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Abstract 
Background: Studies have shown that pressure-controlled ventilation improves alveolar gas dis-
tribution. And inverse ratio ventilation has advantages of improving oxygenation in acute respi-
ratory distress syndrome (ARDS) patients. However, the effects that pressure-controlled inverse 
ration ventilation in patients undergoes endotracheal intubation general anesthesia have not 
been assessed. Objective: To investigate whether pressure-controlled inverse ratio ventilation 
(PIV) would improve ventilatory and oxygenation parameters as well as lung function compared 
to conventional ventilation in patients undergoing open abdominal surgery. Interventions: In the 
conventional ventilation (CV) group, the ventilation strategy involved zero end-expiratory pres-
sure and volume-controlled ventilation. In the pressure-controlled inverse ratio ventilation (PIV) 
group, the strategy involved P high starting at 7 cm H2O, P low starting at 4 cm H2O, T high at 4 s, T 
low at 2 s, and an inspiratory-to-expiratory time ratio of 2:1. The ΔP value was adjusted according 
to VT. Pressure levels were increased by 2 cm H2O until a maximal VT was observed. Inspired oxy-
gen fraction (FIO2) was 1.0 and tidal volume (VT) was 6 mL/kg in both groups. Main Outcome 
Measures: The primary outcome is pulmonary function tests. Hemodynamic, ventilatory and oxy-
genation parameters were measured; visual analog scale (VAS) scores, and nausea and vomiting 
scores were also measured. Results: The PIV group tolerated pressure-controlled inverse ratio 
ventilation without significant hemodynamic instability. Mean airway pressure and static com-
pliance were significantly higher in the PIV group than those in CV group (P < 0.05). Patients in the 
PIV group showed better pulmonary function test results on postoperative day 1 (P < 0.05). VAS 
and nausea and vomiting scores did not differ significantly between the two groups. Conclusion: 
Pressure-controlled inverse ratio ventilation during open abdominal surgery lasting >2 h was well 
tolerated and improved respiratory compliance and lung function on the first postoperative day. 
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1. Introduction 
The induction of general anesthesia fosters reduced lung volume and atelectasis formation associated with dete-
riorated gas exchange and respiratory mechanics [1]-[4]. Pressure-controlled ventilation and inverse ratio venti-
lation are all modes of mechanical ventilation which are best described as partial ventilatory support and based 
on the management of patients with the adult respiratory distress syndrome (ARDS) [5] [6]. Minimizing the risk 
of ventilator-induced lung injury (VILI), improving oxygenation and alveolar recruitment are all advantages of 
inverse ratio ventilation. Although they have advantages in ventilating patients with ARDS, few studies investi-
gated their use during operative mechanical ventilation [7]-[9].   

Mechanical ventilation is mandatory in patients receiving general anesthesia with endotracheal intubation, and 
high tidal volumes may over distend noninjured lungs. During surgical procedures, both general anesthesia and 
high tidal volumes may strain noninjured lungs and trigger inflammation [10] [11]. By using a small tidal vo-
lume (VT) with positive end-expiratory pressure (PEEP), pressure-controlled inverse ratio ventilation (PIV) may 
be potential protective ventilation strategy. It has been shown that a small tidal volume (VT) and PEEP can re-
duce the incidence of postoperative lung dysfunction and improve intraoperative oxygenation [12]-[15]. How-
ever, the potential utility of pressure-controlled inverse ratio ventilation (PIV) has not been studied in patients 
undergoing general anesthesia. In this exploratory study, we test the hypothesis that PIV improves oxygenation 
and pulmonary function in patients undergoing open abdominal surgery lasting >2 h. 

We hypothesized that in patients with normal lungs scheduled for general anesthesia, PIV might prevent lung 
function deterioration and lung morphological alterations. Our aim was to investigate the effect of as an intra-
operative protective ventilation strategy on oxygenation and pulmonary function tests in this patient population. 

2. Materials and Methods 
2.1. Patient Data 
Patients were recruited between January 2 and November 1 2013 in Shandong Cancer Hospital and Institute. 
Lung function tests were performed before and after surgery by two blinded physician and anesthesiologists 
which included the following variable: forced vital capacity (FVC); forced expiratory volume in 1 s (FEV1); 
maximal voluntary ventilation (MVV); peak expiratory flow (PEF); forced expiratory flow 25% - 75% (FEV25%-75%). 
ALL of the data and follow-up notes were recorded by the anesthesiologists. 

The entire protocol (201301102) was approved by the Ethics Committee of Shandong Provincial Cancer Hos-
pital (Chairperson Dr. Shaoping Wang) and written informed consent was obtained from each patient before the 
study was performed. Exclusion criteria included significant pulmonary disease with obstructive or restrictive 
pulmonary disease, active asthma, previous lung surgery, home oxygen therapy, significant cardiac dysfunction 
(left ventricular ejection fraction < 40%), or a body mass index > 35 kg∙m−2. A total of 60 patients aged 20 - 60 
years with an American Society of Anesthesiologists (ASA) physical status grade 1 - 2 who underwent open 
abdominal surgery were recruited into this study and randomly divided into the pressure-controlled inverse ratio 
ventilation (PIV) or conventional ventilation (CV) group. 

2.2. Anesthesia and Surgery 
A standardized anesthesia technique was used in both groups. Anesthesia was induced with propofol (2 - 3 
mg/kg), fentanyl (1 - 2 μg/kg), and rocuronium (0.8 mg/kg) and maintained with propofol (5 - 10 mg/kg/h) or 
sevoflurane (inspiratory concentration 1.5% - 2%). Analgesia was provided with continuous remifentanil (0.05 - 
0.3 μg/kg/min) or fentanyl (1 - 3 μg/kg) as required. Rocuronium was administered every 40 min, and the last 
administration was at least 1 h before the end of the surgical suturing. In addition to the standard ASA monitors, 
arterial pressure was measured via a radial artery catheter in all patients. A central venous line was inserted in all 
patients. Standardized fluid management consisted of 10 mL/kg lactated Ringer solution preoperatively followed 
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by 6 mL/kg/h perioperatively. Hypotension (mean arterial pressure ≤ 60 mmHg) was treated with either ephe-
drine 5 mg IV or phenylephrine 100 μg IV. After emerging from anesthesia, all patients received IV patient- 
controlled analgesia (fentanyl 1500 μg + ketorolac 180 mg + normal saline 64 mL: bolus, 1 mL; lockout time, 
15 min; basal infusion, 1 mL/h). 

2.3. Study Protocol of Each Ventilator Strategy 
Concealed randomization was conducted to ensure fair intergroup comparisons. To select patients for treatment, 
we generated a randomization list using Random Allocation Software (Windows version 1.0, May 2004, Sag-
haei, BioMed Central Ltd.; allocation ratio, 1:1) and inserted the group identifying paper into envelopes that 
were then sealed and clouded to not reveal the allocation.  

The ventilation protocol consisted of volume-controlled mechanical ventilation (CV group) and pressure- 
controlled inverse ratio ventilation (PIV group) (Aestiva/5 Advance Ventilator Datex-Ohmeda, Madison, WI, 
USA) and a respiratory rate adjusted to normocapnia (end-tidal carbon dioxide partial pressure, 30 - 40 mmHg). 
In the CV group, the FIO2 was 1.0, the ventilator included a VT 6 mL/kg ideal body weight, and a PEEP was set 
at 0 cm H2O (actual PEEP was ~2.5 cm H2O due to the intrinsic PEEP of the mechanical ventilator). In the PIV 
group (SIMV-PC, P support = 0, inspiratory-to-expiratory [I:E] time ratio = 2:1), the ventilation settings after 
tracheal intubation were VT 6 mL/kg ideal body weight, and P high started at 7 cm H2O, P low started at 4 cm 
H2O, T high was set at 4 seconds, and T low was set at 2 seconds. The ΔP was adjusted according to VT. Pres-
sure levels were increased by 2 cm H2O until a rational VT was observed. After tracheal intubation, the patients 
were randomly assigned to the CV or PIV group. 

The anesthesiologists were allowed to change the ventilation protocol at any point on the surgeon’s request or 
if there was any concern about patient safety.  

2.4. Measurements 
Heart rate, systolic arterial pressure, and diastolic pressure were detected before anesthesia (T0) and 10 min (T1), 
and 60 min (T2) after onset of mechanical ventilation. Baseline arterial blood gases were obtained at 5 min after 
anesthetic induction and at 60 min after tracheal intubation in both groups. During mechanical ventilation, the 
magnitude of the peak, mean airway pressure (Pmean), VT, and respiratory rate were obtained directly from the 
ventilator and recorded. The compliance of the respiratory system was calculated as VT/(plateau pressure of the 
respiratory system-PEEP). Before and after surgery, pulmonary function tests were performed at the bedside us-
ing a spirometer while the patient was in a comfortable seated position. The forced expiratory volume in one 
second (FEV1), forced vital capacity (FVC), peak expiratory flow (PEF), maximal voluntary ventilation (MVV), 
and forced expiratory flow 25% - 75% (FEF25%-75%) values were measured. We also calculated the predicted 
values of the pulmonary function tests according to Quanjer et al. [14]. Visual analog scale (VAS) pain score 
was obtained by an attending physician who was blinded to the study. Nausea and vomiting was scored on a 
scale of 1 - 4 (1, no nausea or vomiting; 2, nausea without vomiting; 3, less than two times vomiting; 4, more 
than two times severe vomiting) [16] [17]. 

2.5. Statistical Analysis 
Student’s t test, the Mann-Whitney U test, or the chi-square test was used to analyze patients’ baseline characte-
ristics as continuous variables. The Pearson χ2 or Fisher’s exact test was used to examine categorical variables. 
Data obtained with linear mixed model analysis are presented as x  ± s. P values < 0.05 were considered statis-
tically significant. All statistical analyses were performed using the Statistical Package for the Social Sciences 
12.2.2 (SPSS, Chicago, IL, USA). 

3. Results 
Sixty consecutive patients who were scheduled to undergo an elective surgical procedure >2 hr were screened. 
Four patients were excluded from the final analysis because the initial surgical procedure was converted by the 
surgeon into another shorter (<2 hr) or longer procedure (>4 hr). A total of 56 patients completed the study pro-
tocol. There were no major differences between groups with regard to baseline characteristics or hemodynamic 
or operational data (Table 1 and Table 2). However, there were significant differences in respiratory com-
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pliance and Pmean between the two mechanical ventilation strategies (P < 0.05). The other respiratory parameters 
did not differ between the two study groups (Table 3). VAS and nausea and vomiting scores did not differ sig-
nificantly between the two groups (Table 4). In the CV group, FVC, FEV1, MVV, PEF, and FEF25%-75% values 
decreased from the preoperative to the first postoperative measurement. Spirometric values on the first post-
operative day were lower in the CV group than in the PIV group (P < 0.05); however, the values no longer dif-
fered significantly on postoperative day 3. In the PIV group, there was no reduction in any of the spirometric va-
riables in the first and third postoperative measurements compared to the preoperative measurements (Table 5). 

 
Table 1. Patient characteristics and surgical details.                                                              

 CV group (n = 28) PIV group (n = 28) 

Age, yrs 49 ± 9 48 ± 10 

Sex, M/F 14/14 13/15 

BMI, kg/m2 24.8 ± 4.1 24.0 ± 4.6 

Type of surgery   

Renal 5 2 

Hepatic 4 1 

Gastrointestinal 16 20 

Other 3 5 

Duration of operation, min 183 ± 63 180 ± 57 

Duration of anesthesia, min 190 ± 60 201 ± 51 

Blood loss, mL 240 ± 130 321 ± 201 

Amount of fluid, mL 1576 ± 117 1502 ± 121 

Urine output, mL 312 ± 108 321 ± 112 

Data are expressed as mean ± SD or no. of patients. CV group = volume-controlled ventilation; PIV group = pressure-controlled inverse ratio ventila-
tion; BMI = body mass index; M = male; F = female. There was no significant difference between two groups in baseline and perioperative characte-
ristics (P > 0.05). 

 
Table 2. Hemodynamic data (mean ± SD).                                                                     

 
CV group (n = 28) PIV group (n = 28) 

T0 T1 T2 T0 T1 T2 

SBP, mmHg 132 ± 17 128 ± 16 122 ± 18 140 ± 20 130 ± 19 127 ± 16 

DBP, mmHg 75 ± 9 70 ± 14 73 ± 10 74 ± 11 71 ± 9 68 ± 11 

HR, bpm 66 ± 10 64 ± 11 70 ± 10 61 ± 11 64 ± 9 61 ± 9 

SBP = systolic blood pressure; DBP = diastolic blood pressure; HR = heart rate. Hemodynamic variables were no significant difference between two 
groups during surgery (P > 0.05). 

 
Table 3. Respiratory parameters of the two mechanical ventilation approaches (mean ± SD).                            

 CV group (n = 28) PIV group (n = 28) 

Pmax, mmHg 16.17 ± 4.23 15.64 ± 3.81 

Pmean, mmHg 6.43 ± 1.21 12.23 ± 2.04* 

CL, mL·mm∙Hg−1 28.37 ± 9.51 53.03 ± 11.91* 

PaO2, mmHg 101 ± 13 110 ± 14 

*P < 0.001, compared with V-C group; Pmax = maximal airway pressure; Pmean = mean airway pressure; CL = respiratory compliance; PaO2 = arterial 
partial pressure of oxygen. 



X. Q. Wang et al. 
 

 
21 

Table 4. VAS and N & V scores (mean ± SD).                                                                 

 
CV group (n = 28) PIV group (n = 28) 

PO day 1 PO day 3 PO day 1 PO day 3 

VAS score 2.1 ± 0.97 3.7 ± 1.31 2.3 ± 1.01 3.2 ± 1.21 

N & V score 1.31 ± 0.50 1.3 ± 0.61 1.14 ± 0.36 1.31 ± 0.47 

VAS = Visual analogue scale; N & V = nausea and vomiting; PO = postoperative. VAS score and N & V score were no significant difference be-
tween two groups postoperatively (P > 0.05). 

 
Table 5. Spirometric test data (mean ± SD).                                                                   

 
CV group (n = 28) PIV group (n = 28) 

Pre PO day 1 PO day 3 Pre PO day 1 PO day 3 

FVC, L 3.29 ± 0.47 2.14 ± 0.56*# 2.82 ± 0.78 3.28 ± 0.91 2.91 ± 0.89 2.82 ± 0.87 

FEV1, L 2.85 ± 0.45 1.87 ± 0.33*# 2.51 ± 0.43 2.68 ± 0.71 2.46 ± 0.73 2.53 ± 0.85 

MVV, L 99.02 ± 21.53 65.17 ± 10.89*# 98.37 ± 13.67 97.34 ± 30.56 85.21 ± 30.23 89.57 ± 38.78 

PEF, L/min 322.01 ± 85.50 208.04 ± 56.19*# 306.17 ± 87.34 314.14 ± 90.36 289.71 ± 88.47 290.01 ± 90.08 

FEV25-75%, L/s 3.21 ± 0.58 2.02 ± 0.87*# 3.12 ± 0.18 3.29 ± 0.91 2.76 ± 1.09 2.92 ± 1.18 

*P < 0.05, compared with preoperative values; #P < 0.05, compared with the PV group; FVC = forced vital capacity; FEV1 = forced expiratory vo-
lume in 1 s; MVV = maximal voluntary ventilation; PEF = peak expiratory flow; FEV25%-75% = forced expiratory flow 25% - 75%; PO = postopera-
tive. 

4. Discussion 
The main finding of this study was that compared with a conventional approach to intraoperative ventilation, 
PIV improved intraoperative pulmonary compliance without changing hemodynamics. These effects on respira-
tory compliance were associated with better pulmonary function test results on postoperative day 1.  

Mechanical ventilation may induce VILI because it can deteriorate pre-existing lung injuries or even injure 
healthy lungs. Various VILI mechanisms are possible: regional alveolar overdistension by high airway inflation 
pressures as well as large volumes (volutrauma) [15] and increased shear forces generated by cyclic alveolar 
collapse–reopening (atelectrauma) [18]. Both these mechanisms can lead to biotrauma and induce local and sys-
temic inflammatory responses [16] [17]. Accordingly, a lung protective ventilation strategy consists of low VT 
ventilation, permissive hypercapnia, and open lung ventilation [19]-[22]. However, these support techniques 
have undergone an impressive evolution within the last two decades and have been used in critical care medicine 
for the treatment of ALI and ARDS. Judging by the data from the past few decades, it remains unclear how lung 
injury can be prevented in patients without a pre-existing lung injury. 

PIV was not the first application as mechanical ventilation in operation [7]-[9]. The difference between PIV 
and biphasic positive airway pressure is that the latter does not use inverse I:E ratios. In our study, we used 
pressure-controlled ventilation and set P high, P low, T high, and T low values in the ventilator. We also set an 
I:E ratio of 2:1. A higher mean airway pressure was required to maintain lung expansion, and we were con-
cerned that the hemodynamic consequences would not be well tolerated in these patients with PIV. However, no 
statistical differences in hemodynamics were seen between the groups. No episodes of acute hemodynamics oc-
curred during surgery, which suggests that this strategy was well tolerated.  

In our study, we used PIV to ventilate patients, which were different from conventional volume ventilation 
that limited recruitment to brief cyclical intervals at end-inspiration or plateau pressure, and may produce recur-
rent shear forces and increased the potential lung injury [23]. PIV is essentially pressure-controlled ventilation. 
Inspiratory pressure results in alveolar ventilation and increases lung volume, while expiratory pressure like 
PEEP keeps lung open. Alveolar recruitment is a dynamic phenomenon; therefore, adequate transalveolar pres-
sure may be needed to re-open collapsed alveoli, while continuous high VT can also return collapsed alveoli to 
the ideal open state. Progressive extensions of inspiratory time are critical for sustaining alveolar recruitment [24] 
[25]. During CV, inspiratory VT must overcome airway impedance and elastic forces of the restricted lung from 
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a lower baseline resting volume, increasing the pressure required to distend the lung and chest wall. We used 
appropriate inspiratory positive pressure and PEEP, making it possible to avoid alveolar collapse and decreased 
shear forces by applying a near-sustained inflation or recruitment state. Inspiratory reserve volume (IRV) has 
been proposed for the treatment of patients with ARDS because it may better improve gas exchange than the CV 
approach. IRV may also improve PaO2 by extending inspiratory time and increasing mean airway pressure. Stu-
dies have shown that only an I:E ratio > 2.0 decreases cardiac output [26]. We found the same results in our 
study in that the hemodynamics did not differ significantly between the two MV approaches. Since patients with 
chronic obstructive airway diseases have extensive expiratory time, they were not included in our study. 

There are two inflection points on the pressure-volume curve. High-volume lung injury occurs as a result of 
tidal ventilation above the upper inflection point of the pressure-volume curve. Low-volume lung injuries result 
from ventilation beginning beneath the lower inflection point, meaning that respiratory compliance should be 
greatest within these two points. Thus, a small change in transpulmonary pressure will achieve normal VT [27] 
[28]. According to this theory, we preset the inflating pressure and PEEP and then regulate both by optimizing 
VT. An optimal PEEP can prevent atelectasis and lung injury, but how to best determine it remains unknown. 
Our data suggested that determining optimal PEEP using the pressure-volume curve could be sensible. In our 
study, inflating pressure and PEEP were 9.32 ± 2.13 cm H2O and 5.45 ± 0.97 cm H2O, respectively, which did 
not change the hemodynamics in patients without cardiac dysfunction. 

The high inspiratory pressure and extension of inspiratory time contribute significantly to the mean airway 
pressure. Mean airway pressure correlates to mean alveolar volume and is critical for diffusive gas movement. 
As a result, these parameters control oxygenation and alveolar ventilation. One reason that we did not see an in-
tergroup difference in PaO2 is that we used 100% oxygen. 

Postoperative pain intensity plays a major role in preserving pulmonary function after surgery [29] [30]. In the 
current trial, the VAS pain and nausea and vomiting scores did not differ significantly between the two MV 
strategies. However, the PIV group had a better overall mean pulmonary function test results on the first post-
operative day. The mechanisms by which PIV exerts its beneficial effect on pulmonary function after anesthesia 
and surgery are through increases in functional residual capacity (FRC), respiratory compliance and mean air-
way pressure. We assumed that those three factors may contribute to the better pulmonary function on day 1 in 
PIV group. Because we chose patients without severe respiratory system disease and the surgery time were less 
than 4 h, so the pulmonary function test were no different after day 1. Additional studies are needed to prospec-
tively compare PIV and CV and to investigate the clinical role of PIV in anesthesia. 

This study has two main limitations. First, we did not have the sample size calculation and we did not ex-
amine hospitalization duration or the number of postoperative pulmonary complications. Second, different FIO2 
levels might bring further benefits. As such, further studies are required to explore whether this ventilatory 
strategy ameliorates clinically relevant outcomes. 

5. Conclusion 
The use of pressure-controlled inverse ratio ventilation during open abdominal surgery increases mean airway 
pressure, improves respiratory compliance, and leads to better pulmonary function test results. 

Acknowledgements 
The authors wish to thank Gang Zheng from the Department of Anesthesiology at the MD Anderson Cancer 
Center for his assistance with the study. 

Competing Interests 
The authors declare no competing interests. 

Funding 
Shandong Science and Technology Development Plan, 2012YD18091. 

References 
[1] Gunnarsson, L., Tokics, L., Gustavsson, H. and Hedenstierna, G. (1991) Influence of Age on Atelectasis Formation 



X. Q. Wang et al. 
 

 
23 

and Gas Exchange Impairment during General Anaesthesia. British Journal of Anaesthesia, 66, 423-432.  
http://dx.doi.org/10.1093/bja/66.4.423 

[2] Edmark, L., Kostova-Aherdan, K., Enlund, M. and Hedenstierna, G. (2003) Optimal Oxygen Concentration during In-
duction of General Anesthesia. Anesthesiology, 98, 28-33. http://dx.doi.org/10.1097/00000542-200301000-00008 

[3] Hedenstierna, G. and Edmark, L. (2005) The Effects of Anesthesia and Muscle Paralysis on the Respiratory System. 
Intensive Care Medicine, 31, 1327-1335. http://dx.doi.org/10.1007/s00134-005-2761-7 

[4] Reinius, H., Jonsson, L., Gustafsson, S., Sundbom, M., Duvernoy, O., et al. (2009) Prevention of Atelectasis in Mor-
bidly Obese Patients during General Anesthesia and Paralysis: A Computerized Tomography Study. Anesthesiology, 
111, 979-987. http://dx.doi.org/10.1097/ALN.0b013e3181b87edb 

[5] Marcy, T.W. and Marini, J.J. (1991) Inverse Ration Ventilation in ARDS Rationale and Implementation. Chest, 100, 
494-504. http://dx.doi.org/10.1378/chest.100.2.494 

[6] Tharratt, R.S., Allen, R.P. and Albertson, T.E. (1988) Pressure Controlled Inverse Ratio Ventilation in Severe Adult 
Respiratory Failure. Chest, 94, 755-762. http://dx.doi.org/10.1378/chest.94.4.755 

[7] Clarke, J.P. (1997) The Effects of Inverse Ratio Ventilation on Intracranial Pressure: A Preliminary Report. Intensive 
Care Medicine, 23, 106-109. http://dx.doi.org/10.1007/s001340050298 

[8] Taplu, A., Gokmen, N., Erbayraktar, S., Sade, B., Erkan, N., et al. (2003) Effects of Pressure- and Volume-Controlled 
Inverse Ratio Ventilation on Haemodynamic Variables, Intracranical Pressure and Cerebral Perfusion in Rabbits: A 
Model of Subarachnoid Haemorrhage under Isoflurane Anaesthesia. European Journal of Anaesthesiology, 20, 690- 
696. http://dx.doi.org/10.1097/00003643-200309000-00003 

[9] Unzueta, M.C., Casas, J.I. and Moral, M.V. (2007) Pressure-Controlled Versus Volume-Controlled Ventilation during 
One-Lung Ventilation for Thoracic Surgery. Anesthesia ＆ Analgesia, 104, 1029-1033. 
http://dx.doi.org/10.1213/01.ane.0000260313.63893.2f 

[10] Yang, M., Ahn, H.J., Kim, K., Kim, J.A., Yi, C.A., et al. (2011) Does a Protective Ventilation Strategy Reduce the 
Risk of Pulmonary Complications after Lung Cancer Surgery? A Randomized Controlled Trial. Chest, 139, 530-537. 
http://dx.doi.org/10.1378/chest.09-2293 

[11] Weingarten, T.N., Whalen, F.X., Warner, D.O., Gajic, O., Schears, G.J., et al. (2010) Comparison of Two Ventilatory 
Strategies in Elderly Patients Undergoing Major Abdominal Surgery. British Journal of Anaesthesia, 104, 16-22. 
http://dx.doi.org/10.1093/bja/aep319 

[12] Choi, G., Wolthuis, E.K., Bresser, P., Levi, M., van der Poll, T., et al. (2006) Mechanical Ventilation with Lower Tidal 
Volumes and Positive End-Expiratory Pressure Prevents Alveolar Coagulation in Patients without Lung Injury. Anes-
thesiology, 105, 689-695. http://dx.doi.org/10.1097/00000542-200610000-00013 

[13] Wolthuis, E.K., Choi, G., Dessing, M.C., Bresser, P., Lutter, R., et al. (2008) Mechanical Ventilation with Lower Tidal 
Volumes and Positive End-Expiratory Pressure Prevents Pulmonary Inflammation in Patients without Preexisting Lung 
Injury. Anesthesiology, 108, 46-54. http://dx.doi.org/10.1097/01.anes.0000296068.80921.10 

[14] Quanjer, P.H., Tammeling, G.J., Cotes, J.E., Pedersen, O.F., Peslin, R., et al. (1993) Lung Volumes and Forced Venti-
latory Flows. Report Working Party Standardization of Lung Function Tests, European Community for Steel and Coal. 
Official Statement of the European Respiratory Society. European Respiratory Journal, 16, 5-40. 
http://dx.doi.org/10.1183/09041950.005s1693 

[15] Dreyfuss, D. and Saumon, G. (1998) Ventilator-Induced Lung Injury: Lessons from Experimental Studies. American 
Journal of Respiratory and Critical Care Medicine, 157, 294-323. http://dx.doi.org/10.1164/ajrccm.157.1.9604014 

[16] Oeckler, R.A. and Hubmayr, R.D. (2008) Cell Wounding and Repair in Ventilator Injured Lungs. Respiratory Physi-
ology & Neurobiology, 163, 44-53. http://dx.doi.org/10.1016/j.resp.2008.06.019 

[17] Tremblay, L.N. and Slutsky, A.S. (2006) Ventilator-Induced Lung Injury: From the Bench to the Bedside. Intensive 
Care Medicine, 32, 24-33. http://dx.doi.org/10.1007/s00134-005-2817-8 

[18] De Prost, N. and Dreyfuss, D. (2012) How to Prevent Ventilator-Induced Lung Injury? Minerva Anestesiologica, 78, 
1054-1066. 

[19] No Authors Listed (2000) Ventilation with Lower Tidal Volumes as Compared with Traditional Tidal Volumes for 
Acute Lung Injury and the Acute Respiratory Distress Syndrome. The Acute Respiratory Distress Syndrome Network. 
The New England Journal of Medicine, 342, 1301-1308. http://dx.doi.org/10.1056/NEJM200005043421801 

[20] Borges, J.B., Okamoto, V.N., Matos, G.F., Caramez, M.P., Arantes, P.R., et al. (2006) Reversibility of Lung Collapse 
and Hypoxemia in Early Acute Respiratory Distress Syndrome. American Journal of Respiratory and Critical Care 
Medicine, 174, 268-278. http://dx.doi.org/10.1164/rccm.200506-976OC 

[21] Amato, M.B., Barbas, C.S., Medeiros, D.M., Magaldi, R.B., Schettino, G.P., et al. (1998) Effect of a Protective- 
Ventilation Strategy on Mortality in the Acute Respiratory Distress Syndrome. The New England Journal of Medicine, 

http://dx.doi.org/10.1093/bja/66.4.423
http://dx.doi.org/10.1097/00000542-200301000-00008
http://dx.doi.org/10.1007/s00134-005-2761-7
http://dx.doi.org/10.1097/ALN.0b013e3181b87edb
http://dx.doi.org/10.1378/chest.100.2.494
http://dx.doi.org/10.1378/chest.94.4.755
http://dx.doi.org/10.1007/s001340050298
http://dx.doi.org/10.1097/00003643-200309000-00003
http://dx.doi.org/10.1213/01.ane.0000260313.63893.2f
http://dx.doi.org/10.1378/chest.09-2293
http://dx.doi.org/10.1093/bja/aep319
http://dx.doi.org/10.1097/00000542-200610000-00013
http://dx.doi.org/10.1097/01.anes.0000296068.80921.10
http://dx.doi.org/10.1183/09041950.005s1693
http://dx.doi.org/10.1164/ajrccm.157.1.9604014
http://dx.doi.org/10.1016/j.resp.2008.06.019
http://dx.doi.org/10.1007/s00134-005-2817-8
http://dx.doi.org/10.1056/NEJM200005043421801
http://dx.doi.org/10.1164/rccm.200506-976OC


X. Q. Wang et al. 
 

 
24 

338, 347-354. http://dx.doi.org/10.1056/NEJM199802053380602 
[22] Burchardi, H. (1996) New Strategies in Mechanical Ventilation for Acute Lung Injury. European Respiratory Journal, 

9, 1063-1072. http://dx.doi.org/10.1183/09031936.96.09051063 
[23] Chiumello, D., Carlesso, E., Cadringher, P., Caironi, P., Valenza, F., et al. (2008) Lung Stress and Strain during Me-

chanical Ventilation for Acute Respiratory Distress Syndrome. American Journal of Respiratory and Critical Care 
Medicine, 178, 346-355. http://dx.doi.org/10.1164/rccm.200710-1589OC 

[24] Caironi, P., Langer, T., Carlesso, E., Protti, A. and Gattinoni, L. (2011) Time to Generate Ventilator-Induced Lung In-
jury among Mammals with Healthy Lungs: A Unifying Hypothesis. Intensive Care Medicine, 37, 1913-1920. 
http://dx.doi.org/10.1007/s00134-011-2388-9 

[25] Slinger, P.D., Kruger, M., McRae, K. and Winton, T. (2001) Relation of the Static Compliance Curve and Positive 
End-Expiratory Pressure to Oxygenation during One-Lung Ventilation. Anesthesiology, 95, 1096-1102. 
http://dx.doi.org/10.1097/00000542-200111000-00012 

[26] Halter, J.M., Steinberg, J.M., Schiller, H.J., Da Silva, M., Gatto, L.A., et al. (2003) Positive End-Expiratory Pressure 
after a Recruitment Maneuver Prevents both Alveolar Collapse and Recruitment/Derecruitment. American Journal of 
Respiratory and Critical Care Medicine, 167, 1620-1626. http://dx.doi.org/10.1164/rccm.200205-435OC 

[27] La Follette, R., Hojnowski, K., Norton, J., Di Rocco, J., Carney, D., et al. (2007) Using Pressure-Volume Curves to Set 
Proper PEEP in Acute Lung Injury. Nursing in Critical Care, 12, 231-241. 
http://dx.doi.org/10.1111/j.1478-5153.2007.00224.x 

[28] Caramez, M.P., Kacmarek, R.M., Helmy, M., Miyoshi, E., Malhotra, A., et al. (2009) A Comparison of Methods to 
Identify Open-Lung PEEP. Intensive Care Medicine, 35, 740-747. http://dx.doi.org/10.1007/s00134-009-1412-9 

[29] Putensen-Himmer, G., Putensen, C., Lammer, H., Lingnau, W., Aigner, F., et al. (1992) Comparison of Postoperative 
Respiratory Function after Laparoscopy or Open Laparotomy for Cholecystectomy. Anesthesiology, 77, 675-680. 
http://dx.doi.org/10.1097/00000542-199210000-00010 

[30] Schauer, P.R., Luna, J., Ghiatas, A.A., Glen, M.E., Warren, J.M., et al. (1993) Pulmonary Function after Laparoscopic 
Cholecystectomy. Surgery, 114, 389-397; Discussion 397-389. 

http://dx.doi.org/10.1056/NEJM199802053380602
http://dx.doi.org/10.1183/09031936.96.09051063
http://dx.doi.org/10.1164/rccm.200710-1589OC
http://dx.doi.org/10.1007/s00134-011-2388-9
http://dx.doi.org/10.1097/00000542-200111000-00012
http://dx.doi.org/10.1164/rccm.200205-435OC
http://dx.doi.org/10.1111/j.1478-5153.2007.00224.x
http://dx.doi.org/10.1007/s00134-009-1412-9
http://dx.doi.org/10.1097/00000542-199210000-00010

	Pressure-Controlled Inverse Ratio Ventilation during General Anesthesia for Open Abdominal Surgery Improves Postoperative Pulmonary Function
	Abstract
	Keywords
	1. Introduction
	2. Materials and Methods
	2.1. Patient Data
	2.2. Anesthesia and Surgery
	2.3. Study Protocol of Each Ventilator Strategy
	2.4. Measurements
	2.5. Statistical Analysis

	3. Results
	4. Discussion
	5. Conclusion
	Acknowledgements
	Competing Interests
	Funding
	References

