no literature data on the effect 

of T-piece on gas exchange and weaning in tracheostomized patients. In general, failure rate 

after SBT is reported around 26-42% within the first 60 minutes16, which was only 16% in 

our study. Michalopoulos et al., investigated the effect of different arrangements of T-piece 

parts on oxygenation41 and Hoffman et al., analysed the impact of tracheal gas insufflation on 
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ventilatory demand42 in patients with tracheostomy but the termination rate was not 

mentioned in these trials. In two out of four cases when the trial had to be interrupted in our 

study patients suffered from chronic cardiac conditions such as ischaemic heart disease and 

cardiac failure which is in accord with previous results that cardiac dysfunction can limit 

respiratory weaning during SBT.43  

 Varelman et al., found no significant change in PaO2 when ATC was compared with 

PS  ventilation in intubated patients.44 This is in accord with our findings in tracheostomized 

patients. Regarding the effects of T-piece trial on gas exchange, in a recent clinical study on 

intubated patients it was found that PaO2 did not change significantly as compared to PS 

ventilation45, which is in contrast with our findings of improved oxygenation on T-piece.  

 There are several mechanisms which could explain this significant increase in arterial 

oxygenation. First, the activation of breathing muscles without the interference of the 

ventilator may have a significant impact. Mechanical ventilation, controlled as well as PS 

modes, induce diaphragm dysfunction.46 In patients who fulfill the “ready to be weaned” 

criteria, breathing via a T-piece may be beneficial as compared to several ventilation modes, 

in which the patient has to trigger the ventilator by either flow or pressure. During T-piece 

trials respiratory muscle movements may promote immediate alveolar recruitment47 with a 

prompt benefit on gas exchange. It has also been shown in a recent article that different 

arrangements of the T-piece system can affect PaO2. Second, when a long inspiratory 

corrugated tube was inserted between the Venturi injector and the T-piece as an inspiratory 

limb, just like in our investigation, it resulted in significantly improved arterial oxygenation as 

compared to assembling the Venturi injector directly to the T-piece.41 Finally, the PEEP valve 

might have had some effect on the observed changes. Comparing adjustable PEEP valves, the 

same as we used on our study, to precalibrated fixed PEEP valves during helmet CPAP, the 

adjustable ones showed a variable degree flow dependency producing higher end expiratory 

pressures on higher flow rates.48
 Increased PEEP level is associated with alveolar recruitment 

and improved arterial oxygenation.49 As we did not measure the actual PEEP level on T-

piece, one cannot exclude its effect on the results. 

 Regarding ventilation on T-piece there was a significant and gradual increase in 

PaCO2 and a decrease in pH values over time. Although this change was statistically 

significant, but even the last median pH value remained in the normal range of >7.35. 
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Nevertheless, one has to bear in mind that with the lack of pressure support on T-piece, and 

this holds true for all SBT methods, patients are prone to CO2 retention which per se is an 

important sign of weaning failure.16 Although assessment of the success of weaning was 

beyond the aim of this study, 4 patients out of the 25 had to go back on mechanical ventilation 

during the study period of 75 minutes due to fatigue (and consequent hypoventilation) and 

signs of acute heart failure. Future studies may be warranted to investigate the predictive 

value of PaCO2 changes on T-piece as a predictor of weaning failure/success in 

tracheostomized patients. 

 In the current study we measured significantly higher ScvO2 values on T-piece as 

compared to CPAP/PS and CPAP/ATC ventilation. Increased ScvO2 can be the result of 

increased oxygen delivery (cardiac output, CO and arterial oxygen content, CaO2) and/or 

when oxygen consumption is decreased.50 Unfortunately, we are unable to give an exact 

explanation for this phenomenon as we did not measure CO and work of breathing (WOB). 

However, Jiao et al., found in an in vitro investigation that Dräger Evita® XL respirator, the 

one we used in our study, had the highest expiratory resistance among four newer generation 

ventilators with active expiratory valve51 what can significantly affect WOB.  Therefore, it 

can be that the increase in ScvO2 was in indeed an improvement as a result of the less WOB 

on T-piece. This hypothesis is also supported by the fact, that there was no sign of inadequate 

oxygen uptake as indicated by normal lactate, bicarbonate and pH levels. All 21 patients 

remained haemodynamically stable throughout as indicated by MAP, HR and lactate values. 

However, as there was a significant increase of 2% in SaO2 on T-piece it might have also had 

some contribution in improved oxygen delivery hence on the observed increase in ScvO2. 

 The main limitation of this study is that detailed cardio-respiratory monitoring on T-

piece such as airway pressure, PEEP, tidal volume, CO, WOB, was not available it is difficult 

to explain the observed findings. However, the primary aim of this study was to observe if 

there was any difference in oxygenation on T-piece. Having found the current results a 

detailed investigation may be warranted.  
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4.3. Haemodynamic effects of lung recruitment manoeuvres 

 

 The anatomical proximity of the lungs and heart within the chest means that 

transiently increased intrathoracic pressures have major effect on systemic cardiovascular 

function. Undesired side effects of the recruitment process mainly arise from the increased 

airway pressures which can cause overdistension of alveoli in well ventilated lung areas, 

marked increase in ventilation-perfusion mismatch, barotrauma, pneumothorax and new air 

leak around an existing chest tube.52 These effects may be even more pronounced in patients 

with ARDS in whom hemodynamic instability is a common feature.53 It has strong 

pathophysiological rationale supported by clinical data that routine ICU monitoring, such as 

invasive blood pressure and central venous pressure monitoring may not be adequate to 

follow hemodynamic changes encountered during lung recruitment.39   

 

4.3.1. Effects on right heart and pulmonary circulation 

 Distending lung volume evoked by applied raised airway pressure leads to an increase 

in TP. TP can be estimated from the difference between alveolar and intrathoracic pressures. 

The transmission of TP to the pleural space impedes venous return and the filling of the right 

ventricle. Meanwhile, the increased TP is transposed to vessels interlacing the lung tissue 

hereby elevating pulmonary vascular resistance (PVR) and right ventricular afterload.  

 

4.3.1.1. Systemic venous return and right ventricle preload 

 The increase of intrathoracic pressure compresses the right atrium and caval veins 

carrying the systemic venous return to the heart. The generated retrograde pressure results in 

elevation in the central venous pressure (CVP) and could impede right ventricular filling. Due 

to this mechanism the assessment of cardiac preload by CVP during lung recruitment 

manoeuvre is misleading, as the transmission of the intrathoracic pressure to the intravascular 
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compartment39 does not represent the true preload component. Restricted right ventricular 

preload is a dominant but not solitary mechanism in the fall of the right ventricular ejection 

fraction. 

 

4.3.1.2. Right ventricular afterload 

 Right ventricular afterload represents the resistance, quantified by the pulmonary 

artery pressure, which the right ventricle should overcome to eject the blood through the 

pulmonary valve. During the lung recruitment manoeuvre the interposed TP further increases 

the area where the intraluminal pressure of the juxtaalveolar capillaries is lower than the 

intraalveolar pressure. This results in a significant increase in the pulmonary vascular 

resistance, parallel to an increase in the pulmonary artery pressure. Thus right ventricular 

afterload is augmented by transitionally elevated TP.  

 Hypoxic pulmonary vasoconstriction, which developed to attenuate the ventilation-

perfusion mismatch caused by alveolar hypoventilation, is another important determinant of 

the right ventricular afterload.54 During significant hypoxaemia the atelectatic lung regions 

are served with only marginal circulation. The hypoxic pulmonary vasoconstriction 

contributes to the overall pulmonary vascular resistance, however there is only limited data 

about it’s role and the changes occurred during lung recruitment.  

 These mechanisms can impair right ventricular function and decrease right ventricular 

stroke volume.55 Iannuzzi et al. found that pressure controlled ventilation (PCV) with peak 

inspiratory pressure of 45 cmH2O for 2 minutes generated a higher grade of lung opening and 

resulted a major and significant increase in PaO2/FiO2 ratio compared to sustained inflation 

(SI) (Figure 8). They found that hypoxic pulmonary vasoconstriction and pulmonary vascular 

resistance index (PVRI) were also reduced, with smaller degree of hyperinflation in the PCV 

group (figure 8). 
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Figure 8. Pressure-time product and main characteristics of sustained inflation (SI) and 
pressure control ventilation (PCV) recruitment manoeuvres 

 

Paw, airway pressure; t, time; CI, cardiac index; PVRI, pulmonary vascular resistance index; 
RWSVI, right ventricle stroke work index; EI, eccentricity index 

 

 On the other hand Reis Miranda et al. could not detect any significant impairment in 

right heart function comparing conventional mechanical ventilation to the open lung concept 

in patients after cardiac surgery.56 This disagreement between the two observations may arise 

from the different methods applied, especially the different timing of measurements. Whereas 

Iannuzzi et al. investigated the immediate effects55 in the other study cardiovascular 

measurements were taken in every 30 minutes for 3 hours.56 

 Similar results were reported by Celebi et al.57 where pulmonary and haemodynamic 

effects of two different recruitment manoeuvres were investigated in patients after open heart 

surgery. During the study period there was no significant change of PVR between the groups, 
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measured after 15 minutes. One may suggest from these observations that the effect of the 

recruitment manoeuvre on the right ventricular afterload is transient, lasting for seconds only. 

Relieving high airway pressures after recruitment helps in the normalization of 

haemodynamic changes in the pulmonary circulation.  

 Apart from the different methods employed in the studies, controversial results may 

arise from the different patient inclusion criteria. In the study of Iannuzzi et al. patients with 

primary ARDS due to hospital acquired bacterial pneumonia were recruited55 whilst Miranda 

Reis et al. investigated patients following cardiac surgery without significant lung injury.56 It 

has been demonstrated in a murine model of acute lung injury induced by Escherichia coli 

lipopolysaccharide, that dynamic inflation applied during lung recruitment produced 

increased right ventricular pressure and total PVR. It also resulted in sustained inflammation 

and vascular dysfunction whilst no similar changes were reported in healthy lungs.58   

 

4.3.1.3. Right ventricular ejection fraction 

 The primary role of the right ventricle is to receive systemic venous blood and to 

forward it via a high volume and low-pressure system, the pulmonary circulation, to the left 

heart chambers.59 Right ventricular ejection fraction is affected by preload, contractility and 

afterload. During the recruitment manoeuvre, the raised intrathoracic and right atrial 

pressures, as discussed previously, could affect both venous return and afterload 

significantly57 (Figure 9 and 10). Both mechanisms can result in impaired right ventricular 

contractility. 
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Figure 9. The effects of increased transpulmonary pressure (TPP) 

                               

PVR, pulmonary vascular resistance; RVEF, right ventricular ejection fraction; LVEF, left 
ventricular ejection fraction; V/Q, ventilation/perfusion; HPV, hypoxic pulmonary 
vasoconstriction 

 

 Right ventricular ejection fraction is inversely related to the ventricle’s afterload. In 

the study by Reis Miranda et al.56 PVRI and right ventricular ejection fraction showed no 

significant changes following recruitment within the first 3 hours, neither within nor between 

groups at any measurement points. However, if immediate effects on right ventricular 

function were investigated, then significant increase in right ventricular stroke work index 

was reported during the recruitment manoeuvre and 2 minutes following the intervention.31 

These results call for further attention on the immediate effects of the recruitment manoeuvre 

on right heart function. There is also lack of data, whether it has any clinically relevant long-

term effects.  
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4.3.1.4. Ventricular interdependence   

 It is important to note that the end-diastolic right ventricular volume has a direct effect 

on the left ventricle, which holds true vica versa. This is called the ventricular diastolic 

interdependence.60 The two chambers are coupled within a common pericardial sac and share 

joint intraventricular septa as a traverse wall. Thus, their volumes are limited by the 

pericardium, hence any change in the right ventricular end-diastolic volume has an effect on 

the left ventricular end-diastolic volume (Figure 10).  

 During sigh recruitment, the right ventricle can have a marked effect on the adjacent 

heart chamber. When lung recruitment manoeuvre is applied by a sustained inspiration, left 

ventricular end-diastolic area can be reduced by as much as 45 %.61 PVR is also increasing 

with the transposed intrathoracic pressure, leading to an acute right ventricular pressure 

overload with dilation, leftward septal shift and left ventricular collapse resulting in low 

cardiac output (CO) and marked systemic haemodynamic changes (Figure 10). These 

changes are transient and only seen during the manoeuvre, with almost instant normalisation 

of haemodynamics once the intrathoracic pressure returns to the baseline.55  

 There is a special scenario when this interdependence is questioned and this is the 

postoperative period after cardiac surgery when the pericardial sac is kept open.56 

Theoretically, due to the missing pericardial sac, interaction between the two adjacent 

ventricles should be impaired and in these patients the diastolic interdependence is not fully 

present. However, in an animal experiment on dogs it was found that artificially increasing 

the pulmonary artery resistance and the right ventricular load had a profound effect on the left 

ventricular filling dynamics. This was explained by the prolonged relaxation and altered 

pressure-volume chamber relations.62   
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Figure 10. Ventricular interdependence before (A) and during alveolar recruitment 
manoeuvre (B) 

 

                                                                                                                                                             

 

 

 

 

 

 

 

 

 

 

 

 

D1, midmitral diamether; D2, diameter orthogonal to D1. Eccentricity index (EI) is calculated 
as D2/D1. RV, right ventricle; LV, left ventricle. 

 

4.3.2. Effects on left heart and systemic circulation 

 The cardiopulmonary system is described by Pinsky as a pressure chamber inside a 

pressure chamber.63 Any increment in the intrathoracic pressure increases the right atrial 

pressure, decreases the venous return and the transmural left ventricular systolic pressure 

hence attenuating the left ventricular ejection fraction (Figure 11). If haemodynamic changes 
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D2 

RV 

RV 

LV 

LV 

A 

B EIA < EIB 
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are solely monitored by mean arterial pressure (MAP) during lung recruitment manoeuvre 

one can theoretically miss relevant alterations in the systemic circulation. Recent 

investigations concluded that simple haemodynamic parameters like MAP or heart rate did 

not show any significant change during and after various recruitment interventions.31,56,64  

However, applying advanced invasive haemodynamic monitoring, relevant changes in the 

systemic circulation can be observed.39  

 

Figure 11. Pressure chamber (heart) in a pressure chamber (thorax) 

                          

LV ejection, left ventricular ejection 

 

4.3.2.1. Left ventricle preload and afterload 

 As described above, ventricular interdependence plays a significant role during lung 

recruitment manoeuvre in determining the left ventricular preload. The increased TP 

compresses the right atrium and increases the CVP by the transmission of pressure to the 

intraluminal compartment of the caval veins. Echocardiographic investigations identify this 

mechanism as partial cause of the impaired left ventricular preload and consecutive decrease 

of CO.55 

 Left ventricular afterload is defined as the pressure of the wall in the left ventricle 

during ejection. Following Laplace’s law, if there is no significant alteration in the systolic 

arterial pressure, as seen throughout most of the studies investigating recruitment manoeuvre, 

left ventricle afterload decreases along with the fall of the transmural pressure of the left 
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ventricle.65 Measuring these pressure fluctuations requires sophisticated methods at the 

bedside therefore correlation between left ventricle afterload and lung recruitment has not 

been investigated thoroughly in human subjects. 

 

4.3.2.2. Cardiac output and left ventricular end-diastolic volume 

 The increased availability of sophisticated continuous CO monitoring using pulse 

pressure analysis like pulse contour cardiac output (PiCCOTM), lithium dilution cardiac 

output (LiDCOTM) or FloTracTM/VigileoTM techniques and Doppler cardiac output devices 

enabled the clinicians to follow alterations in the systemic haemodynamics during each 

cardiac cycle.66 Utilising these advanced monitoring techniques, profound and significant 

decrease in CO was observed during lung recruitment manoeuvres.39,55,61 This decline in left 

ventricular performance can be explained by interconnected fluctuations within the “chamber 

in the chamber” system discussed previously.63 Increased intrathoracic pressure, decreased 

right ventricular filling, increased right ventricular outflow impedance with leftward 

intraventricular septal shift are all precipitating reduced CO (Figure 10). However, rapid 

recovery of the baseline CO was described when the effects were measured in a temporal 

study, so the depression is only transient correlating with the temporarily increased TP.67 

 The absolute reduction in CO is influenced by the technique of the lung recruitment 

and also by the nature of the lung injury. As discussed previously, sustained inflation 

manoeuvre can significantly change left ventricle eccentricity index (Figure 8) indicating a 

significant reduction in left ventricular end-diastolic volume compared to PCV-recruitment, 

which was accompanied by a less profound effect.  

 The importance of the underlying pathology of the lung injury has been emphasised 

by Lim et al.67 They investigated three different types of lung injury models during 

recruitment: oleic acid injury depicting acute surfactant loss, ventilator-induced lung injury 

and finally an injury caused by infection. Animals in all three models underwent a PCV, a 

sigh and a PEEP incremental recruitment. Regardless of the way the manoeuvres were 

executed, a significant but interim drop of CO was observed in each model. However, in the 

pneumonia model the CO decreased to a greater extent and the recovery of systemic 



39 

 

haemodynamics also showed a moderate pattern as compared the two other. It is possible, 

that in septic shock induced inflammatory response, a more profound depression of 

myocardial function and compensatory vasomotor reflexes takes place.68 Out of the three 

recruitment techniques, the sigh manoeuvre resulted in the most significant reduction in CO 

in accordance with previous investigations.55,67   

 One of the available methods to prevent the undesired decrease in CO during lung 

recruitment is the selective lung opening technique described by Hansen et al. in an elegant 

animal model.69 In their experiment pigs were randomized into two groups of lung 

recruitment manoeuvres (by applying 40 cmH2O airway pressure for 30 seconds), either a 

selective lung recruitment manoeuvre such as using the inner lumen of the bronchial blocker 

followed by a whole lung recruitment manoeuvre or vice versa. Whilst there was no 

significant difference in the improvement of oxygenation and the end-expiratory lung volume 

between the two groups, there were no circulatory changes during the selective technique. On 

the other hand, the whole lung recruitment caused a significant drop in CO and left 

ventricular end-diastolic volume. This suggests that selective lung recruitment technique 

might be advantageous in patients with lobar atelectasis prone to haemodynamic instability. 

However, this new method requires further investigations in humans. 

 

4.3.2.3. Alterations in heart rate 

 Along with stroke volume, heart rate is the other determinant of CO. Through the 

recruitment manoeuvre one may expect the development of reflex tachycardia along the drop 

in CO. Many investigations failed to observe such an increase in heart rate, principally no 

significant alteration of pulse rate was found.31,56,57,64 However, in the investigation of 

Nielsen et al. the significant reduction in heart rate was suspected as the major component of 

the declining CO during the sigh manoeuvre.61 One of the explanations is that the inflated 

lung tissue can activate vagal tone causing bradycardia.70 Another assumption is that the sigh 

manoeuvre may precipitate a similar pattern in intrathoracic pressure as the Valsalva 

manoeuvre, hence producing reduction in heart rate. As opposed to the previous findings Lim 
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et al. reported an increased heart rate, perhaps reflecting just a sympathetic response to the 

lengthy recruitment procedure they used.71   

 

4.3.2.4. The effect of volemic state on left heart function 

  One of the main patient exclusion criteria in the lung recruitment studies is 

hemodynamic instability and/or signs of intravascular volume depletion.39,57,61,64,71 

Hypovolemia can amplify the undesirable haemodynamic effects of lung recruitment 

manoeuvre as demonstrated by Nielsen et al.72 In their animal experiment the impact of 

recruitment manoeuvre on central haemodynamics was investigated in pigs with different 

volemic states. The animals were randomized to a 10 second long recruitment followed by 

lung opening lasting 30 seconds by applying 40 cmH2O airway pressure or vice versa, 

performed under hypo-, normo- and hypervolemia. Volemic states were controlled either by 

removing 15 % of the estimated blood volume or by infusion of a volume equal to 15% of the 

estimated blood volume with 3% dextran in Ringer’s solution. The study focused on the 

immediate circulatory effects. They found a significant reduction in left ventricular end-

diastolic volume, which could explain the depleted CO during lung recruitment manoeuvre in 

pigs with acute lung-injury. As expected, the impact of this effect was significantly 

exaggerated by hypovolemia. On the other hand hypervolemic conditions prevented the 

reduction of CO during the extended sigh manoeuvre.  

 Fougères et al. suggested that some microvessels of the lungs may be collapsed by 

PEEP and were recruiteable by the increased left ventricular preload.73 In their recent 

investigation in patients with ARDS recruitment was accomplished by increasing PEEP for 

reaching a plateau pressure of 30 cmH2O. During the manoeuvre CO was decreased along 

with increasing right ventricular afterload. Importantly, passive leg raising restored the CO 

and reduced the PVR. These important observations reinforce the need of appropriate 

intravascular volume assessment prior to the alveolar opening procedure.  
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5. Conclusions 

 

1. Alveolar recruitment manoeuver can improve oxygenation in patients suffering from 

moderate and severe acute hypoxemic respiratory failure and ventilated in CPAP/PS 

mode as indicated by the significant improvement in oxygenation after recruitment in 

74% of all patients.  

2. The decrease in dynamic compliance as displayed on the ventilator after the 

recruitment manoeuver proved to be a simple bed-side indicator of failure in 

improving oxygenation in spontaneously breathing patients. 

3. Ayre’s T-piece significantly improves arterial oxygenation as compared to CPAP/PS 

and CPAP/ATC ventilation.  

4. Ayre’s T-piece resulted in significantly higher ScvO2 as compared to CPAP/PS and 

CPAP/ATC ventilation. Our results suggest a potential role of T-piece trials during 

respiratory weaning in tracheostomized patients. 
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Weaning	 from	 mechanical	 ventilation	 is	 a	
challenging	 process	 for	 critical	 care	 phy-

sicians.	 Over	 the	 last	 decades	 many	 respiratory	
strategies	were	investigated	to	indentify	the	most	
suitable	 method	 of	 successful	 weaning.1	 Con-
ducting	spontaneous	breathing	trial	(SBT)	with	
T-piece	to	identify	patients	ready	for	extubation	
has	been	a	common	practice,	but	it	may	also	be	
used	as	a	weaning	tool	by	alternating	periods	of	

ventilatory	support	and	SBT	on	T-piece.2	Ayre’s	
T-piece	is	a	simple,	non-rebreathing	circuit	first	
used	in	paediatric	anaesthesia.3 Its	potential	ad-
vantages	in	the	critical	care	setting	are	the	mini-
mal	dead	space,	the	low	airway	resistance	and	the	
activation	of	the	breathing	muscles.	The	inspired	
fraction	of	oxygen	 (FiO2)	 can	be	 adjusted	with	
high	 flow	 oxygen/air	 mixers	 or	 by	 the	 applica-
tion	of	a	Venturi	injector	on	the	inspiratory	limb.	
Positive	end-expiratory	pressure	(PEEP)	can	also	
be	applied	with	the	help	of	a	PEEP-valve	at	the	

T-piece	improves	arterial	and	central	venous	
oxygenation	in	trachestomized	patients	as	
compared	to	continuous	positive	airway	

pressure/pressure	support	ventilation
A.	LOVAS,	Z.	MOLNÁR

Department	of	Anaesthesiology	and	Intensive	Therapy,	Faculty	of	Medicine,	University	of	Szeged,	Szeged,	Hungary

A B S T R A C T
Background. T-piece	has	been	widely	used	as	T-piece	trial	to	identify	patients	who	are	ready	for	extubation	but	it	is	
seldom	used	as	a	weaning	tool.	Our	objective	was	to	investigate	the	effects	of	breathing	via	T-piece	on	gas	exchange	
as	compared	to	continuous	positive	airway	pressure	with	pressure	support	(CPAP+PS)	and	CPAP	with	automatic	
tube	compensation	(CPAP+ATC)	as	it	has	not	been	evaluated	yet.
Methods. Tracheostomized,	“ready	to	be	weaned”	critically	ill	patients	were	enrolled	in	this	prospective,	auto-con-
trol	clinical	trial.	Arterial	oxygen	tension	(PaO2)	was	determined	on	CPAP+PS	(t0),	15	minutes	later	on	CPAP+ATC	
(t1),	then	on	T-piece	at	15,	30	and	60	minutes	(t2-4).	ScvO2	was	measured	at	t0	and	t4.	Settings	of	fraction	of	inspired	
oxygen	(FiO2)	and	positive	end-expiratory	pressure	(PEEP)	were	kept	constant	throughout	the	investigation.
Results. Twenty-five	 patients	 were	 enrolled.	T-piece	 trial	 was	 interrupted	 in	 4	 cases	 after	 t2,	 due	 to	 pulmonary	
oedema,	hypertension	or	fatigue.	PaO2/FiO2	was	significantly	higher	on	T-piece	(t3,4)	then	on	CPAP	(t0,1),	P<0.05,	
PaO2/FiO2	did	not	change	significantly	on	CPAP+PS	(t0)	vs.	CPAP+ATC	(t1)	modes:	median=208	(interquartile	
range:	175-266)	vs.	223	(186-290)	mmHg,	P=0.102,	but	significantly	increased	from	t0-t4:	208	(175-266)	vs.	249	
(215-325)	mmHg,	P=0.003,	respectively.	ScvO2	was	significantly	higher	on	T-piece	at	t4:	80%	(75-82%)	than	on	
CPAP+PS	at	t0:	73%	(71-78%),	P<0.001.
Conclusion: On	the	 same	FiO2	and	PEEP	setting,	breathing	via	T-piece	 improved	oxygenation	and	 resulted	 in	
increased	ScvO2	as	compared	to	breathing	on	CPAP	with	PS.	Our	observations	suggest	a	potential	role	of	T-piece	
during	weaning	from	mechanical	ventilation.	(Minerva Anestesiol 2013;79:492-7)
Key words: Continuous	positive	airway	pressure	-	Positive-pressure	respiration	-	Ventilator	weaning	-	Tracheostomy.
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end	 of	 the	 expiratory	 limb.4	 Comparing	 with	
mechanical	ventilation	disadvantages	are	the	lack	
of	pressure	support,	monitoring	airway	pressure	
and	 tidal	 volume.	 Spontaneous	 ventilation	 can	
be	 facilitated	 by	 new	 generation	 of	 ventilators,	
by	applying	continuous	positive	airway	pressure	
(CPAP)	with	pressure	support	(PS)	and	automat-
ic	tube	compensation	(ATC).	The	purpose	of	the	
latter	 is	 the	 automatic	 regulation	 of	 the	 airway	
pressure	in	proportion	to	the	ventilator’s	flow	rate	
in	order	to	compensate	for	the	resistance	of	artifi-
cial	airways.5	Our	objective	was	to	investigate	the	
effects	of	T-piece	on	gas	exchange	as	compared	to	
CPAP+PS	 and	CPAP+ATC	modes	 in	 tracheos-
tomized	patients	during	respiratory	weaning.

Materials and methods

Study population

The	study	was	approved	by	the	Human	Inves-
tigation	 Review	 Board	 of	 University	 of	 Szeged.	
Due	to	the	prospective	observational	design	of	the	
study,	and	because	T-piece	weaning	has	long	tradi-
tion	in	the	department	and	the	protocol	included	
no	other	intervention	that	regular	monitoring,	the	
need	for	informed	consent	was	waived.	All	patients	
ventilated	in	CPAP+PS	mode	via	a	tracheostomy	
tube	and	fulfilling	the	criteria	of	the	department’s	
weaning	protocol	of	SBT	were	enrolled.	Weaning	
criteria	 were	 defined	 as:	 SpO2>94%,	 respiratory	
rate	(RR)<35	min-1,	hemodynamic	stability	with	
heart	 rate	 (HR)<100	 min-1,	 mean	 arterial	 pres-
sure	 (MAP)>60	 mmHg	 on	 PEEP<10	 cmH2O,	
FiO2<50	%	and	PS≤10	cmH2O.	Exclusion	crite-
ria	were:	pregnancy,	age	under	18,	coexisting	ven-
tilator	associated	pneumonia	and	pulmonectomy	
or	lobectomy	in	past	medical	history.	Electrocar-
diogram,	 invasive	blood	pressure,	SpO2	and	RR	
were	continuously	monitored	by	Dräger	Infinity	
Gamma	 XL	 Monitor	 (Telford,	 PA,	 USA)	 and	
central	venous	catheters	were	 in situ	 in	all	cases.	
Patients	were	ventilated	by	Dräger	Evita®	XL	res-
pirator	(Lübeck,	Germany)	at	all	times.

Experimental protocol

Once	patients	fulfilled	the	criteria	for	weaning,	
baseline	 (t0)	 respirator	 settings,	 cardio-respiratory	

parameters	and	arterial	and	central	venous	blood	
gas	 results	were	 recorded	while	 the	patients	were	
ventilated	 in	 CPAP+PS	 mode.	 Then	 PS	 was	 de-
creased	to	0	cmH2O	when	just	ATC	was	applied	
for	15	minutes	and	the	respiratory	parameters	were	
recorded	again	(t1).	ATC	was	set	to	100%	compen-
sation,	artificial	airway	was	marked	as	tracheosto-
my	tube	with	the	exact	internal	diameter.	After	that	
patients	were	placed	on	T-piece	with	constant	FiO2	
and	PEEP	according	to	the	respirator	settings.	T-
piece	was	assembled	from:	1)	T-tube	(Intersurgical,	
Wokingham,	United	Kingdom);	2)	1500	mm	long	
corrugated	tube	as	inspiratory	limb;	with	a	3)	Ven-
turi	 injector	 (Intersurgical,	 Wokingham,	 United	
Kingdom)	to	provide	adequate	fresh	gas	flow	(30-
50	L/min);	4)	a	500	mm	long	corrugated	tube	as	
expiratory	limb;	with	5)	a	precalibrated,	adjustable	
PEEP	 valve	 (Ambu,	 Baltorpbakken,	 Denmark).	
FiO2	was	monitored	throughout	with	an	Ohmeda	
5100	Oxygen	Monitor	(Madison,	WI,	USA)	con-
nected	between	the	Venturi	injector	and	the	inspir-
atory	limb	of	the	T-piece.	Repeated	measurements	
were	taken	at	15	(t2),	30	(t3)	and	60	minutes	(t4)	
on	the	T-piece	trial.	Vital	parameters	were	recorded	
and	arterial	blood	gas	samples	were	analyzed	by	a	
Roche	cobas	b	221	(Mannheim,	Germany)	blood	
gas	system	at	each	measurement	points	and	central	
venous	samples	were	taken	at	t0	and	t4	to	determine	
central	venous	oxygen	saturation	(ScvO2).	The	trial	
was	interrupted	if	RR	increased	>35	min-1,	SpO2	
decreased	permanently	under	90%,	HR>120	min-

1,	blood	pressure>160/90	mmHg	or	patient	indi-
cated	shortness	of	breath.

Statistical analysis

After	 testing	 for	 normality	 with	 the	 Kolgo-
morov-Smirnov	 test	 with	 Lilliefor’s	 modifica-
tion,	 matched	 pairs	 were	 tested	 by	 nonpara-
metric	 Friedman’s	 ANOVA	 test.	 The	 P	 value	
was	considered	significant	if	<0.05.	For	statisti-
cal	 analysis	PASW	Statistics	 18	 (Chichago,	 IL,	
USA)	software	was	used.

Results

Over	the	study	period	25	tracheostomized	pa-
tients	were	enrolled.	The	trial	was	interrupted	in	
four	cases	(16%)	after	t2,	because	of	pulmonary	
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CPAP+PS versus CPAP+ATC

Arterial	 oxygen	 tension	 PaO2/FiO2	 and	
SaO2	 did	 not	 show	 any	 significant	 change	 on	
CPAP+ATC	 as	 compared	 to	 CPAP+PS	 mode	
(Figure	1).	Tidal	volume	(Vte)	did	not	decrease	
significantly	with	a	significant	increase	in	RR	at	
the	same	time.	There	was	no	significant	change	
in	 arterial	 carbon	 dioxide	 (PaCO2),	 pH,	 base	
excess	 (BE),	 bicarbonate	 (HCO3

-)	 and	 lactate.	
Switching	 from	 CPAP+PS	 to	 CPAP+ATC	 had	
no	effect	on	haemodynamic	parameters,	as	indi-
cated	by	MAP	and	HR	values	(Table	II).

CPAP+PS/CPAP+ATC versus T-piece

Regarding	oxygenation,	PaO2/FiO2	and	SaO2	
showed	 significant	 improvement	 almost	 at	 all	
measurement	points	on	T-piece	trial	as	compared	
to	CPAP+PS	and	CPAP+ATC	modes	except	of	
results	at	t2	as	compared	to	t1	when	PaO2/FiO2	
did	not	change	significantly.	There	was	also	a	sig-
nificant	increase	in	ScvO2	at	t4	as	compared	to	
baseline	measurements	(Figures	1,	2,	Table	II).

RR	and	PaCO2	were	significantly	higher	at	all	

oedema,	 hypertension	 and	 on	 two	 occasions	
because	of	fatigue	with	CO2	retention.	As	data	
was	analyzed	on	an	 intention-to-treat	basis,	we	
included	those	4	patients	who	failed	the	T-piece	
trial	 in	the	final	analysis.	Demographic	charac-
teristics	of	the	patients	is	summarised	in	Table	I.

Table	I.—�Patient characteristics (N.=25).

Characteristics Mean±SD

Age	–	yr 62±14
Male/female	–	N. 17/8
Body-mass	index	–kg/m2 31±9
APACHE	II	score 23±7
PEEP	–	cmH2O 7±2
FiO2	–	% 43±6
PS	–	cmH2O 8±3
Ventilated	days	–	N. 9±6
Days	since	tracheostomy	–	N. 4±4

Cause	of	admission No.	(%)

Trauma 5	(20)
Heart	failure 5	(20)
Sepsis 5	(20)
Intracerebral	haemorrhage 4	(16)
Other 6	(24)

PS:	pressure	support.

Figure	1.—�Arterial	oxygen	tension/fraction	of	inspired	oxygen	(PaO2/FiO2).	Data	are	presented	as	5th-95th	percentile,	interquar-
tile	range	and	median.	*P<0.05	as	compared	to	t0;#	P<0.05	as	compared	to	t1
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and	HR	increased	significantly	but	only	by	t4	as	
compared	to	t1	(Table	II).

Discussion

The	major	finding	of	this	study	is	that	breath-
ing	 via	 a	T-piece	 improved	 arterial	 and	 central	
venous	oxygenation	in	tracheostomized	patients	
as	compared	to	CPAP+PS	and	CPAP+ATC	ven-
tilatory	modes.

Weaning with T-piece

In	 this	 investigation	 84%	 of	 the	 patients	
completed	 the	T-piece	 trial,	 and	 in	4	 cases	we	
had	 to	 interrupt	 the	 trial.	 Unfortunately	 we	
cannot	 compare	 our	 failure	 rate	 directly	 with	
international	 results	 as	 according	 to	 our	 best	
knowledge	there	is	no	literature	data	on	the	ef-
fect	of	T-piece	on	gas	exchange	and	weaning	in	
tracheostomized	patients.	In	general,	failure	rate	
after	 SBT	 is	 reported	 around	 26-42%	 within	
the	first	 60	minutes1,	which	was	 only	16%	 in	
our	study.	Michalopoulos	et al.,	investigated	the	
effect	of	different	arrangements	of	T-piece	parts	
on	oxygenation	6	and	Hoffman	et al.,	analyzed	
the	impact	of	tracheal	gas	insufflation	on	venti-
latory	demand	7	in	patients	with	tracheostomy	
but	the	termination	rate	was	not	mentioned	in	
these	 trials.	 In	 two	out	of	 four	cases	when	 the	
trial	had	to	be	interrupted	in	our	study	patients	

time-points	 with	 a	 significant	 decrease	 in	 pH.	
There	 was	 a	 tendency	 of	 significantly	 elevated	
HCO3

-	levels	at	t2-4	with	no	significant	increase	
in	BE	and	lactate	levels	showed	minimal	change.	
Regarding	haemodynamic	parameters	MAP	was	
significantly	higher	on	T-piece	at	all	time	points	

Figure	 2.—�Central	 venous	 oxygen	 saturation.	 Data	 are	 pre-
sented	as	5th-95th	percentile,	interquartile	range	and	median.	
*	P<0.001

Table	II.—�Blood gas results and vital paramters. Data are presented as median [interquartile range].

t0
(N.=25)

t1
(N.=25)

t2
(N.=25)

t3
(N.=21)

t4
(N.=21)

Vte–ml 450	[365-530] 407	[335-500]
RR–min-1 23	[18-30] 27	[20-30]c 30	[26-33]c,d 28	[24-35]c,d 29	[25-35]c,d

SaO2–% 97	[96-98] 97	[95-98] 99	[97-99]c,d 99	[97-99]c,d 99	[97-99]c,d

PaO2–mmHg 89	[78-111] 96	[82-113] 119	[98-138]c 127	[101-149]c,d 122	[98-144]c,d

PaO2/FiO2 208	[175-266] 223	[186-290] 262	[207-339]c 270	[208-373]c,d 249	[215-325]c,d

PaCO2–mmHg 41	[37-47] 41	[38-48] 47[43-55]c,d 49	[43-58]c,d 50	[43-58]c,d

ScvO2–% 73	[71-78] 80	[75-82]c

pH 7.41	[7.39-7.43] 7.41	[7.38-7.43] 7.36	[7.33-7.40]a,b 7.37	[7.33-7.41]a,b 7.38	[7.33-7.41]a,b

HCO3
-–mmol/L 25.9	[23.7-27.9] 26.1	[24.4-27.6] 26.9	[25.8-29.2]c,d 27.1	[25.7-30.6]c,d 27.0	[25.9-29.6]c,d

BE 1.3	[-0.2-2.8] 1.4	[0.0-2.3] 1.2	[0.3-3.0] 1.6	[0.1-4.3] 1.9	[0.2-3.4]
Lactate–mmol/L 1.0	[0.5-1.2] 0.9	[0.5-1.2] 1.0	[0.6-1.1] 0.9	[0.6-1.0]a,b 0.8	[0.5-1.0]a

HR–min-1 79	[71-86] 78	[71-87] 83	[72-93] 83	[73-93] 85	[74-96]d

MAP–mmHg 82	[73-95] 83	[73-95] 90	[80-106]c,d 91	[79-105]c,d 93	[78-101]d

asignificant	decrease	as	compared	to	t0,	P<0.05;	bsignificant	decrease	as	compared	to	t1,	P<0.05;	csignificant	increase	as	compared	to	t0,	P<0.05;	
dsignificant	increase	as	compared	to	t1,	P<0.05
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arterial	 oxygenation.14	 As	 we	 did	 not	 measure	
the	actual	PEEP	level	on	T-piece,	one	cannot	ex-
clude	its	effect	on	the	results.

Regarding	ventilation	on	T-piece	 there	was	 a	
significant	and	gradual	increase	in	PaCO2	and	a	
decrease	 in	pH	values	over	 time.	Although	 this	
change	was	statistically	significant,	but	even	the	
last	 median	 pH	 value	 remained	 in	 the	 normal	
range	of	>7.35.	Nevertheless,	one	has	to	bear	in	
mind	that	with	the	 lack	of	pressure	support	on	
T-piece,	and	this	holds	true	for	all	SBT	methods,	
patients	are	prone	to	CO2	retention	which	per se	is	
an	important	sign	of	weaning	failure.1	Although	
assessment	of	the	success	of	weaning	was	beyond	
the	aim	of	this	study,	4	patients	out	of	the	25	had	
to	go	back	on	mechanical	ventilation	during	the	
study	period	of	75	minutes	due	to	fatigue	(and	
consequent	 hypoventilation)	 and	 signs	 of	 acute	
heart	failure.	Future	studies	may	be	warranted	to	
investigate	the	predictive	value	of	PaCO2	changes	
on	T-piece	as	a	predictor	of	weaning	failure/suc-
cess	in	tracheostomized	patients.

Effects on ScvO2

In	 the	 current	 study	 we	 measured	 signifi-
cantly	higher	ScvO2	values	on	T-piece	as	com-
pared	 to	 CPAP+PS/CPAP+ATC	 ventilation.	
Increased	ScvO2	can	be	 the	 result	of	 increased	
oxygen	delivery	(cardiac	output,	CO	and	arte-
rial	 oxygen	 content,	 CaO2)	 and/or	 when	 oxy-
gen	consumption	is	decreased.15	Unfortunately	
we	are	unable	 to	give	an	exact	explanation	 for	
this	 phenomenon	 as	 we	 did	 not	 measure	 CO	
and	work	of	breathing	 (WOB).	However,	 Jiao	
et al.,	 found	 in	 an	 in vitro	 investigation	 that	
Dräger	Evita®	XL	respirator,	the	one	we	used	in	
our	study,	had	the	highest	expiratory	resistance	
among	 four	 newer	 generation	 ventilators	 with	
active	expiratory	valve	16	what	can	significantly	
affect	 WOB.	 Therefore,	 it	 can	 be	 that	 the	 in-
crease	in	ScvO2	was	in	indeed	an	improvement	
as	a	result	of	the	less	WOB	on	T-piece.	This	hy-
pothesis	is	also	supported	by	the	fact,	that	there	
was	no	sign	of	inadequate	oxygen	uptake	as	in-
dicated	by	normal	lactate,	bicarbonate	and	pH	
levels.	All	21	patients	remained	haemodynami-
cally	 stable	 throughout	 as	 indicated	 by	 MAP,	
HR	and	lactate	values.	However,	as	there	was	a	

suffered	from	chronic	cardiac	conditions	such	as	
ischemic	heart	disease	and	cardiac	failure	which	
is	 in	 accord	 with	 previous	 results	 that	 cardiac	
dysfunction	can	limit	respiratory	weaning	dur-
ing	SBT.8

Effects on gas exchange

Varelman	et al.,	 found	no	significant	change	
in	PaO2	when	ATC	was	compared	with	PS	ven-
tilation	in	intubated	patients.9	This	is	in	accord	
with	 our	 findings	 in	 tracheostomized	 patients.	
Regarding	the	effects	of	T-piece	trial	on	gas	ex-
change,	 in	 a	 recent	 clinical	 study	on	 intubated	
patients	it	was	found	that	PaO2	did	not	change	
significantly	 as	 compared	 to	 PS	 ventilation,10	
which	 is	 in	 contrast	 with	 our	 findings	 of	 im-
proved	oxygenation	on	T-piece.

There	are	several	mechanisms	which	could	ex-
plain	this	significant	increase	in	arterial	oxygena-
tion.	 First,	 the	 activation	 of	 breathing	 muscles	
without	 the	 interference	 of	 the	 ventilator	 may	
have	 a	 significant	 impact.	 Mechanical	 venti-
lation,	 controlled	 as	 well	 as	 PS	 modes,	 induce	
diaphragm	dysfunction.11	In	patients	who	fulfill	
the	“ready	to	be	weaned”	criteria,	breathing	via	a	
T-piece	may	be	beneficial	as	compared	to	several	
ventilation	modes,	 in	which	 the	patient	has	 to	
trigger	the	ventilator	by	either	flow	or	pressure.	
During	T-piece	 trials	 respiratory	muscle	move-
ments	may	promote	immediate	alveolar	recruit-
ment	12	with	a	prompt	benefit	on	gas	exchange.	
It	has	also	been	shown	in	a	recent	article	that	dif-
ferent	arrangements	of	the	T-piece	system	can	af-
fect	PaO2.	Second,	when	a	long	inspiratory	cor-
rugated	 tube	was	 inserted	between	 the	Venturi	
injector	and	the	T-piece	as	an	inspiratory	limb,	
just	 like	 in	our	 investigation,	 it	 resulted	 in	 sig-
nificantly	improved	arterial	oxygenation	as	com-
pared	to	assembling	the	Venturi	injector	directly	
to	 the	T-piece.6	 Finally,	 the	 PEEP	 valve	 might	
have	had	 some	effect	on	 the	observed	changes.	
Comparing	 adjustable	 PEEP	 valves,	 the	 same	
as	we	used	on	our	 study,	 to	precalibrated	fixed	
PEEP	valves	during	helmet	CPAP,	the	adjustable	
ones	showed	a	variable	degree	flow	dependency	
producing	 higher	 end	 expiratory	 pressures	 on	
higher	 flow	 rates.13

	 Increased	 PEEP	 level	 is	 as-
sociated	with	alveolar	recruitment	and	improved	
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significant	increase	of	2%	in	SaO2	on	T-piece	it	
might	have	also	had	some	contribution	in	im-
proved	oxygen	delivery	hence	on	 the	observed	
increase	in	ScvO2.

Limitations

The	main	limitation	of	this	study	is	that	de-
tailed	cardio-respiratory	monitoring	on	T-piece	
such	 as	 airway	 pressure,	 PEEP,	 tidal	 volume,	
CO,	 WOB,	 was	 not	 available	 it	 is	 difficult	 to	
explain	the	observed	findings.	However,	the	pri-
mary	 aim	of	 this	 study	was	 to	observe	 if	 there	
was	 any	 difference	 in	 oxygenation	 on	T-piece.	
Having	found	the	current	results	a	detailed	 in-
vestigation	may	be	warranted.

Conclusions

To	our	best	knowledge	this	is	the	first	study	to	
show	that	conducting	respiratory	weaning	with	
Ayre’s	T-piece	significantly	improves	arterial	oxy-
genation	and	resulted	in	higher	ScvO2	as	com-
pared	to	CPAP+PS	and	CPAP+ATC	ventilation.	
Although	 there	 are	 several	 open	questions,	 our	
results	 suggest	 a	 potential	 role	 of	T-piece	 trials	
during	 respiratory	 weaning	 in	 tracheostomized	
patients.

Key messages

	— Breathing	 via	 a	T-piece	may	 improve	
arterial	 oxygenation	 in	 tracheostomized	 pa-
tients	during	respiratory	weaning.

	— Weaning	on	T-piece	may	result	an	in-
crease	in	central	venous	oxygen	saturation.

	— During	 weaning	T-piece	 can	 serve	 as	
an	alternative	of	CPAP	with	pressure	support	
ventilation.
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Lung recruitment can improve
oxygenation in patients ventilated
in continuous positive airway
pressure/pressure support mode
András Lovas , Márton Ferenc Németh , Domonkos Trásy and Zsolt Molnár *

Department of Anaesthesiology and Intensive Therapy, Faculty of Medicine, University of Szeged, Szeged, Hungary

Background: Recruitment maneuvers are often used in critical care patients with hypox-
emic respiratory failure. Although continuous positive airway pressure/pressure support
(CPAP/PS) ventilation is a frequently used approach, but whether lung recruitment also
improves oxygenation in spontaneously breathing patients has not been investigated yet.
The primary objective was to analyze the effect of recruitment maneuver on oxygenation
in patients ventilated in CPAP/PS mode.

Methods: Following baseline measurements PEEP was increased by 5 cmH2O. Recruit-
ment maneuver was applied for 40 s with 40 cmH2O of PS. Measurements of the
difference in PaO2/FiO2 and airway parameters measured by the ventilator were recorded
immediately after recruitment then 15 and 30min later. Thirty patients ventilated in
CPAP/PS mode with a PEEP ≥5 cmH2O were enrolled in this prospective, observational
study if their PaO2/FiO2 ratio was <300mmHg or required an FiO2 >0.5.

Results: Following recruitment maneuver patients were considered as non-responders
(NR, n=15) if difference of PaO2/FiO2 <20% and responders (R, n=15) if difference
of PaO2/FiO2 ≥20%. In the NR-group, PaO2/FiO2 decreased non-significantly from
baseline: median [interquartile], PaO2/FiO2 =176 [120–186] vs. after recruitment: 169
[121–182] mmHg, P=0.307 while in the R-group there was significant improvement: 139
[117–164] vs. 230 [211–323] mmHg, P=0.01. At the same time points, dead space to
tidal volume ratio (Vds/Vte) significantly increased in the NR-group Vds/Vte=32 [27–37]
vs. 36 [25–42]%, P=0.013 but no significant change was observed in the R-group: 26
[22–34] vs. 27 [24–33]%, P=0.386.

Conclusion: Recruitment maneuver improved PaO2/FiO2 ratio by ≥20% in 50% of
patients ventilated in CPAP/PS mode.

Keywords: capnography, CPAP ventilation, lung compliance, lung recruitment, positive end-expiratory pressure

Introduction

Hypoxemic respiratory failure is one of the leading causes of the need for mechanical ventilation
and can occur in several conditions, most often as a result of heart failure, pneumonia, and sepsis.
Its most severe form is acute respiratory distress syndrome (ARDS), which still carries high risk of
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mortality (1). Applying increased level of PEEP (2), prone posi-
tioning (3), and lung recruitment (4) are all recommended mea-
sures to improve oxygenation and gas exchange in general.

One of the main reasons of hypoxemia, characterized by
low partial arterial oxygen tension/fraction of inspired oxygen
(PaO2/FiO2), is diffuse atelectasis of the alveoli (5). Therefore,
resolving atelectatic lung areas could reduce intrapulmonary
shunt and venous admixture and hence improve oxygenation (6).
This can be achieved by applying increased intrathoracic pressures
for a short period of time and keep the alveoli open by titrating the
adequate level of PEEP. This procedure of opening up atelectatic
alveoli and keep them open is called as the “open lung concept”
(7). However, it is also well known that not every lung responds for
recruitment maneuvers (8). Although most recruitment strategies
were tested under controlled mechanical ventilation (9), there is
also increasing evidence that maintaining spontaneous breathing
during mechanical ventilation may provide advantageous ven-
tilation/perfusion ratio and prevents alveolar shearing (6, 10).
Applying continuous positive airway pressure (CPAP) with or
without pressure support (PS) and allowing the patient to breathe
spontaneously is an often used ventilationmode, both during non-
invasive and invasive ventilation. Although theoretically alveolar
recruitmentmay also have a place in these patients ventilated inva-
sively this has only been investigated during non-invasive venti-
lation (11). Sophisticated methods of assessing lung recruitment,
like computer tomography (CT) scanning, esophageal pressure
measurements, etc., are rarely available in the everyday routine
in most countries and these are especially difficult to perform in
spontaneously breathing patients (12). Nevertheless, one of the
benefits of effective recruitment is improved oxygenation after
the maneuver. Therefore, the purpose of the current study was
to investigate the effects of recruitment on the PaO2/FiO2 ratio
in patients ventilated in CPAP/PS mode suffering from moderate
and severe hypoxemic respiratory failure.

Materials and Methods

Patients
Following ethics committee approval of the Human Investiga-
tion Review Board of University of Szeged, informed consent
was obtained from the patients’ next of kin. All mechanically
ventilated patients with maintained spontaneous breathing, ven-
tilated in CPAP/PS mode with a PEEP ≥5 cmH2O, were enrolled
in this prospective, observational study if their PaO2/FiO2 ratio
<300mmHg or required an FiO2 >0.5, regardless of the eti-
ology of respiratory failure (13, 14). Exclusion criteria were
age <18, pregnancy, pulmonectomy/lobectomy, or spontaneous
pneumothorax in past-medical history, emphysematous bullae,
clinically diagnosed end stage chronic obstructive pulmonary
disease, and vasopressor refractory hemodynamic instability.

Measurements and Experimental Protocol
All patients whowere eligible for the study had a radial arterial and
an internal jugular or subclavian central venous catheter inserted
on admission to the intensive care unit as part of our standard
care. Patients were sedated with continuous infusion of propofol
and fentanyl reaching a Richmond Agitation Sedation Scale score

of −1 to −2. Electrocardiogram, invasive blood pressure, and
SpO2 were continuously monitored by Dräger Infinity Gamma
XL Monitor (Telford, PA, USA). Patients were ventilated with
Dräger Evita® XL respirators (Lübeck, Germany). The level of PS
was adjusted to achieve adequate arterial pCO2 level to maintain
pH≥7.30. Respiratory parameters, airway pressures, dynamic res-
piratory compliance, airway resistance, end-tidal carbon dioxide
(EtCO2), dead space (Vds), and dead space to exhaled tidal volume
ratio (Vds/Vte) were all continuously monitored by the respirator
and its own volumetric capnography.

Once inclusion criteria were fulfilled respirator settings, cardio-
respiratory and airway parameters were recorded at baseline.
Then PEEP was increased by 5 cmH2O and after 5min mea-
surements were repeated to investigate the effect of any PEEP-
induced recruitment. For alveolar recruitment, PS was increased
to 40 cmH2O for 40 s to limit the undesirable side effects of
volutrauma. After which peak inspiratory pressure was reduced to
the initial value as at baselinewhilemaintaining the increased level
of PEEP (by 5 cmH2O) according to the open lung concept (7).
Measurements were repeated immediately after recruitment then
15 and 30min later with constant respirator settings as at baseline.
Arterial blood gas samples were analyzed by a Roche cobas b 221
(Mannheim, Germany) blood gas system at each measurement
points and central venous samples were taken at baseline and at
the final time point to determine central venous oxygen saturation
(ScvO2).

Primary outcome parameter was the change in oxygenation
(PaO2/FiO2) after the recruitment maneuver. Patients were con-
sidered as non-responders (NR) if difference of PaO2/FiO2 <20%
and responders (R) if difference of PaO2/FiO2 ≥20% between
baseline and following recruitment measurements.

Statistics
Based on a preliminary analysis of our data (15), the mean
PaO2/FiO2 ratio before recruitment was 156mmHg with a SD of
43mmHg. In order the study to have an 80%powerwith aP< 0.05
and to observe an increase in the PaO2/FiO2 of 10 or 20% (which
corresponds to a PaO2/FiO2 of 171 and 186mmHg, respectively)
after recruitment, the requiredminimal sample sizewas calculated
to be 51 or 13. Therefore, we decided that a sample size of 30
should be feasible and provide adequate statistical power.

All data in the tables are presented as median [interquartile
range]. Figures are presented as boxplots: 5th–95th percentile,
interquartile range, and median. After testing for normality
with Shapiro–Wilk test data were analyzed between groups with
Mann–WhitneyU test or Kruskal–Wallis test as suitable.Matched
pairs were investigated with Wilcoxon signed rank test and rela-
tionship was analyzed with Spearman’s correlation coefficient. For
evaluating goodness of fit and independence, Pearson’s chi-square
test was used. The “P” value was considered significant if <0.05.
For statistical analysis, IBM SPSS Statistics Version 20 (Armonk,
NY, USA) software was used.

Results

Over the study period 30 patients were enrolled, of whom 15
(50%) patients turned out to be NR and 15 (50%) responders.
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TABLE 1 | Demographic data.

Non-responders
(n=15)

Responders
(n=15)

P

Age (years) 63 [55–58] 74 [59–76] 0.045
Male/female (N) 11/4 9/6
Body-mass index (kg/m2) 27 [24–31] 29 [25–34] 0.389
APACHE II score 21 [18–25] 23 [19–33] 0.851
Baseline PEEP (cmH2O) 10 [8–12] 10 [10–12] 0.389
Baseline FiO2 (%) 60 [50–62] 60 [60–80] 0.126
Baseline PS (cmH2O) 12 [8–16] 10 [10–16] 0.935
Ventilated days (N) 4 [2–6] 2 [1–4] 0.202
Lung injury score 2.3 [1.7–2.7] 2.3 [2.0–2.8] 0.461
Orotracheal tube ID (mm) 8 [8–8.5] 8 [8–8] 0.567
Cause of admission (%)
Heart failure 4 (13) 6 (20)
Ischemic heart disease 2 (8) 7 (24)
Pneumonia 3 (10) 1 (3)
Sepsis 3 (10) 0
Pulmonary contusion 1 (3) 0
Stroke 1 (3) 0
Other 1 (3) 1 (3)

APACHE II, acute physiology and chronic health evaluation II; PEEP, positive end-
expiratory pressure; PS, pressure support; ID, internal diameter.

There was no significant difference between groups in baseline
respirator settings and demographic characteristics except of age.
Out of the 19 patients with admission diagnosis of cardiac origin
13 (68%) were responders (Table 1). Serious adverse effects of
recruitment maneuver like pneumothorax and worsening hemo-
dynamic instability were not detected.

There was a non-significant decrease in PaO2/FiO2 from base-
line to 30min following recruitment in the NR-group. In the R-
group, PaO2/FiO2 significantly improved after the recruitment
maneuver as compared to baseline results and remained ele-
vated throughout the observation period. There was significant
improvement in SaO2 among responders, while there was no
significant change in the NR-group. Bicarbonate and base excess
levels showed significant difference between groups at all time
points. Hemodynamic parameters and ScvO2 did not show any
significant change over time (Table 2; Figure 1).

There was no significant change in tidal volume, Vte indexed
for predicted bodyweight, respiratory rate, and minute ventilation
between groups and throughout the study as compared to baseline
parameters. In the NR-group dynamic compliance, a parameter
indicated on the ventilator dropped non-significantly after the
recruitment maneuver but there was a significant increase in
Vds/Vte following recruitment and 15min later as compared to
baseline in the same group. There was no other significant change
in the examined respiratory and airway parameters in theNR- and
R-group (Table 3).

Improvement in oxygenation was detected in 74% of all
patients, and in 26% arterial oxygenation did not improve or
even deteriorated. Testing in a contingency table the change
in PaO2/FiO2 and dynamic compliance after the recruitment
maneuver is shown in Figure 2. Improvement (≥0) or deteri-
oration (<0) of dynamic compliance gave high sensitivity and
specificity with a positive predictive value of 0.89 to differentiate
patients with worsening as compared to those with improved
PaO2/FiO2.

Discussion

The most important finding of this study is that recruitment
maneuver improved oxygenation by more than 20% in half of
the patients with moderate and severe hypoxemic respiratory
failure ventilated in CPAP/PS mode. We also found that patients
in whom hypoxemia was due to cardiac origin seemed to ben-
efit the most, as nearly 70% of these patients were found to be
responders.

Patients, according to the change in the PaO2/FiO2 ratio
after recruitment, were divided to non-responder and respon-
der groups. Regarding the demographic data, it is an interesting
finding that patients in the NR-group were significantly younger
than those in the R-group. There were also more patients with
ischemic heart disease and heart failure in the R-group, while
there were only four patients with heart failure in the NR-group.
One of the possible explanations is that although lung compli-
ance decreases with age in general but success of recruitment
depends on other factors like co-morbidities and it may be more
successful in patients with heart disease as compared to patients
with pneumonia. The beneficial effects of PEEP-induced alveolar
recruitment with improved compliance and oxygenation are well
known phenomenon in patients with ischemic heart disease (16).
PEEP can also decrease intrapulmonary shunt such as hypoxic
pulmonary vasoconstriction with a reduced pulmonary artery
pressure among patients with heart failure (17). Therefore, it is not
the age per se but the accompanying higher number of patients
with heart condition that caused the observed difference in the
current study. Our results draw the attention of the importance of
the etiology of acute lung injury and co-morbidities, at least as far
as improvement in oxygenation is concerned after the recruitment
maneuver. These results are also in accord with those reported
in patients on controlled mechanical ventilation (18) but it also
contradicts those in which etiology did not seem to matter (19).
However, in this recent study by Grasso et al., the sample size was
small (11/group) and none of the patients were admitted due to
acute heart failure. Nevertheless, the success of recruitment as far
as oxygenation is concerned in spontaneously breathing patients
having developed hypoxemic respiratory failure due to acute
heart failure is an important finding and should be investigated
further.

Although it is not the most accurate way to assess lung recruit-
ment, but measuring changes in arterial oxygenation is one of
the commonly used methods to detect the efficacy of recruitment
(20, 21). Furthermore, there is no consensus on how to define
responders and NR based on the PaO2/FiO2 values, which vary
between 30 and 50% in the literature (19, 22). Due to the lack
of well-defined values, we have chosen an arbitrary threshold
of difference in PaO2/FiO2 ≥20% to define as responders and
<20% as NR following recruitment. Nevertheless, we detected
an improvement of oxygenation in 74% of all patients, and in
26% arterial oxygenation did not improve or even deteriorated.
Taking the 20% improvement in oxygenation as a clinically sig-
nificant change, 50% of patients still responded, which is sim-
ilar to that of reported in recently published studies (23, 24).
However, it is important to note that the ratio of responders
is highly dependent on the defined threshold. Furthermore, the
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TABLE 2 | Hemodynamic variables and blood gas results.

Group Time point

Baseline PEEP
increment

After RM 15min
following RM

30min
following RM

Heart rate (1/min) NR 88 [64–99] 89 [68–102] 87 [66–100] 91 [67–99] 90 [67–99]
R 95 [70–100] 95 [72–115] 93 [70–106] 92 [70–101] 99 [70–119]

MAP (mmHg) NR 75 [68–92] 80 [70–83] 79 [68–88] 79 [69–83] 80 [70–86]
R 75 [69–88] 75 [71–87] 78 [66–87] 76 [68–85] 74 [69–86]

SaO2 (%) NR 96 [93–99] 97 [94–99] 97 [94–99] 97 [95–98] 97 [95–99]
R 95 [94–97] 96 [95–98]a 98 [96–99]a 98 [96–99]a 97 [96–99]a

PaCO2 (mmHg) NR 47 [44–50] 50 [44–52] 48 [43–50] 48 [45–53] 48 [43–52]
R 39 [37–49] 41 [37–50] 42 [37–51] 40 [37–52] 39 [37–53]

ScvO2 (%) NR 74 [70–82] 77 [69–83]
R 76 [69–79] 77 [72–81]

pH NR 7.4 [7.3–7.4] 7.4 [7.3–7.4] 7.4 [7.3–7.4] 7.4 [7.3–7.4] 7.4 [7.3–7.4]
R 7.4 [7.3–7.4] 7.4 [7.3–7.4] 7.4 [7.3–7.4] 7.4 [7.3–7.4] 7.4 [7.3–7.4]

HCO−
3 (mmol/L) NR 28 [24–31] 29 [24–31] 28 [24–31] 29 [24–31] 28 [23–31]

R 23 [20–28]b 23 [21–27]b 23 [21–28]b 23 [21–28]b 23 [20–28]b

BE NR 2.7 [−0.3 to 4.5] 3.2 [−0.7 to 5.1] 2.9 [−0.6 to 5.0] 3.2 [−1.3 to 5.3] 3.0 [−2.4 to 5.0]
R −1.4 [−4.2 to 2.5]b −1.6 [−4.2 to 2.5]b −1.8 [−4.2 to 2.1]b −1.9 [−4.2 to 1.9]b −1.9 [−4.2 to 1.8]b

Lactate (mmol/L) NR 0.9 [0.7–1.1] 0.9 [0.7–1.0] 0.9 [0.7–1.1] 0.9 [0.6–1.0] 0.9 [0.6–1.0]
R 1.1 [0.8–1.6] 1.1 [0.8–1.5] 1.1 [0.8–1.5] 1.1 [0.9–1.5] 1.0 [0.7–1.5]

PEEP, positive end-expiratory pressure; RM, recruitment maneuver; NR, non-responder; R, responder; MAP, mean arterial pressure; ScvO2, central venous oxygen saturation; BE, base
excess.
aSignificant difference as compared to baseline measurements, P< 0.05.
bSignificant difference between groups, P< 0.05.

FIGURE 1 | Changes in PaO2/FiO2. t0, baseline measurements; t1,
increasing PEEP by 5 cmH2O; t2, after recruitment; t3 and t4, 15 and 30min
after recruitment. *Significant difference as compared to baseline
measurements, P<0.05.

improvement in arterial oxygenation among responders lasted
longer than in studies where controlled ventilation was applied. In
the investigation by Oczenski et al., after the initial improvement,
PaO2/FiO2 returned to the baseline values after 30min (25) while
in our trial the significant improvement in oxygenation persisted
throughout, suggesting that the effects of recruitment may last
longer in spontaneous assisted modes as compared to controlled
modes of ventilation in hypoxemic respiratory failure. Although

the sample size is too small for an outcome study, which holds true
for all of the above mentioned investigations, but our data suggest
that CPAP/PS ventilation and lung recruitment may have benefits
in patients suffering from moderate to severe acute lung injury,
especially due to acute heart failure, which should be investigated
further.

It may also be important to note, that prior to intervention
patients were ventilated for a median of 4 days in the NR-group
while it was only 2 days in the R-group. Although it was not
statistically significant, but these results are similar to that of
reported by Grasso et al., where the length of mechanical venti-
lation was significantly shorter in those patients who responded
for recruitment maneuvers (19).

It is well known that not every lung responds for recruitment
and unnecessary maneuvers may lead to adverse effects (8, 26).
Several methods had been evaluated of which chest CT scan
remains the gold standard warranting the direct visualization of
the recruitable lung tissue (8). However, this method requires
the transport of the critically ill patients to the CT scanner and
exposes them to radiation (27). Other bed-side measurements to
assess recruitability are pressure–volume curve assessment and
end-expiratory lung volume/functional residual capacity ratio
measurement (28, 29). Unfortunately, due to financial and ethical
reasons, these methods were not applied in our study therefore we
only have limited proof on the change in lung volume after the
recruitment.

We did not observe any significant change neither in the PaCO2
nor in any other blood gas variables throughout the study. How-
ever, there was a significant difference in bicarbonate and base
excess levels between groups this observation had no effect on the
investigation of recruitment. One of the potential alternatives for
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TABLE 3 | Respiratory and airway parameters complemented with arterial to end-tidal CO2 results.

Group Time point

Baseline PEEP
increment

After RM 15min
following RM

30min
following RM

Vte (mL) NR 473 [398–612] 479 [397–588] 447 [393–615] 506 [378–597] 471 [453–663]
R 513 [406–667] 489 [385–702] 492 [398–602] 510 [354–698] 520 [402–741]

Vte/PBW (mL/kg) NR 8 [6–8] 7 [6–9] 7 [5–8] 7 [6–9] 7 [6–9]
R 7 [7–9] 7 [6–10] 7 [6–10] 8 [6–10] 8 [7–10]

RR (1/min) NR 17 [13–22] 18 [13–20] 18 [13–20] 18 [13–20] 17 [14–22]
R 19 [13–24] 19 [14–26] 17 [14–26] 19 [15–24] 18 [14–24]

MV (mL) NR 7896 [7011–11,016] 8040 [6300–11,020] 7524 [7152–9825] 7809 [6230–10,380] 8208 [7260–10,296]
R 9744 [8037–11,687] 9741 [8220–10,875] 9798 [7700–11,808] 10,101 [8328–11,328] 10,116 [8788–11,625]

Raw (cmH2O/L/s) NR 13 [9–14] 13 [9–18] 14 [10–17] 13 [9–18] 14 [9–18]
R 11 [9–16] 11 [9–16] 11 [9–16] 11 [9–15] 11 [9–15]

Crs (mL/cmH2O) NR 68 [47–83] 65 [41–85] 64 [42–75] 69 [43–95] 68 [46–85]
R 52 [34–98] 53 [31–106] 56 [36–90] 58 [39–98] 58 [39–99]

EtCO2 (mmHg) NR 42 [34–45] 41 [35–47] 40 [34–45] 41 [36–47] 41 [37–45]
R 36 [30–47] 37 [31–47] 39 [31–47] 38 [30–48] 39 [30–48]

P(a-ET)CO2 (mmHg) NR 7 [4–13] 8 [4–10] 8 [5–13] 7 [4–11] 7 [4–13]
R 5 [1–9] 6 [2–9] 6 [3–11] 5 [1–10] 6 [1–9]

Vds (mL) NR 146 [128–191] 148 [135–201] 153 [133–198] 150 [127–198] 150 [127–198]
R 153 [118–172] 166 [126–180] 144 [118–180] 153 [125–177] 158 [125–183]

Vds/Vte (%) NR 32 [27–37] 35 [30–42] 36 [25–42]a 35 [29–41]a 32 [29–40]
R 26 [22–34] 28 [24–38] 27 [24–33] 27 [24–34] 28 [25–36]

PEEP, positive end-expiratory pressure; RM, recruitment maneuver; NR, non-responder; R, responder; Vte, exhaled tidal volume; Vte/PBW, exhaled tidal volume indexed to predicted
body weight; RR, respiratory rate; MV, minute ventilation; Raw, airway resistance; Crs, dynamic compliance; EtCO2, end-tidal CO2; P(a-ET)CO2, arterial minus end-tidal CO2; Vds, dead
space; Vds/Vte, dead space to exhaled tidal volume ratio.
aSignificant difference as compared to baseline measurements, P< 0.05.

FIGURE 2 | Changes in PaO2/FiO2 and dynamic compliance after
recruitment maneuver as compared to baseline parameters. Crs,
dynamic compliance, Sens., sensitivity; Spec., specificity.

assessing alveolar recruitment may be the change in the difference
between the arterial and end-tidal CO2 (Pa-ETCO2) (30). In our
study, Pa-ETCO2 although did not change significantly over time
in neither of the groups but in the R-group its value was lower than
in the NR-group. Therefore, it may be a promising parameter but
its relevance requires further studies.

Another important parameter is compliance, which is
determined by volume/pressure relationships. Theoretically, in
recruitable patients increasing pressures will increase volume
hence compliance should improve or remain unchanged.While in
non-recruitable patients increased pressures during recruitment
can lead to the overdistension without gaining lung volumes,
hence result in a consecutive fall in respiratory compliance (31).
Although, in a recent study by Oczenski et al., in patients with
ARDS who were ventilated in controlled mode and underwent
recruitment after a PEEP trial there was no significant change in
compliance 3min after the maneuver what was accompanied by
a significant improvement in oxygenation (25). This approach
cannot be evaluated in our study as the value of the ventilator
indicated compliance in spontaneously breathing patients has not
been validated yet.

Finally, hemodynamic changes during the recruitment maneu-
ver have been widely investigated (32, 33). Although we did not
apply advanced hemodynamic monitoring in this study but as far
as heart rate, mean arterial pressure, lactate, and ScvO2 are con-
cerned there was no significant change after the recruitment pro-
cedure as compared to baseline therefore it is likely that patients
remained hemodynamically stable, suggesting that performing
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recruitment maneuver in CPAP/PS ventilation is a safe strategy in
patients with severe acute respiratory failure.

Limitations
There are several limitations of our study. In the absence of
lung CT scans, recruitment and the degree of the recruited lung
area cannot be estimated. Although the investigation of Gat-
tinoni et al. still remains the reference method to assess lung
recruitment (8) we considered it difficult to be accepted eth-
ically because of the potential dangers of transport and radi-
ation. Furthermore, esophageal and herewith transpulmonary
pressures were not monitored therefore we could not conclude
if pleural pressure was swinging in spontaneously breathing
patients hereby producing different recruitment effects during
the time course of the maneuver. Finally, neither the sample
size, which was too small, nor the protocol (with one single
recruitment maneuver only) allowed us to draw any conclu-
sion regarding hard clinical end-points such as ventilator free
days, length of stay or outcome. However, based on the cur-
rent findings, a study designed to answer these questions is
certainly warranted. Nevertheless, the significant tendency what
we observed has never been reported before and these pre-
liminary results may provide important information for those
who are interested in applying spontaneous assisted/supported
modes of ventilation for patients with severe acute respiratory
failure.

Conclusion

Alveolar recruitment maneuver can improve oxygenation in
patients suffering from moderate and severe acute hypoxemic
respiratory failure and ventilated in CPAP/PS mode as indicated
by the significant improvement in oxygenation after recruitment
in 74% of all patients. The decrease in dynamic compliance as dis-
played on the ventilator after the recruitment maneuver proved to
be a simple bed-side indicator of failure in improving oxygenation
in spontaneously breathing patients.
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Atelectasis caused by lung injury leads to increased intrapulmonary shunt, venous admixture, and hypoxaemia. Lung recruitment
manoeuvres aim to quickly reverse this scenario by applying increased airway pressures for a short period of time which meant to
open the collapsed alveoli. Although the procedure can improve oxygenation, but due to the heart-lung and right and left ventricle
interactions elevated intrathoracic pressures can inflict serious effects on the cardiovascular system.The purpose of this paper is to
give an overview on the pathophysiological background of the heart-lung interactions and the best way to monitor these changes
during lung recruitment.

1. Introduction

Patients admitted to the intensive care unit are often affected
by acute respiratory distress syndrome (ARDS). ARDS is a
life-threatening condition precipitated by disorders frequent-
ly resulting in critical care admissions like trauma, severe
burns, sepsis, pancreatitis, and pneumonia [1]. All of these
disorders, either causing direct (pulmonary) or indirect (ex-
trapulmonary) tissue damage, are featured by a systemic
inflammatory response. The released cytokines like interleu-
kin- (IL-) 1, IL-6, IL-8, and tumor necrosis factor activate
neutrophils in the lung throughout the inflammatory cascade
[2]. The activated immune cells excrete injurious substances
such as free oxygen radicals and proteolytic enzymes leading
to alveolar endothelium and epithelium destruction. The
latter pathophysiological mechanism induces impaired per-
meability in the lung resulting in alveolar immerging by
the protein-rich oedema fluid [3]. Surfactant, which has a
major role in modulating the surface tension of alveoli, is
also washed out. Furthermore, the surfactant production is
also decreased due to the dysfunction of type II epithelial
cells. As a consequence, pulmonary atelectasis develops due
to alveolar collapse [4].

Pulmonary atelectasis is accompanied by arterial hypox-
aemia due to increased intrapulmonary shunt [5]. As severe
acute hypoxaemia is a potential danger for all vital organs, its
resolution is of pivotal importance. There are several inter-
ventions, which may help improve oxygenation. In the most
severe circumstances, extracorporealmembrane oxygenation
[6], high frequency oscillatory ventilation [7], and prone
positioning [8] have been shown to reverse persistent hypox-
aemia. Some of these interventions require special equip-
ment, demand extra manpower, and may be time consuming
to commence. In less severe cases of acute hypoxaemia,
especially when this is primarily caused by atelectasis, the col-
lapsed lung areas can be opened up with the help of transient
increment in transpulmonary pressure (TP) within a short
time, hence decreasing shunt fraction and improving arterial
oxygenation [9].This procedure is called the lung recruitment
manoeuvre. It can be accompanied by the titration of the
“optimal” PEEP, a process which is called on a broader term
the “open lung concept” described by Lachmann in 1992 [10].

Several applications of recruitment manoeuvres have
been described so far. Although these may differ in certain
details but by-and-large the most common feature is in all of
them that they apply peak airway pressures of 40–60 cmH
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for a short period of time, usually not exceeding 40–
120 seconds [9]. Although survival benefit has not been
demonstrated with any of the recruitment manoeuvres, the
intervention is frequently administered in atelectasis induced
hypoxaemia [11]. It is beyond the scope of this paper to review
the available recruitment techniques; therefore we will only
concentrate on the heart-lung interactions, haemodynamic
effects, and the monitoring alternatives.

The anatomical proximity of the lungs and heart within
the chest means that transiently increased intrathoracic pres-
sures have major effect on systemic cardiovascular function.
Undesired side effects of the recruitment process mainly
arise from the increased airway pressures which can cause
overdistension of alveoli inwell-ventilated lung areas,marked
increase in ventilation-perfusion mismatch, barotrauma,
pneumothorax, and new air leak around an existing chest
tube [12]. These effects may be even more pronounced in
patients with ARDS in whom haemodynamic instability is a
common feature [13]. It has strong pathophysiological ratio-
nale supported by clinical data that routine ICU monitoring,
such as invasive blood pressure and central venous pressure
monitoring, may not be adequate to follow haemodynamic
changes encountered during lung recruitment [14].

2. Effects on Right Heart and
Pulmonary Circulation

Distending lung volume evoked by applied raised airway
pressure leads to an increase in TP. TP can be estimated from
the difference between alveolar and intrathoracic pressures.
The transmission of TP to the pleural space impedes venous
return and the filling of the right ventricle. Meanwhile, the
increased TP is transposed to vessels interlacing the lung
tissue hereby elevating pulmonary vascular resistance (PVR)
and right ventricular afterload.

2.1. Systemic Venous Return and Right Ventricle Preload. The
increase of intrathoracic pressure compresses the right atrium
and caval veins carrying the systemic venous return to the
heart. The generated retrograde pressure results in elevation
in the central venous pressure (CVP) and could impede right
ventricular filling. Due to this mechanism the assessment of
cardiac preload by CVP during lung recruitment manoeuvre
is misleading, as the transmission of the intrathoracic pres-
sure to the intravascular compartment [14] does not represent
the true preload component. Restricted right ventricular
preload is a dominant but not solitary mechanism in the fall
of the right ventricular ejection fraction.

2.2. Right Ventricular Afterload. Right ventricular afterload
represents the resistance, quantified by the pulmonary artery
pressure, which the right ventricle should overcome to eject
the blood through the pulmonary valve. During the lung
recruitment manoeuvre, the interposed TP further increases
the area where the intraluminal pressure of the juxta-alveolar
capillaries is lower than the intra-alveolar pressure. This
results in a significant increase in the pulmonary vascular
resistance, parallel to an increase in the pulmonary artery

pressure. Thus right ventricular afterload is augmented by
transitionally elevated TP.

Hypoxic pulmonary vasoconstriction, which developed
to attenuate the ventilation-perfusion mismatch caused by
alveolar hypoventilation, is another important determinant
of the right ventricular afterload [15]. During significant
hypoxaemia, the atelectatic lung regions are served with only
marginal circulation. The hypoxic pulmonary vasoconstric-
tion contributes to the overall pulmonary vascular resistance;
however there is only limited data about its role and the
changes occurring during lung recruitment.

These mechanisms can impair right ventricular function
and decrease right ventricular stroke volume. Iannuzzi et
al. [16] found that pressure controlled ventilation (PCV)
with peak inspiratory pressure of 45 cmH

2
O for 2 minutes

generated a higher grade of lung opening and resulted in a
major and significant increase in PaO

2
/FiO
2
ratio compared

to sustained inflation (SI) (Figure 1).They found that hypoxic
pulmonary vasoconstriction and pulmonary vascular resis-
tance index (PVRI) were also reduced, with smaller degree of
hyperinflation in the PCV group (Figure 1).

On the other hand, Reis Miranda et al. could not detect
any significant impairment in right heart function comparing
conventionalmechanical ventilation to the open lung concept
in patients after cardiac surgery [17]. This disagreement
between the two observations may arise from the different
methods applied, especially the different timing of measure-
ments. Whereas Iannuzzi et al. investigated the immediate
effects [16], in the other study cardiovascular measurements
were taken every 30 minutes for 3 hours [17].

Similar results were reported by Celebi et al. [18] where
pulmonary and haemodynamic effects of two different
recruitment manoeuvres were investigated in patients after
open heart surgery. During the study period, there was no
significant change of PVRbetween the groups,measured after
15minutes. Onemay suggest from these observations that the
effect of the recruitment manoeuvre on the right ventricular
afterload is transient, lasting for seconds only. Relieving high
airway pressures after recruitment helps in the normalization
of haemodynamic changes in the pulmonary circulation.

Apart from the different methods employed in the stud-
ies, controversial results may arise from the different patient
inclusion criteria. In the study of Iannuzzi et al., patients with
primary ARDS due to hospital acquired bacterial pneumonia
were recruited [16], whilst Reis Miranda et al. investigated
patients following cardiac surgery without significant lung
injury [17]. It has been demonstrated in a murine model of
acute lung injury induced by Escherichia coli lipopolysaccha-
ride that dynamic inflation applied during lung recruitment
produced increased right ventricular pressure and total PVR.
It also resulted in sustained inflammation and vascular dys-
function whilst no similar changes were reported in healthy
lungs [19].

2.3. Right Ventricular Ejection Fraction. The primary role of
the right ventricle is to receive systemic venous blood and
to forward it via a high volume and low-pressure system,
the pulmonary circulation, to the left heart chambers [20].
Right ventricular ejection fraction is affected by preload,
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Figure 1: Pressure-time product (a-b) and main characteristics (c) of sustained inflation (SI) and pressure control ventilation (PCV)
recruitment manoeuvres. 𝑃aw, airway pressure; 𝑡, time; CI, cardiac index; PVRI, pulmonary vascular resistance index; RWSVI, right ventricle
stroke work index; EI, eccentricity index.

contractility, and afterload. During the recruitment manoeu-
vre, the raised intrathoracic and right atrial pressures, as
discussed previously, could affect both venous return and
afterload significantly [18] (Figures 2 and 3). Both mecha-
nisms can result in impaired right ventricular contractility.

Right ventricular ejection fraction is inversely related
to the ventricle’s afterload. In the study by Reis Miranda
et al. [17], PVRI and right ventricular ejection fraction
showed no significant changes following recruitment within
the first 3 hours, neither within nor between groups at
any measurement points. However, if immediate effects on
right ventricular function were investigated, then significant
increase in right ventricular stroke work index was reported
during the recruitment manoeuvre and 2 minutes following
the intervention [21].These results call for further attention to
the immediate effects of the recruitment manoeuvre on right
heart function. There is also lack of data, whether it has any
clinically relevant long-term effects.

2.4. Ventricular Interdependence. It is important to note that
the end-diastolic right ventricular volume has a direct effect
on the left ventricle, which holds true vice versa. This is
called the ventricular diastolic interdependence [22].The two
chambers are coupled within a common pericardial sac and
share joint intraventricular septa as a traversewall.Thus, their
volumes are limited by the pericardium; hence any change in

the right ventricular end-diastolic volume has an effect on the
left ventricular end-diastolic volume (Figure 4).

During sigh recruitment, the right ventricle can have a
marked effect on the adjacent heart chamber. When lung
recruitment manoeuvre is applied by a sustained inspiration,
left ventricular end-diastolic area can be reduced by as much
as 45% [23]. PVR is also increasing with the transposed
intrathoracic pressure, leading to an acute right ventricular
pressure overload with dilation, leftward septal shift, and left
ventricular collapse resulting in low cardiac output (CO) and
marked systemic haemodynamic changes (Figure 4). These
changes are transient and only seen during the manoeuvre,
with almost instant normalisation of haemodynamics once
the intrathoracic pressure returns to the baseline [16].

There is a special scenario when this interdependence
is questioned and this is the postoperative period after
cardiac surgery when the pericardial sac is kept open [17].
Theoretically, due to the missing pericardial sac, interaction
between the two adjacent ventricles should be impaired
and in these patients the diastolic interdependence is not
fully present. However, in an animal experiment on dogs, it
was found that artificially increasing the pulmonary artery
resistance and the right ventricular load had a profound effect
on the left ventricular filling dynamics. This was explained
by the prolonged relaxation and altered pressure-volume
chamber relations [24].
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Figure 2: The effects of increased transpulmonary pressure (TPP).
PVR, pulmonary vascular resistance; RVEF, right ventricular ejec-
tion fraction; LVEF, left ventricular ejection fraction; 𝑉/𝑄, ventila-
tion/perfusion; HPV, hypoxic pulmonary vasoconstriction.
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Figure 3: Pressure chamber (heart) in a pressure chamber (thorax).
LV ejection; left ventricular ejection.

3. Effects on Left Heart and
Systemic Circulation

Thecardiopulmonary system is described by Pinsky as a pres-
sure chamber inside a pressure chamber [25]. Any increment
in the intrathoracic pressure increases the right atrial pressure
and decreases the venous return and the transmural left ven-
tricular systolic pressure, hence attenuating the left ventric-
ular ejection fraction (Figure 3). If haemodynamic changes
are solely monitored bymean arterial pressure (MAP) during
lung recruitment manoeuvre, one can theoretically miss
relevant alterations in the systemic circulation. Recent inves-
tigations concluded that simple haemodynamic parameters
like MAP or heart rate did not show any significant change
during and after various recruitment interventions [17, 21,
26]. However, applying advanced invasive haemodynamic
monitoring, relevant changes in the systemic circulation can
be observed [14].

3.1. Left Ventricle Preload and Afterload. As described above,
ventricular interdependence plays a significant role during

lung recruitment manoeuvre in determining the left ventric-
ular preload. The increased TP compresses the right atrium
and increases the CVP by the transmission of pressure to
the intraluminal compartment of the caval veins. Echocar-
diographic investigations identify this mechanism as partial
cause of the impaired left ventricular preload and consecutive
decrease of CO [16].

Left ventricular afterload is defined as the pressure of the
wall in the left ventricle during ejection. Following Laplace’s
law, if there is no significant alteration in the systolic arterial
pressure, as seen throughoutmost of the studies investigating
recruitment manoeuvre, left ventricle afterload decreases
along with the fall of the transmural pressure of the left
ventricle [27]. Measuring these pressure fluctuations requires
sophisticated methods at the bedside; therefore correlation
between left ventricle afterload and lung recruitment has not
been investigated thoroughly in human subjects.

3.2. Cardiac Output and Left Ventricular End-Diastolic Vol-
ume. The increased availability of sophisticated continuous
CO monitoring using pulse pressure analysis like pulse con-
tour cardiac output (PiCCO), lithium dilution cardiac output
(LiDCO), or FloTrac/Vigileo techniques andDoppler cardiac
output devices enabled the clinicians to follow alterations in
the systemic haemodynamics during each cardiac cycle [28].
Utilising these advanced monitoring techniques, profound
and significant decrease in CO was observed during lung
recruitment manoeuvres [14, 16, 23]. This decline in left
ventricular performance can be explained by interconnected
fluctuations within the “chamber in the chamber” system
discussed previously [25]. Increased intrathoracic pressure,
decreased right ventricular filling, and increased right ven-
tricular outflow impedance with leftward intraventricular
septal shift are all precipitating reduced CO (Figure 2).
However, rapid recovery of the baseline CO was described
when the effects were measured in a temporal study, so the
depression is only transient correlating with the temporarily
increased TP [29].

The absolute reduction in CO is influenced by the
technique of the lung recruitment and also by the nature of
the lung injury. As discussed previously, sustained inflation
manoeuvre can significantly change left ventricle eccentricity
index (Figure 4) indicating a significant reduction in left ven-
tricular end-diastolic volume compared to PCV-recruitment,
which was accompanied by a less profound effect.

The importance of the underlying pathology of the lung
injury has been emphasised by Lim et al. [29]. They inves-
tigated three different types of lung injury models during
recruitment: oleic acid injury depicting acute surfactant loss,
ventilator-induced lung injury, and finally an injury caused
by infection. Animals in all three models underwent a PCV,
a sigh, and a PEEP incremental recruitment. Regardless of
the way the manoeuvres were executed, a significant but
interim drop of CO was observed in each model. However,
in the pneumonia model, the CO decreased to a greater
extent and the recovery of systemic haemodynamics also
showed amoderate pattern as compared to the other two. It is
possible that, in septic shock induced inflammatory response,



BioMed Research International 5

RV

LV

D2

D1

EIA < EIB

RV

LV

D2

D1

(A) (B)

Figure 4: Ventricular interdependence before (A) and during alveolar recruitment manoeuvre (B). 𝐷
1
, midmitral diameter; 𝐷

2
, diameter

orthogonal to𝐷
1
. Eccentricity index (EI) is calculated as𝐷

2
/𝐷
1
. RV, right ventricle; LV, left ventricle.

a more profound depression of myocardial function and
compensatory vasomotor reflexes takes place [30]. Out of the
three recruitment techniques, the sigh manoeuvre resulted
in the most significant reduction in CO in accordance with
previous investigations [16, 29].

One of the available methods to prevent the undesired
decrease in CO during lung recruitment is the selective
lung opening technique described by Hansen et al. in an
elegant animal model [31]. In their experiment, pigs were
randomized into two groups of lung recruitmentmanoeuvres
(by applying 40 cmH

2
O airway pressure for 30 seconds),

either a selective lung recruitment manoeuvre such as using
the inner lumen of the bronchial blocker followed by a whole
lung recruitment manoeuvre or vice versa. Whilst there was
no significant difference in the improvement of oxygena-
tion and the end-expiratory lung volume between the two
groups, therewere no circulatory changes during the selective
technique. On the other hand, the whole lung recruitment
caused a significant drop in CO and left ventricular end-
diastolic volume.This suggests that selective lung recruitment
technique might be advantageous in patients with lobar
atelectasis prone to haemodynamic instability. However, this
new method requires further investigations in humans.

3.3. Alterations in Heart Rate. Along with stroke volume,
heart rate is the other determinant of CO. Through the
recruitment manoeuvre, one may expect the development of
reflex tachycardia along the drop in CO. Many investigations
failed to observe such an increase in heart rate; principally
no significant alteration of pulse rate was found [14, 16–
18, 21, 26]. However, in the investigation of Nielsen et al., the
significant reduction in heart rate was suspected as the major
component of the declining CO during the sigh manoeuvre
[23]. One of the explanations is that the inflated lung tissue
can activate vagal tone causing bradycardia [32]. Another
assumption is that the sigh manoeuvre may precipitate a
similar pattern in intrathoracic pressure as the Valsalva
manoeuvre, hence producing reduction in heart rate. As
opposed to the previous findings, Lim et al. reported an
increased heart rate, perhaps reflecting just a sympathetic
response to the lengthy recruitment procedure they used [33].

3.4. The Effect of Volemic State on Left Heart Function. One
of the main patient exclusion criteria in the lung recruitment
studies is haemodynamic instability and/or signs of intravas-
cular volume depletion [14, 18, 23, 26, 33]. Hypovolaemia
can amplify the undesirable haemodynamic effects of lung
recruitment manoeuvre as demonstrated by Nielsen et al.
[34]. In their animal experiment, the impact of recruitment
manoeuvre on central haemodynamics was investigated in
pigs with different volemic states. The animals were ran-
domized to a 10-second-long recruitment followed by lung
opening lasting 30 seconds by applying 40 cmH

2
O airway

pressure or vice versa, performed under hypo-, normo-,
and hypervolemia. Volemic states were controlled either by
removing 15% of the estimated blood volume or by infusion
of a volume equal to 15% of the estimated blood volume
with 3% dextran in Ringer’s solution. The study focused on
the immediate circulatory effects. They found a significant
reduction in left ventricular end-diastolic volume, which
could explain the depleted CO during lung recruitment
manoeuvre in pigs with acute lung injury. As expected,
the impact of this effect was significantly exaggerated by
hypovolaemia. On the other hand, hypervolemic conditions
prevented the reduction of CO during the extended sigh
manoeuvre.

Fougères et al. suggested that some microvessels of the
lungs may be collapsed by PEEP and were recruitable by
the increased left ventricular preload [35]. In their recent
investigation in patients with ARDS, recruitment was accom-
plished by increasing PEEP for reaching a plateau pressure
of 30 cmH

2
O. During the manoeuvre, CO was decreased

alongwith increasing right ventricular afterload. Importantly,
passive leg raising restored the CO and reduced the PVR.
These important observations reinforce the need of appro-
priate intravascular volume assessment prior to the alveolar
opening procedure.

4. Recruitment in Spontaneously
Breathing Patients

There is some evidence that patients on continuous posi-
tive airway pressure and pressure support ventilation may
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benefit from recruitment manoeuvres, resulting in fast and
significant improvement in oxygenation [26]. However, there
are very few publications in this topic as most studies on
recruitment were performed in patients receiving controlled
mechanical ventilation. Although it is well known that
spontaneous ventilation and spontaneous breathing efforts
significantly interfere with heart-lung interactions, apart
from routine parameters such as blood pressure and heart
rate, we have no detailed haemodynamic information in this
patient group. As the changes are markedly different from
that observed during controlled ventilation, this can be a
potential field for further research.

5. Conclusions

Applying recruitment technique is a simple procedure to per-
form at the bedside but it is not free of certain risks. Increased
airway and intrathoracic pressures can inflict deleterious
haemodynamic effects due to the anatomical proximity of the
lungs and heart within the thoracic cavity.Therefore, detailed
understanding of the physiology and pathophysiology of
these changes is necessary to perform lung recruitment safely.
The evidence suggests that those patients who are at risk
of overt hypovolaemia or whose lung injury is secondary
to a primary lung infection, hence developing significant
localised inflammatory changes, are more likely to benefit
from advanced haemodynamic monitoring by devices that
enable continuous and reliable evaluation of cardiac output
during lung recruitment so that the treating clinician can
maintain circulatory homeostasis.
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