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H I G H L I G H T S  

• Variable tidal volume ventilation improves oxygenation in animals and humans with acute respiratory distress syndrome. 
• We compared oxygenation and pulmonary complications in patients randomized to one-lung ventilation with variable or fixed tidal volumes 
• Ventilation with variable tidal volume did not improve oxygenation or reduce postoperative pulmonary complications.  
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A B S T R A C T   

Objective: Test the hypothesis that one-lung ventilation with variable tidal volume improves intraoperative 
oxygenation and reduces postoperative pulmonary complications after lung resection. 
Background: Constant tidal volume and respiratory rate ventilation can lead to atelectasis. Animal and human 
ARDS studies indicate that oxygenation improves with variable tidal volumes. Since one-lung ventilation shares 
characteristics with ARDS, we tested the hypothesis that one-lung ventilation with variable tidal volume im
proves intraoperative oxygenation and reduces postoperative pulmonary complications after lung resection. 
Design: Randomized trial. 
Setting: Operating rooms and a post-anesthesia care unit. 
Patients: Adults having elective open or video-assisted thoracoscopic lung resection surgery with general anes
thesia were randomly assigned to intraoperative ventilation with fixed (n = 70) or with variable (n = 70) tidal 
volumes. 
Interventions: Patients assigned to fixed ventilation had a tidal volume of 6 ml/kgPBW, whereas those assigned to 
variable ventilation had tidal volumes ranging from 6 ml/kg PBW ± 33% which varied randomly at 5-min 
intervals. 
Measurements: The primary outcome was intraoperative oxygenation; secondary outcomes were postoperative 
pulmonary complications, mortality within 90 days of surgery, heart rate, and SpO2/FiO2 ratio. 
Results: Data from 128 patients were analyzed with 65 assigned to fixed-tidal volume ventilation and 63 to 
variable-tidal volume ventilation. The time-weighted average PaO2 during one-lung ventilation was 176 (86) 
mmHg in patients ventilated with fixed-tidal volume and 147 (72) mmHg in the patients ventilated with 
variable-tidal volume, a difference that was statistically significant (p < 0.01) but less than our pre-defined 
clinically meaningful threshold of 50 mmHg. At least one composite complication occurred in 11 (17%) of pa
tients ventilated with variable-tidal volume and in 17 (26%) of patients assigned to fixed-tidal volume venti
lation, with a relative risk of 0.67 (95% CI 0.34–1.31, p = 0.24). Atelectasis in the ventilated lung was less 
common with variable-tidal volumes (4.7%) than fixed-tidal volumes (20%) in the initial three postoperative 
days, with a relative risk of 0.24 (95% CI 0.01–0.8, p = 0.02), but there were no significant late postoperative 
differences. No other secondary outcomes were both statistically significant and clinically meaningful. 
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Conclusion: One-lung ventilation with variable tidal volume does not meaningfully improve intraoperative 
oxygenation, and does not reduce postoperative pulmonary complications.   

1. Introduction 

Conventionally, tidal volumes are kept nearly constant during sur
gery [1–3]. However, the human respiratory system is not designed for 
monotony [4–6] and there is increasing evidence that constant-volume 
ventilation promotes atelectasis [2,7,8]. Perhaps consequently, tidal 
volume variability during spontaneous breathing at rest — which can be 
quantified with the coefficient of variation — is approximately 33 ±
15% of the tidal volume in healthy subjects [9,10], 22 ± 5% in patients 
with restrictive lung disease [11,12] and 25 ± 16% in patients with 
chronic obstructive pulmonary disease [12,13]. 

Mimicking physiological variability in tidal volume during me
chanical ventilation may improve oxygenation and reduce the risk of 
ventilator-induced lung injury. Studies in animals [14–19] and in 
humans [20] with acute respiratory distress syndrome (ARDS), for 
example, report that ventilation with variable tidal volumes improves 
oxygenation, although benefit is not apparent in patients with healthy 
lungs during routine anesthesia [8,21,22]. Patients having thoracic 
surgery often have pre-existing lung injury, and one-lung ventilation 
further stresses the ventilated lung [23]. One-lung ventilation (OLV) 
shares characteristics of ARDS because the lung volume is smaller than 
usual in both conditions [24,25]. Patients having one-lung ventilation 
for thoracic surgery may thus benefit from variable-tidal volume 
ventilation [26]. 

We therefore tested the primary hypothesis that oxygenation during 
one-lung ventilation is improved by variable-tidal volume ventilation in 
patients having thoracic surgery. We a priori defined differences of 50 
mmHg in PaO2 to be clinically meaningful [27–29]. Secondarily, we 
tested the hypotheses that variable-tidal volume ventilation reduces 
complications and mortality on post-operative days (POD) 1–3 and 1–3 
months later [30–32]. 

2. Methods 

Our randomized clinical trial was approved by the Ethics Committee 
(DEOEC RKEB/IKEB 4737–2017) of the University of Debrecen and the 
Ethics Board of the Hungarian National Institute of Pharmacy and 
Nutrition (OGYÉI/24107/2017) and was registered at ClinicalTrials.gov 
before the first patient was enrolled (NCT03364465). Written informed 
consent was obtained from participating patients. The study was con
ducted in accordance with the declaration of Helsinki and the principles 
of Good Clinical Practice guidelines. 

2.1. Study design and population 

We considered consenting adults >18 years who had a body mass 
index (BMI) < 35 kg/m2 and were scheduled for elective open or video- 
assisted thoracoscopic surgery with general anesthesia in whom we 
anticipated >60 min of one-lung ventilation. 

We excluded patients who had severe pulmonary disease (chronic 
obstructive pulmonary disease, lung fibrosis, documented bullae, severe 
emphysema, pneumothorax, uncontrolled asthma), heart failure and/or 
coronary heart disease, previous thoracic surgery, pulmonary arterial, 
neuromuscular disease, planned postoperative mechanical ventilation, 
bilateral procedures, lung separation with bronchial blocker, intracra
nial injury or tumor, previous neurosurgical procedures, enrollment in 
another interventional study, or were pregnant (Supplementary Ma
terial Table 1). 

2.2. Randomization 

Patients were randomly assigned to variable-tidal volume and or 
fixed-tidal volume ventilation. Randomization, without blocking or 
stratification, was based on computer-generated codes that were main
tained in sequentially numbered sealed opaque envelopes. 

The treatment groups were: (1) routine lung-protective one-lung 
ventilation with fixed-tidal volume; and (2) lung-protective one-lung 
ventilation with variable-tidal volume. 

2.3. Interventions and intraoperative management 

Patients were premedicated with 5 mg of midazolam and 0.5 mg of 
atropine given intramuscularly 30 min before entering the operating 
room. An epidural catheter was inserted at the mid-thoracic level (T5–8) 
before anesthetic induction. An infusion of 0.125% bupivacaine was 
initiated at a rate of 0.1 mg/kg/h and maintained throughout the 
surgery. 

Table 1 
Baseline characteristics.   

Fixed-tidal 
volume 
ventilation (n =
65) 

Variable-tidal 
volume 
ventilation (n =
63) 

Absolute 
standardized 
difference* 

Age (years) 61 (11) 62 (10) 0.13 
ARISCAT score 44 (5) 43 (5) 0.25 
Male 36 (55%) 34 (54%) 0.03 
Height (cm) 166 (8) 166 (10) 0.00 
Actual bodyweight 

(kg) 
72 (16) 75 (16) 0.22 

Predicted 
bodyweight (kg) 61 (9) 61 (11) 0.04 

FVC (% predicted) 99 (18) 97 (18) 0.16 
FEV1 (% 

predicted) 
94 (21) 88 (19) 0.24 

FEV1/FVC (% 
predicted) 

97 (13) 97 (11) 0.07 

PaO2 (mmHg) 87 (16) 86 (14) 0.07 
PaCO2 (mmHg) 36 (4) 37 (3) 0.26 
Heart rate (min− 1) 81 (15) 81 (14) 0.04 
SpO2 (%) 97 (2) 97 (2) 0.01 
Duration of 

anesthesia (min) 
154 (51) 156 (50) 0.03 

Duration of TLV 
(min) 

50 (33) 51 (31) 0.01 

Duration of OLV 
(min) 98 (41) 98 (39) 0.01 

Duration of surgery 
(min) 115 (45) 104 (43) 0.27 

Blood loss (ml) 117 (104) 113 (40) 0.04 
Crystalloids (ml) 1188 (457) 1338 (443) 0.33 
Left-sided OLV 30 (46%) 37 (59%) 0.25 
VATS 34 (52%) 42 (67%) 0.3 
Segmentectomy 14 (22%) 13 (21%) 0.02 
Lobectomy 45 (69%) 48 (76%) 0.16 
Pneumonectomy 6 (9%) 2 (3%) 0.25 

ARISCAT, Assess Respiratory Risk in Surgical Patients in Catalonia; FVC, Forced 
Vital Capacity; FEV1, Forced Expiratory Volume in one second; PaO2, partial 
pressure of oxygen in arterial blood; PaCO2, partial pressure of carbon dioxide in 
arterial blood; SpO2, oxygen saturation measured by pulse oximetry; OLV, one- 
lung ventilation; VATS, Video-assisted thoracoscopic surgery. 
Summary statistics are presented as n (%) for categorical variables and means 
(SD) for continuous variables. 

* Presented for all baseline characteristics. Standardized differences >0.35 
were considered imbalanced. 
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Routine intraoperative monitoring included electrocardiography, 
continuous arterial pressure monitoring via a catheter inserted into a 
radial artery, pulse oximetry, and acceleromyography to assess neuro
muscular block. 

Anesthesia was induced using 80% inspired oxygen, along with a 
combination of 2–3 mg/kg of propofol and 2–3 μg/kg of fentanyl. 
Intubation was facilitated by 0.2 mg/kg of cis-atracurium. 

Sevoflurane, in combination with an air/oxygen mixture (40% oxy
gen during two-lung ventilation and 80% oxygen during one-lung 
ventilation), was used to maintain anesthesia. The concentration of 
sevoflurane was adjusted to achieve a target Bispectral Index (BIS) be
tween 40 and 60. 

Normothermia was targeted with forced-air warming. Intravascular 
volume was maintained by infusion of balanced crystalloid solutions, 
with blood transfusions as necessary. 

Patients were intubated with double-lumen endotracheal tubes. 
During two-lung ventilation, patients were ventilated with a volume- 
controlled square-wave flow pattern at a tidal volume of 8 mL/kg pre
dicted body weight (PBW) and positive end-expiratory pressure (PEEP) 
of 5 cmH2O. An initial respiratory rate of 10–14/min was adjusted to a 
target minute ventilation of 100 ml/kg PBW, with an inspiratory-to- 
expiratory (I:E) ratio of 1:2. After induction of general anesthesia and 
intubation, a recruitment maneuver was performed [33,34], followed by 
ventilation of both lungs in the supine position for 10 min. For lung 
recruitment, we used the automated multi-step recruitment function of 
Draeger Perseus anesthesia machine which applies a sequence of 
pressure-controlled breaths at variable pressures. During the maneuver, 
inspiratory pressure is automatically increased in steps to a maximum of 
35 cmH2O and the expiratory pressure is increased to a maximum of 15 
cmH2O. Both pressures are sustained for several breaths and then 
reduced again in steps to the starting levels. For parameters such as 
respiratory rate and tidal volume, the values from the previous venti
lation mode were used. The time intervals for each step, the pressure rise 
or decrease depends on the selected patient category and is automated. 

Patients were then turned laterally, and position of the double-lumen 

tube confirmed. One-lung ventilation was initiated once the thoracic 
cavity was opened. In patients randomized to fixed-tidal volume venti
lation, tidal volume was kept constant at 6 ml/kgPBW throughout one- 
lung ventilation. In patients assigned to variable-tidal volume ventila
tion, tidal volumes were varied within a 33% range of 6 ml/kgPBW 
using a random integer generator (Supplementary Material Fig. 1). 

Previous studies report that changes in the alveolar-arterial oxygen 
gradient (AaDO2) are apparent within two minutes of discontinuing 
positive end-expiratory pressure (PEEP), and that changes in PaO2 can 
be detected within five minutes of altering PEEP or tidal volume 
[35–38]. We therefore selected five-minute equilibration periods. For 
example, a tidal volume of 6-ml/kg is 420 ml in a 70 kgPBW patient. 
Using a coefficient of variation of 33%, tidal volumes would thus range 
from 280 to 560 ml. Volumes were randomly changed at 5-min intervals, 
with the respiratory rate being adjusted as necessary to maintain 100 
ml/kg/PBW minute ventilation (Supplementary Material Table 2). 

Rescue maneuvers were implemented as necessary during one-lung 
ventilation. For hypoxemia (SpO2 < 90% for >1 min), treatments 
included increasing FiO2, performing a recruitment maneuver for the 
ventilated lung, increasing PEEP, increasing inspired oxygen and/or 
providing continuous positive airway pressure (CPAP) to the non- 
ventilated lung, considering surgical interventions such as clamping 
the pulmonary artery, inhalation of nitric oxide or prostacyclin, and 
switching from one-lung to two-lung ventilation. For hypercapnic 
acidosis (PaCO2 > 60 mmHg and pH <7.20), the following rescue ma
neuvers were sequentially implemented as necessary: 1) the respiratory 
rate was increased to a maximum of 30/min; 2) tidal volume was 
increased up to 7 ml/kgPBW; and 3) ventilation was switched from one- 
lung to two-lungs [39–41]. 

Following closure of the thoracic cavity, a recruitment maneuver was 
performed for the ventilated lung, and two-lung ventilation was 
resumed with 40% inspired oxygen. Patients were extubated in the 
operating room and monitored in the postanesthesia care unit for at least 
12 h. Nasal oxygen was given as needed, and epidural analgesia was 
continued. 

Fig. 1. Trial profile.  
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2.4. Data collection 

Only four anesthesiologists participated, and the corresponding 
author personally supervised patient selection, randomization, each 
anesthesia procedure, and a postoperative visit to maximize protocol 
adherence. All postoperative measurements were made by the same 
team of clinicians and investigators; the trial was thus unblinded. 
Baseline demographic and morphometric characteristics were recorded, 
as were co-existing diseases, medications, lung-function tests with 
whole-body plethysmography, arterial blood gas analysis while 
breathing room air, electrocardiography, echocardiography, 

computerized tomographic lung scan, and bronchoscopy. 
Blood gas results, ventilation, and hemodynamic variables were 

recorded 10 min after anesthesia induction during supine two-lung 
ventilation, 10 min after changing to the lateral decubitus position, at 
5-min intervals during one-lung ventilation, and at the end of surgery 
during two-lung ventilation with patients positioned supine. Arterial 
blood samples were analyzed with calibrated in-room blood gas 
analyzers. 

During the initial three days after surgery, we daily recorded heart 
rate, SpO2 measured by pulse oximetry, spirometry measurements using 
bedside spirometer, chest X-ray radiographs, and body temperature. The 
same tests were repeated 30 and 90 days after surgery. Postoperative 
outcomes and complications were defined based on the European Peri
operative Clinical Outcome (EPCO) definitions [42]. Vital status was 
assessed at 90 days using electronic medical record-based registries of 
University of Debrecen. 

2.5. Outcomes 

Our primary outcome was time-weighted average arterial partial 
pressure of oxygen during one-lung ventilation. Based on previous work, 
we a priori defined a 50-mmHg difference in time-weighted average 
PaO2 as a clinically meaningful [27–29]. 

Secondary outcomes were variously evaluated during the early (POD 
1–3) and late (1 and 3 month) postoperative periods [30,31]. 

1) Composite of pulmonary complications. During the initial 
three days after surgery, we took chest X-ray radiographs daily, and 
subsequently repeated the tests at 30 and 90 days after surgery. Our 
collapsed (one or more) composite included respiratory complications, 
respiratory failure and distress, reintubations, pulmonary edema, and 
infiltration or atelectasis in the ventilated lung as defined by the Euro
pean Perioperative Clinical Outcome (EPCO) criteria [42]. Chest x-rays 
were assessed by faculty in the Department of Radiology of the Uni
versity of Debrecen who were blinded to patient grouping and outcomes. 
Atelectasis was suggested by lung opacification with or without shift of 
the mediastinum, hilum, or hemidiaphragm shift towards the affected 
area, and compensatory overinflation in the adjacent non-atelectatic 
lung. Our analysis was based on electronic records which reported 
atelectasis dichotomously. 

2) Mortality. All-cause mortality was evaluated 3 months after 
surgery. 

3) Heart rate. During the initial three days after surgery, heart rates 
were recorded daily and subsequently at 30 and 90 postoperative days. 
Changes in heart rate of 10 beats per minute were deemed clinically 
meaningful based on previous evidence linking high resting heart rate to 
adverse outcomes in surgical patients [43–45]. 

4) Postoperative oxygenation; the SpO2/FiO2 ratio was recorded 
daily during the initial three days after surgery and subsequently at 30 
and 90 days after surgery; We used SpO2/FiO2 ratio as a measure of 
postoperative oxygenation because it provides good sensitivity and 
specificity compared to invasive PaO2/FiO2 ratios in diagnosing lung 
injury [46–50]. We considered differences of 15% in SpO2/FiO2 ratio 
between groups clinically meaningful [51]. 

5) Durations of hospitalization, intensive care unit (ICU) stay, 
and chest tube drainage. 

Adverse events such as atrial fibrillation, myocardial infarction, 
wound infection, sepsis, renal failure, and others were recorded and 
categorized by severity, with events classified as serious if they pro
longed hospitalization or posed a life-threatening risk. 

2.6. Data analysis 

140 patients provided 80% power to detect a two-tailed difference of 
50 mmHg in PaO2 during OLV with an α error of 5% based on an ex
pected standard deviation of 100 mmHg with a repeated-measures 
analysis [27–29,52]. Thus, we enrolled 70 patients per group to 

Table 2 
Secondary outcome variables in the postoperative period.   

Fixed-tidal 
volume (n 
= 65) 

Variable-tidal 
volume (n =
63) 

Treatment 
effect 

p 

Composite pulmonary 
complications 
(atelectasis and 
infiltrations) 

17 [26.2] 11 [17.5] 
0.67 
(0.34–1.31) 0.24 

Atelectasis     

POD1–3 13 [20] 3[4.7] 0.24 
(0.01–0.8) 

0.02 

POD30 1 [1.7]6 1 [1.8]8 1.03 
(0.07–16.1) 

0.98 

POD90 2 [4]15 0 [0]9 0.2 
(0.01–4.2) 0.31  

Infiltration     

POD1–3 3 (4.6) 7 (11.1) 2.33 
(0.63–8.63) 

0.2 

POD30 3 (5.1)6 1 (1.8)8 0.36 
(0.04–3.33) 

0.37 

POD90 3 (6)15 0 (0)9 0.13 
(0.01–2.5) 0.18  

HR (min− 1)     
Time-weighted 

average 
86 (15) 84 (14) 2 (− 0.6–4) 0.15  

HR (min− 1)     
POD1–3 86 (14) 87 (15) -1 (− 4–2) 0.4 
POD30 86 (18)6 79 (10)8 7 (1− 12) 0.02 
POD90 85 (16)15 80 (12)8 6 (1–12) 0.02  

SpO2/FiO2     

Time-weighted 
average 444 (47) 447 (37) -3 (− 10–4) 0.41  

SpO2/FiO2     

POD1–3 435 (54) 440 (39) -5 (− 15–5) 0.32 
POD30 464 (7)6 462 (8)8 2 (− 1–4) 0.26 
POD90 464 (6)15 462 (11)8 2 (− 1–6) 0.16 

Median length of hospital 
stay (days) 6 [4] 6 [3] 

0.76 
(0.53–1.08) 0.12 

Median length of ICU stay 
(days) 

0 [1] 0 [3] 
1.32 
(0.71–2.46) 

0.38 

Median length of chest 
drainage (days) 

4 [3] 4 [2] 0.98 
(0.69–1.4) 

0.92 

Data are presented as n [%], means (SD), and medians [IQR]. 
The relative risk (95%CI) as treatment effect was estimated for occurrence of 
atelectasis and infiltration for varieble-tidal volume ventilation. 
For continuous variables (such as heart rate and SpO2/FiO2 ratio) the treatment 
effect presented as mean difference (95%CI). 
Superscripts represent the number of patients with missing data. 
POD: Post-operative day; HR: Heart rate; SpO2: peripheral oxygen saturation 
measured by pulse oximetry; FiO2: fraction of inspired oxygen; POD1–3: average 
of postoperative first three days while patients were hospitalized. 
There were no deaths and adverse events (atrial fibrillations, myocardial infarct, 
wound infection, sepsis, renal failure, etc.) within 90 postoperative days. 
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account for an anticipated dropout of 5% due to declining participation, 
interruption of intervention, and unplanned complications. 

Groups were considered well balanced when absolute standardized 
differences (difference in means divided by the pooled SD) was <1.96 
x

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(n1 + n2)/(n1 x n2

√
) = 0.35, where n1 = 65 patients and n2 = 63 

patients are the number of patients in each group [53]. 
Linear mixed models with restricted maximum likelihood were used 

to model PaO2 during one-lung ventilation, our primary outcome. Time 
was included after an expansion with 3 degrees-of-freedom natural 
splines to allow for a potentially non-linear effect of elapsed intra
operative time on PaO2. We also evaluated the interaction between 
spline-expanded time and randomization group to determine whether 
the pattern differed over time rather than just being shifted. 

Interaction P-values were calculated using Kenward-Roger's 
approximation of the denominator degrees of freedom. If the interaction 
effect was not significant (P > 0.05), treatment effect estimates would be 
summarized using the mean difference comparing ventilation with 
variable-tidal volume versus fixed-tidal volume. If the interaction was 
significant, the effects of each intervention would be assessed within 
levels of the other intervention. Missing data were not imputed. Blood 
gas, ventilatory, and hemodynamic responses during one-lung ventila
tion were modeled and evaluated in the same framework. 

For secondary outcomes, a log-binomial GLM model was used to 
estimate treatment effect for binary outcomes. For pulmonary compli
cations, we made a simple collapsed composite of atelectasis and/or 
infiltration anytime on the first three PODs while patients were hospi
talized, and again at 30 and 90 days. We used the log-binomial model to 
estimate relative risk (RR) instead of odds ratio. 

For continuous variables such as heart rate and SpO2/FiO2 ratio, we 
used a repeated-measures mixed model. We averaged values over the 
initial three PODs, and then separately evaluated 30 and 90 days. If the 
interaction effect was not significant (P > 0.05), treatment effect esti
mates would be summarized using the mean difference comparing 
ventilation with variable-tidal volume versus fixed-tidal volume. If the 
interaction was significant, the effects of each intervention would be 
assessed within levels of the other intervention. 

Time-to-event outcomes including hospitalization, ICU stay, and 
duration of chest drainage were evaluated with Cox proportional haz
ards regression model. 

The relationship between SpO2/FiO2 and occurrence of post
operative pulmonary complications during the first three postoperative 
days was evaluated with point-biserial correlation. 

The effect of extent of lung resection (segmentectomy, lobectomy, 
pneumonectomy) and the type of the surgery (thoracoscopic or thora
cotomy) on postoperative pulmonary complications was evaluated with 
binary generalized linear models with extension to the binomial family 
with log link/risk ratios were used with restricted maximum likelihood. 
The extent of resction and the type of surgery was a confounder. 

P values <0.05 were considered significant. All the analyses were 
conducted in Stata Statistical Software (Release 17. College Station, TX: 
StataCorp LLC, USA) and NCSS 2023 Statistical Software 2023 (NCSS, 
LLC. Kaysville, Utah, USA). 

3. Results 

3.1. Population 

Between February 1, 2017, and April 1, 2018, 140 participants were 
enrolled and randomly allocated to treatment; 128 patients were 
analyzed: 65 patients assigned to fixed-tidal volume ventilation and 63 
patients assigned to variable-tidal volume ventilation, and the primary 
outcome was available for each (Fig. 1). All baseline characteristics were 
well balanced with an absolute standardized difference of 0.35 or less, 
and therefore none was adjusted for in our analyses (Table 1 and Sup
plementary Material Table 3). There were no intraoperative adverse 

events (hypoxemia, hypercapnia, arrhythmia, myocardial infarct, etc.); 
consequently, no patients required rescue therapy or pulmonary 
interventions. 

3.2. Primary outcome 

PaO2 over time is shown in Fig. 2. Patients assigned to fixed-tidal 
volume ventilation had a time-weighted group average PaO2 during 
OLV of 176 (86) mmHg whereas the variable-tidal volume ventilation 
group averaged 147 (72) mmHg, corresponding to a difference of 28 
mmHg (95% CI 20–36). Oxygenation was thus significantly worse with 
variable tidal volume (p < 0.01), but not by a clinically meaningful 
amount which we defined as ≥50 mmHg. There was no significant 
interaction across time (p = 0.091). Furthermore, there were no signif
icant interactions of the primary outcome for time-weighted averages of 
hemodynamic values, ventilation setting, blood gas values during one- 
lung ventilation (Supplementary Material Table 4, 5). The type of 
the surgery (thoracocopic or thoracotomy) had no significant influence 
on PaO2 during OLV (p = 0.24). 

3.3. Secondary outcomes 

Our composite of complications included composite included respi
ratory complications, respiratory failure and distress, reintubations, 
pulmonary edema, and infiltration or atelectasis in the ventilated lung. 
However, atelectasis and infiltration were the only component compli
cations that were observed. Composite postoperative pulmonary com
plications were observed in 11 (17.5%) patients assigned to ventilation 
with variable tidal volume, and 17 (26.2%) patients assigned to venti
lation with a fixed-tidal volume within the 90-day postoperative period 
(RR = 0.67, 95% CI 0.34–1.31, p = 0.24). Atelectasis in the ventilated 
lung was less common with variable-tidal volumes (4.7%) than fixed- 
tidal volumes (20%) during the initial three postoperative days, with a 
relative risk of 0.24 (95% CI: 0.01–0.8), p = 0.02. There were no sig
nificant differences in atelectasis on postoperative days 30 (RR = 1.03, 
95% CI 0.07–16.1, p = 0.98) or 90 (RR = 0.2, 95% CI 0.01–4.2, p =
0.31). There were no significant differences in the proportion of in
filtrates formed in the ventilated lungs during the detailed analysis in 
any of the postoperative periods between patients assigned to variable- 
tidal volume ventilation and fixed-tidal volume ventilation (Table 2). 

There were no deaths or serious adverse events (atrial fibrillations, 
myocardial infarct, wound infection, sepsis, renal failure, etc.) within 90 
postoperative days. There were no significant differences in time- 
weighted heart rate within 90 postoperative days (Table 2). However, 
there were significant differences in heart rate values measured at 
POD30: 86 (18) beats/min in patients assigned to fixed-tidal volume 
ventilation and 79 (10) beats/min in patients assigned to variable-tidal 
volume ventilation, p = 0.02. There were also differences at POD90: 85 
(16) beats/min in patients assigned to fixed-tidal volume ventilation and 
80 (12) beats/min in patients assigned to variable-tidal volume venti
lation, p = 0.02. Difference in the means of heart rates at both times 
were < 10 beats per minute which we a priori defined not to be clinically 
meaningful (Table 2). 

There were no significant or clinically meaningful differences in 
SpO2/FiO2 ratios as time-weighted averages over the first three post
operative days or on the 30th and 90th postoperative days (Table 2). 
There were also no significant differences in the median length of hos
pital stay, intensive care unit stay, chest drainage (Table 2). And finally, 
there were no significant correlations between the SpO2/FiO2 values and 
occurrence of atelectasis (point biserial correlation: 0.02, CI 0.14–0.1, p 
= 0.74) or infiltration (point biserial correlation: 0.002, CI 0.12–0.12, p 
= 0.98) during the first three postoperative days. The effect of variable- 
tidal volume ventilation on postoperative pulmonary complications did 
not differ by surgery type (p = 0.89; Fig. 3, Supplementary Material 
Table 6, 7), or by extent of lung resection (p = 0.57; Supplementary 
Fig. 2, Supplementary Material Table 8). 
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4. Discussion 

Mechanical ventilation with variable tidal volumes improves 

oxygenation in patients with lung injury (ARDS) [22] and during pro
longed ventilation [8,23]. However, benefit takes several hours to 
become apparent in ARDS patients, and 5 or more hours in patients with 

Fig. 2. PaO2 values measured during one-lung ventilation (OLV) at an FiO2 of 0.8. 
Data are presented as means and 95% confidence intervals (CI). 

Fig. 3. Subgroup analysis of the components of postoperative pulmonary complications. 
The circles represent the relative risk of variable-tidal volume ventilation. Error bars show 95% CIs. 
*: pinteraction: effect of type of surgery on components postoperative pulmonary complications. 
POD, post-operative day; POD1–3: summary of postoperative first three days while patients were hospitalized. 
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healthy lungs [8,23]. In contrast, we did not observe an oxygenation 
benefit from variable tidal volumes during one-lung ventilation — 
possibly because the duration of one-lung ventilation was short, aver
aging only 1.5 h. 

PaO2 decreased in the first 20 min but remained relatively stable 
afterward, possibly because accommodation for hypoxic pulmonary 
vasoconstriction in humans has three phases: an acute phase within 5 
min, a sustained or plateau phase starting after a latency period of 
20–30 min and lasting for 2 h, followed by a chronic phase lasting up
ward of 8 h [54–59]. Our patients thus spent nearly all their OLV time 
during the second accommodation phase. 

The reported incidence of PPCs following lung resection varies from 
10% to 49%, probably reflecting widely differing definitions 
[31,32,60–63]. We considered a composite which encompassed respi
ratory complications, respiratory failure and distress, reintubations, 
pulmonary edema, and infiltration or atelectasis in the ventilated lung. 
The incidence was 17% with variable ventilation versus 26% with fixed 
ventilation, a difference that might be clinically meaningful but did not 
differ significantly in our relatively small trial. 

In contrast, atelectasis differed significantly, but was not associated 
with complications or clinically meaningful outcomes including pro
longed duration of hospital or ICU stays or the duration of chest 
drainage. Ventilation with a variable tidal volume possibly reduced the 
incidence of atelectasis because variable pulmonary stretch stimulates 
surfactant production in type II pneumocytes [64–67]. More surfactant 
presumably enhances benefit from the recruitment maneuvers that all 
patients had at the end of surgery. 

Moderate-to-severe hypoxia during the initial three postoperative 
days is associated with one-year mortality [51,68,69]. We used SpO2/ 
FiO2 ratio as a measure of postoperative oxygenation because it provides 
sensitivity and specificity comparable to PaO2/FiO2 ratios in diagnosing 
lung injury [48–53]. We did not observe a correlation between radio
logical findings and oxygenation during the first three postoperative 
days, but note that chest X-rays are an insensitive measure of atelectasis 
[70]. 

High mechanical power may promote ventilator-induced lung injury 
which can manifest as lung infiltration. The severity of this injury is 
influenced by tidal volume, driving pressure, flow, respiratory rate, and 
positive end-expiratory pressure [71–73]. Our patients assigned to 
variable-tidal volume ventilation generally had slightly higher respira
tory rates, and some required atypically high rates. Nonetheless, average 
mechanical power did not exceed the generally accepted harmful limit 
of 12 J/min [74], and lung infiltration was similar in each group. 

Tidal volumes in the variable-tidal group varied between 4 ml/ 
kgPBW and 8 ml/kgPBW, neither of which is harmful during one-lung 
ventilation [75]. 

Although there were no significant differences in the type of surgery 
(VATS vs thoracotomy) between the two groups, type of surgery may 
influence the development of postoperative respiratory complications. 
Therefore, following the analysis of the secondary outcomes, we per
formed a subgroup analysis considering the types of surgery which 
showed that VATS versus thoracotomy had no effect development of 
postoperative respiratory complications (Fig. 3). The extent of lung 
resection also had no significant influence on results of postoperative 
pulmonary complications. 

A major limitation of our trial is that we were unable to blind our 
small research team. However, most of our outcomes are objective and 
unlikely to be influenced by investigator bias. 

Previous trials of variable ventilation changed volume on a breath- 
by-breath basis within a similar range [8,23]. In contrast, we varied 
volume at 5-min intervals. It thus remains possible, although unlikely, 
that results would differ substantively had we instead varied volume 
breath-by-breath. An additional difference is that previous studies used 
intensive care ventilators with intravenous anesthesia whereas we used 
anesthesia ventilators and volatile anesthetics. While the population and 
duration of ventilation are clearly critical, it seems unlikely that type of 

ventilator or anesthesia matters much in this context. We restricted in
clusion to patients with BMI <35 kg/m2 who did not have severe 
coexisting pulmonary disease such as chronic obstructive pulmonary 
disease. Results may have differed in heavier patients, or those with pre- 
existing pulmonary disease. 

We did not collect data on preoperative pulmonary rehabilitation, 
neoadjuvant chemo- and radiotherapy, blood transfusion, postoperative 
fluid balance as factors that may have influence on postoperative pul
monary complications. 

In summary, one-lung ventilation with variable tidal volume does 
not meaningfully improve intraoperative oxygenation, and does not 
reduce postoperative pulmonary complications or hospital and intensive 
care unit stay. Results may differ with longer periods of variable-tidal 
volume ventilation, or in patients with pre-existing lung disease. 
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