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IMPORTANCE In patients who undergo mechanical ventilation during surgery, the ideal tidal
volume is unclear.

OBJECTIVE To determine whether low-tidal-volume ventilation compared with conventional
ventilation during major surgery decreases postoperative pulmonary complications.

DESIGN, SETTING, AND PARTICIPANTS Single-center, assessor-blinded, randomized clinical trial
of 1236 patients older than 40 years undergoing major noncardiothoracic, nonintracranial
surgery under general anesthesia lasting more than 2 hours in a tertiary hospital in
Melbourne, Australia, from February 2015 to February 2019. The last date of follow-up was
February 17, 2019.

INTERVENTIONS Patients were randomized to receive a tidal volume of 6 mL/kg predicted
body weight (n = 614; low tidal volume group) or a tidal volume of 10 mL/kg predicted body
weight (n = 592; conventional tidal volume group). All patients received positive
end-expiratory pressure (PEEP) at 5 cm H2O.

MAIN OUTCOMES AND MEASURES The primary outcome was a composite of postoperative
pulmonary complications within the first 7 postoperative days, including pneumonia,
bronchospasm, atelectasis, pulmonary congestion, respiratory failure, pleural effusion,
pneumothorax, or unplanned requirement for postoperative invasive or noninvasive
ventilation. Secondary outcomes were postoperative pulmonary complications including
development of pulmonary embolism, acute respiratory distress syndrome, systemic
inflammatory response syndrome, sepsis, acute kidney injury, wound infection (superficial
and deep), rate of intraoperative need for vasopressor, incidence of unplanned intensive care
unit admission, rate of need for rapid response team call, intensive care unit length of stay,
hospital length of stay, and in-hospital mortality.

RESULTS Among 1236 patients who were randomized, 1206 (98.9%) completed the trial
(mean age, 63.5 years; 494 [40.9%] women; 681 [56.4%] undergoing abdominal surgery).
The primary outcome occurred in 231 of 608 patients (38%) in the low tidal volume group
compared with 232 of 590 patients (39%) in the conventional tidal volume group (difference,
−1.3% [95% CI, −6.8% to 4.2%]; risk ratio, 0.97 [95% CI, 0.84-1.11]; P = .64). There were no
significant differences in any of the secondary outcomes.

CONCLUSIONS AND RELEVANCE Among adult patients undergoing major surgery,
intraoperative ventilation with low tidal volume compared with conventional tidal volume,
with PEEP applied equally between groups, did not significantly reduce pulmonary
complications within the first 7 postoperative days.
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M ore than an estimated 300 million surgical proce-
dures are performed worldwide every year.1

More than 30% of patients undergoing surgery
lasting at least 2 hours with general anesthesia and
mechanical ventilation may experience postoperative pul-
monary complications.2 According to an international
expert panel–based consensus from 2019, prevention of
complications is an important therapeutic and economic
goal, which may in part be achieved by the optimization of
mechanical ventilation.2-4

Intraoperative mechanical ventilation with supraphysi-
ologic tidal volumes has traditionally been applied to pre-
vent hypoxia and atelectasis.5 However, there has been a
growing concern that such large tidal volumes may be inju-
rious and contribute to postoperative morbidity when com-
pared with low-tidal-volume ventilation.4,6-10 In 2013,
a multicenter randomized clinical trial compared a lung-
protective ventilation strategy (6-8 mL/kg predicted body
weight [PBW] of tidal volume, 6-8 cm H2O of positive end-
expiratory pressure [PEEP], and periodic recruitment
maneuvers) with a nonprotective strategy. The results
showed a significant reduction in postoperative pulmonary
and extrapulmonary complications with the use of lung-
protective ventilation.11 However, due to the multiple ele-
ments of the strategy, it was not possible to identify which
component of the intervention was most important. More-
over, the control group underwent ventilation with no
PEEP, an uncommon practice, making the external validity
of such a trial uncertain.12-14

Therefore, the present assessor-blinded randomized
clinical trial was conducted to determine whether a strategy
of low-tidal-volume ventilation reduces the incidence of
postoperative pulmonary complications within the first 7
postoperative days compared with conventional-tidal-
volume ventilation in adult patients undergoing major sur-
gery and receiving the same level of PEEP.

Methods
Study Design and Oversight
This was an investigator-initiated, assessor-blinded, single-
center, randomized clinical trial conducted in a tertiary hos-
pital in Melbourne, Australia. The protocol and statistical
analysis plan have been published and are available in
Supplement 1.15 The local ethics committee approved
the study (HREC approval number HREC/14/Austin260).
Written informed consent was obtained from all participat-
ing patients.

Patients
Patients were included if they were older than 40 years, sched-
uled to have major surgery with an expected duration of more
than 2 hours, and expected to have invasive arterial pressure
monitoring as part of their routine care. Patients were ex-
cluded if they were pregnant, were scheduled to have car-
diac, thoracic, or intracranial neurological surgery, or had been
previously enrolled in the trial. The rationale for the inclu-

sion and exclusion criteria is outlined in the eAppendix in
Supplement 2.

Randomization and Interventions
A computer-generated randomization list was prepared by an
independent investigator. Randomization was conducted using
sealed, sequentially numbered, and opaque envelopes placed
in the operating room and without any stratification factor. Pa-
tients who satisfied all inclusion criteria and had no exclu-
sion criteria were randomly assigned in a 1:1 ratio to either low-
tidal-volume ventilation or conventional-tidal-volume
ventilation using a permuted-block method with random sizes
of 4, 6, or 10.

General management, including fraction of inspired oxy-
gen, respiratory rate, anesthesia technique, fluid manage-
ment, use of vasoactive drugs, analgesia plan, and use of pro-
phylactic antibiotics and antiemetic agents, was at the
discretion of the treating anesthesiologists and in accordance
with existing protocols for patients undergoing major sur-
gery. Predicted body weight was calculated as 50 + 0.91 ×
(height [cm] – 152.4) for men and 45.5 + 0.91 × (height [cm] –
152.4) for women. Aligned with usual practice in Australia and
the United States, all patients were managed with volume-
controlled ventilation with a PEEP of 5 cm H2O during the en-
tire procedure.12-14

Patients were randomly assigned to receive ventilation at
either low tidal volume (6 mL/kg PBW) or conventional tidal
volume (10 mL/kg PBW). The tidal volume and PEEP of the con-
ventional ventilation group were chosen to reflect current prac-
tice at the time of the study design.11-13 The tidal volume set-
ting of 6 mL/kg PBW was chosen for the low-tidal-volume
ventilation group consistent with several other major trials of
low-tidal-volume ventilation in the literature.6,8-11 The PEEP
and tidal volume were maintained for the duration of the sur-
gical procedure.

Three arterial blood gas samples were taken for analysis
during the study. The first was taken after induction and at
least 15 minutes after the institution of the trial ventilation
protocol (ie, early maintenance phase). A second sample

Key Points
Question Does intraoperative low tidal volume, compared with
conventional tidal volume, decrease postoperative pulmonary
complications in patients undergoing major surgery?

Findings In this randomized clinical trial of 1236 adults,
the rate of pulmonary complications within the first 7
postoperative days was 38% among those randomized
to a strategy of mechanical ventilation with low tidal volume
compared with 39% among those randomized to a strategy
with conventional tidal volume, a difference that was not
statistically significant.

Meaning Among adults undergoing major surgery, an
intraoperative mechanical ventilation strategy with low tidal
volume did not significantly reduce postoperative pulmonary
complications within the first 7 postoperative days.
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was taken at least 15 minutes before emergence from anes-
thesia and before preparation for extubation (ie, late main-
tenance phase). A third arterial blood gas sample was taken
approximately 15 minutes after arrival in the postanesthesia
care unit. Chest x-ray was performed in the postoperative
period according to clinical need, as determined by the
attending clinical staff.

Data Collection
A standardized case report form was used for data collection.
The research staff collected all data directly from the clinical
chart source data. Until postoperative day 7 or hospital dis-
charge (whichever came first), all patients were assessed daily
by the trial’s research team. Patients discharged to home be-
fore day 7 without complications were considered free of com-
plications at day 7.

Research nurses blinded to the intraoperative interven-
tion collected information regarding clinical outcomes. After
the first 7 days (if a patient was still hospitalized), additional
data were retrieved from the electronic chart. In the intraop-
erative period, for all ventilatory data and vital signs, the
lowest and/or highest values during the procedure were
recorded. In addition, the use and type of regional anesthesia
and use and dose of vasopressors and opioids were recorded.
Arterial blood gas measurements were collected as described
above and all results are reported herein, including pH, arte-
rial partial pressure of oxygen, arterial partial pressure of car-
bon dioxide, bicarbonate, and lactate. After completion of
data collection, the database was locked, and only the princi-
pal investigator and the statistician responsible for the analy-
ses had access to it.

Blinding
The investigators who were responsible for assessing all out-
comes were blinded to study group assignment. However, the
attending anesthesiologists, intraoperative and postanesthe-
sia care nursing personnel, and intraoperative assessors were
not blinded to study group allocation.

Outcomes
Primary Outcome
The primary outcome was the incidence of a composite of
postoperative pulmonary complications, defined as positive
if any component developed within the first 7 days after
surgery. These complications included pneumonia, broncho-
spasm, atelectasis, pulmonary congestion, respiratory fail-
ure, pleural effusion, pneumothorax, or unplanned require-
ment for postoperative mechanical ventilation, continuous
positive airway pressure, or noninvasive or invasive ventila-
tion (see eTable 1 in Supplement 2 for definitions). The diag-
noses of atelectasis, pleural effusion, and pneumothorax
were based on chest x-rays and were adjudicated by asses-
sors blinded to study group allocation.

Secondary Outcomes
Thirteen prespecified secondary outcomes were assessed
(see eTable 2 in Supplement 2 for definitions): (1) incidence of
postoperative pulmonary complications during hospital stay,

(2) incidence of pulmonary embolism, (3) incidence of acute
respiratory distress syndrome, (4) incidence of systemic
inflammatory response syndrome, (5) incidence of sepsis,
(6) incidence of acute kidney injury, (7) incidence of wound
infection (superficial and deep), (8) rate of intraoperative
need for vasopressor; (9) incidence of unplanned intensive
care unit (ICU) admission, (10) rate of need for rapid response
team call, (11) ICU length of stay, (12) hospital length of stay,
and (13) incidence of in-hospital mortality.

Statistical Analysis
Based on a previous study in Australia, a rate of postopera-
tive pulmonary complications of 10.8% in the conventional
tidal volume group was anticipated.16 Assuming a dropout rate
of 3%, a study population of 1240 patients was estimated to
provide an 80% power at a 2-sided significance level of P = .05
to detect an absolute reduction in primary outcome of 3.4%.
In the absence of a consensus definition of a minimally im-
portant difference in primary outcome for these patients, we
estimated on clinical grounds that a greater than 30% relative
reduction in postoperative pulmonary complications would be
necessary to change clinical practice. Patients were analyzed
according to their randomization group, and the analysis data
set included all patients who were randomized and had gen-
eral anesthesia for eligible surgery. Because the amount of miss-
ing data for the primary outcome was negligible, only a com-
plete-case analysis was carried out. Also, for all other data, no
imputation method was considered because the amount of
missing data was also negligible (rate of missing data avail-
able in eTable 3 in Supplement 2).

Absolute differences of intraoperative variables between
the groups are reported with respective 95% confidence
intervals, calculated as mean differences from an indepen-
dent t test for continuous variables or risk differences derived
from a generalized linear model considering a binomial dis-
tribution with an identity link for categorical variables. The
effect of the intervention on the primary outcome is reported
as numbers and percentages with risk differences and 95%
confidence intervals, calculated using a generalized linear
model with binomial distribution and an identity link func-
tion. In a sensitivity analysis, the effect of the intervention on
the primary outcome was reestimated using a generalized
linear model with binomial distribution with an additional
adjustment for age, sex, baseline oxygen saturation mea-
sured by pulse oximetry, body mass index (BMI), and the
Assess Respiratory Risk in Surgical Patients in Catalonia
(ARISCAT) score, plus any variables with imbalance across
treatment groups at baseline (defined as P < .05). Because the
primary outcome was a composite outcome, other prespeci-
fied sensitivity analyses were performed (described in the
eAppendix in Supplement 2).

The effects of the intervention on binary secondary out-
comes were estimated as risk differences and 95% confi-
dence intervals, calculated using a generalized linear model
with binomial distribution and an identity link function. The
effect of the intervention on the length of ICU stay and hos-
pital stay was estimated with generalized linear models con-
sidering an inverse Gaussian distribution. Length of hospital
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stay was further compared using Kaplan-Meier survival curves
and is reported as hazard ratios calculated from a Cox propor-
tional hazard model. The Schoenfeld residuals against the
transformed time were used to test the proportional hazard as-
sumptions (P = .66 for the Schoenfeld residuals).

In addition, a Holm-Bonferroni correction to control for the
family-wide error rate to the P values for all 13 secondary out-
comes was applied.

Treatment effects were analyzed according to the fol-
lowing prespecified subgroups: (1) abdominal vs nonab-
dominal surgery; (2) open vs laparoscopic surgery; (3) BMI
greater than 35 vs 35 or lower (calculated as weight in kilo-
grams divided by height in meters squared); and (4) higher
(ARISCAT score ≥26) vs lower (ARISCAT score <26) risk of
postoperative pulmonary complications. Analyses of
heterogeneity of effects across subgroups used generalized
linear models considering a binomial distribution with logit
link with an interaction between each subgroup and study
group as a fixed effect. In a post hoc sensitivity analysis, the
effect of low tidal volume on the primary and secondary
outcomes was assessed in a subgroup of patients undergo-
ing laparoscopic surgery.

Three additional post hoc analyses were conducted. First,
we assessed an interaction between the duration of surgery and
type of surgery (grouped as nonabdominal, laparoscopic ab-
dominal, and nonlaparoscopic abdominal) and the effect of the
intervention on the primary outcome.

Second, an additional sensitivity analysis was conducted
to assess whether the different number of patients random-
ized to each group affected the primary outcome. In this analy-
sis, 22 additional patients were added to the conventional group

(to achieve the same sample size as the low tidal volume group)
and the allocated incidence of the primary outcome in these
patients was varied with different scenarios to test the fragil-
ity of the findings.

Third, the number of chest x-rays performed was com-
pared between the groups to assess if this could have affected
the primary outcome.

Baseline characteristics were reported as counts and per-
centages, means and standard deviations, or medians and in-
terquartile ranges, as appropriate. Hypothesis tests were
2-sided at an α = .05. Because of the potential for type I error
due to lack of adjustment for multiple comparisons, findings
of subgroup analyses, sensitivity analyses, and post hoc analy-
ses should be interpreted as exploratory. All analyses were per-
formed using R version 3.6.0 (R Foundation).

Results
From February 2015 to February 2019, a total of 1236 patients
were randomized. Of these, 627 were randomly assigned to
receive low-tidal-volume ventilation and 609 patients to
receive conventional-tidal-volume ventilation (Figure 1). In
30 patients, either the surgery did not proceed or the anes-
thesiologist in charge declined to participate in the trial (de-
clined trial protocol ventilation or no arterial line was
planned to be placed). These 30 patients were not included,
leaving data from 1206 patients in the primary analysis. The
amount of missing data is reported in eTable 3 in Supple-
ment 2, but overall it was low (eg, 0.7% missing data for com-
ponents of the primary outcome).

Figure 1. Participant Flow Through the Randomized Clinical Trial

67 012 Patients with surgery scheduled
assessed for eligibility

65 776 Excluded
60 667 Met exclusion criteria

5109 Eligible but not enrolled
4263 Patient declined consent

846 Anesthesiologist declineda

56 014 Planned duration of surgery <2 h
1707 Cardiac surgery
1446 Aged <40 y
1110 Intracranial surgery

390 Thoracic surgery

1236 Randomized

627 Randomized to receive low-tidal-
volume ventilation
614 Received low tidal volume

as randomized
13 Did not receive low tidal volume

7 Anesthesiologist withdrew patientb

5 Surgery canceled
1 Double randomization

614 Included in primary analysis
13 Excluded (did not receive intervention)

609 Randomized to receive conventional-tidal-
volume ventilation
592 Received conventional tidal volume

as randomized
17 Did not receive conventional tidal volume

10 Anesthesiologist withdrew patientb

6 Surgery canceled
1 Double randomization

592 Included in primary analysis
17 Excluded (did not receive intervention)

Discrepancy exists in the number of
patients between groups because the
study was undertaken in 2 phases,
and in both phases, a randomization
permuted by blocks of random size
ranging from 4, 6, and 10 was used.
In the first pilot phase of the study,
recruitment was undertaken by a
group of 10 anesthesiologists, each
with an allocated permuted
randomization sequence to follow.
The second phase of the study
occurred after securing additional
funding support, which led to
expansion of recruitment to all
anesthesiologists. This also involved a
combined permuted randomization
sequence.
a Reasons for anesthesiologist decline

were not collected.
b Anesthesiologist withdrew patient

after randomization (lack of clinical
equipoise or when an arterial line
was not inserted).
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Table 1. Baseline Participant Characteristics

Characteristics
Low tidal volume
(n = 614)

Conventional tidal volume
(n = 592)

Age, mean (SD), y 63.5 (11.8) 63.8 (12.1)

Sex, No. (%)

Male 366 (59.6) 346 (58.4)

Female 248 (40.4) 246 (41.6)

Body weight, mean (SD), kg

Actual 82.6 (20.1) 82.9 (18.5)

Predicted 63.0 (10.4) 63.2 (10.4)

Body mass index, mean (SD)a 29.0 (6.5) 29.1 (6.2)

ARISCAT score, mean (SD)b 27.7 (11.9) 27.4 (12.1)

No. (%) n = 554 n = 518

Low 193 (34.8) 196 (37.8)

Moderate 324 (58.5) 282 (54.4)

High 37 (6.7) 40 (7.7)

American Society of Anesthesiology
physical status, No. (%)c

n = 606 n = 584

1 (Healthy) 65 (8.7) 51 (10.7)

2 (Mild systemic disease) 225 (38.0) 222 (37.1)

3 (Severe systemic disease) 282 (48.6) 284 (46.5)

4 (Severe systemic disease that is
a constant threat to life)

34 (4.6) 27 (5.6)

Preoperative SpO2, mean (SD), % 96.8 (1.4) 96.8 (1.4)

<96%, No./total (%) 107/608 (17.6) 101/585 (17.3)

Preoperative laboratory measurements,
mean (SD)

Bicarbonate, mmol/L 25.8 (2.6) 25.8 (2.5)

Hemoglobin, g/dL 13.7 (1.8) 13.6 (1.8)

Creatinine, mg/dL 1.04 (0.85) 1.09 (1.01)

>1.70, No./total (%) 20/442 (4.5) 23/408 (5.6)

Comorbidities, No./total (%)

Hypertension 301/613 (49.1) 327/591 (55.3)

Obesityd 225/595 (37.8) 207/562 (36.8)

Diabetes 119/613 (19.4) 126/591 (21.3)

Current smoker 100 (16.3) 109 (18.4)

Coronary artery disease 93/613 (15.2) 100/591 (16.9)

Asthma 66 (10.7) 68 (11.5)

Chronic obstructive pulmonary disease 62 (10.1) 65 (11.0)

Obstructive sleep apnea 59 (9.6) 63 (10.6)

Chronic renal disease 56/613 (9.1) 67/591 (11.3)

Chronic liver disease 48/613 (7.8) 52/591 (8.8)

Recent lower respiratory tract infection 8 (1.3) 8 (1.4)

Interstitial lung disease 8 (1.3) 2 (0.3)

Bronchiectasis 1 (0.2) 1 (0.2)

Type of surgery, No./total (%)

Abdominal 348 (56.7) 333/591 (56.3)

Laparoscopic 158/348 (45.4) 170/333 (51.1)

Spine 125 (20.4) 120/591 (20.3)

Orthopedic 43 (7.0) 46/591 (7.8)

Plastic 31 (5.0) 36/591 (6.1)

Vascular 29 (4.7) 28/591 (4.7)

Ear, nose, and throat 17 (2.8) 13/591 (2.2)

General 6 (1.0) 2/591 (0.3)

Other 15 (2.4) 13/591 (2.2)

Emergency surgery, No./total (%) 29/613 (4.7) 17/591 (2.9)

Abbreviation: SpO2, arterial oxygen
saturation measured by pulse
oximetry.

SI conversion: To convert creatinine
to micromoles per liter, multiply
by 88.4.
a Calculated as weight in kilograms

divided by height in meters
squared.

b The Assess Respiratory Risk in
Surgical Patients in Catalonia
(ARISCAT) score ranges from 0 to
123; higher scores indicate a higher
risk of postoperative pulmonary
complications. Patients with scores
of 26 or greater are considered at
intermediate risk; those with a score
greater than 44 are considered at
high risk.

c Scores in the American Society of
Anesthesiologists physical status
classification system range from 1 to
6, with higher scores indicating a
more severe condition.

d Defined as body mass index greater
than 30.
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Table 2. Intraoperative Characteristics, Ventilation, and Oxygenation

Low tidal volume (n = 614)
Conventional tidal volume
(n = 592) Absolute difference (95% CI) P value

Tidal volume

Absolute, mL

Mean (SD) 396.6 (83.5) 611.1 (111.9) −214.5 (−225.7 to −203.2)a <.001

Median (IQR) 395 (340-446) 620 (525-700)

Adjusted, mL/kg PBWb

Mean (SD) 6.3 (1.0) 9.7 (1.0) −3.4 (−3.5 to −3.3)a <.001

Median (IQR) 6.0 (6.0-6.1) 10.0 (9.8-10.0)

PEEP, cm H2O

Mean (SD) 5.0 (1.0) 5.0 (1.0) 0.0 (−0.0 to 0.0)a .33

Median (IQR) 5 (5-5) 5 (5-5)

Highest peak pressure,
mean (SD), cm H2O

22.7 (6.2) 25.1 (6.3) −2.4 (−3.1 to −1.7)a <.001

Respiratory rate,
mean (SD), /min

Lowest 12.4 (2.6) 9.2 (2.0) 3.2 (2.9 to 3.4)a <.001

Highest 16.2 (3.4) 11.6 (2.5) 4.6 (4.2 to 4.9)a <.001

Lowest SpO2, mean (SD), % 96.5 (2.4) 96.9 (2.3) −0.4 (−0.6 to −0.1)a <.01

FIO2, mean (SD), %

Lowest 47.6 (11.9) 47.4 (12.2) 0.2 (−1.2 to 1.6)a .78

Highest 71.1 (22.0) 70.4 (22.6) 0.7 (−1.9 to 3.2)a .60

Highest end-tidal carbon dioxide,
mean (SD), mm Hg

41.3 (5.5) 37.4 (4.9) 3.9 (3.3 to 4.5)a <.001

Arterial blood gas measurements
after induction

pH, mean (SD) 7.37 (0.05) 7.41 (0.05) −0.04 (−0.05 to −0.04)a <.001

PaO2, mean (SD), mm Hg 231.0 (94.1) 237.8 (88.2) −6.8 (−17.5 to 3.8)a .21

PaCO2, mean (SD), mm Hg 44.0 (5.8) 39.1 (5.1) 4.9 (4.3 to 5.5)a <.001

Bicarbonate,
mean (SD), mmol/L

25.0 (2.1) 24.5 (2.5) 0.5 (0.2 to 0.7)a <.01

PaO2/FIO2, mean (SD) 412.3 (143.1) 426.8 (130.0) −14.5 (−30.7 to 1.6)a .08

Base excess, mean (SD) 0.2 (2.5) 0.5 (2.4) −0.2 (−0.5 to 0.0)a .08

Hemoglobin, mean (SD), g/dL 12.5 (1.8) 12.4 (1.7) 0.3 (−1.7 to 2.4)a .73

Lactate, mean (SD), mmol/L 1.2 (0.5) 1.3 (0.7) −0.1 (−0.2 to −0.0)a <.01

Hypoxemia, No. (%)c 0 0

Acidosis, No. (%)d 36 (6.3) 5 (0.9) 5.3 (3.3 to 7.6)e <.001

Hypercapnia, No. (%)f 6 (1.0) 1 (0.2) 0.8 (−0.0 to 1.9)e .06

Arterial blood gas measurements
prior to closure

pH, mean (SD) 7.34 (0.06) 7.38 (0.06) −0.04 (−0.05 to −0.04)a <.001

PaO2, mean (SD), mm Hg 192.2 (71.2) 197.1 (68.9) −4.9 (−13.3 to 3.4)a .25

PaCO2, mean (SD), mm Hg 46.1 (7.8) 40.4 (6.3) 5.6 (4.8 to 6.5)a <.001

Bicarbonate,
mean (SD), mmol/L

24.0 (2.2) 23.6 (2.6) 0.4 (0.1 to 0.7)a <.01

PaO2/FIO2, mean (SD) 387.3 (138.7) 400.0 (127.7) −12.7 (−28.7 to 3.4)a .12

Base excess, mean (SD) −1.2 (2.7) −0.9 (2.4) −0.2 (−0.5 to 0.1)a .12

Hemoglobin, mean (SD), g/dL 12.1 (1.8) 12.0 (1.8) 0.5 (−1.6 to 2.7)a .63

Lactate, mean (SD), mmol/L 1.4 (0.7) 1.6 (1.4) −0.2 (−0.4 to −0.1)a <.01

Hypoxemia, No. (%)c 2 (0.4) 0

Acidosis, No. (%)d 113 (20.4) 42 (7.8) 12.6 (8.6 to 16.7)e <.001

Hypercapnia, No. (%)f 24 (4.3) 6 (1.1) 3.2 (1.4 to 5.2)e <.01

(continued)
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Baseline characteristics of the 2 groups were well bal-
anced at randomization (Table 1). Overall mean age was 63.5
years, and the majority of the patients (n = 712 [59.0%]) were
male. Patients were considered at a moderate or high risk of
postoperative pulmonary complications in 57% of cases. The
most common type of surgery was abdominal surgery, of which
48.2% were laparoscopic. The next most common surgical
groups were spinal surgery and major peripheral orthopedic
surgery. A more detailed description of the procedures is in
eTable 4 in Supplement 2.

Intraoperative Procedures
As shown in Table 2, there was a significant difference in
mean tidal volume between the 2 study groups (6.3 [SD, 1.0]
mL/kg PBW vs 9.7 [SD, 1.0] mL/kg PBW; P < .001). A PEEP of 5
cm H2O was applied equally in both groups with no signifi-
cant difference (mean difference, 0.0 cm H2O [95% CI, −0.0
to 0.0 cm H2O]; P = .33). Patients receiving low-tidal-volume
ventilation had statistically significantly lower intraoperative
peak airway pressures (mean difference, −2.4 cm H2O [95%
CI, −3.1 to −1.7 cm H2O]; P < .001), lower recorded nadir arte-
rial oxygen saturation measured by pulse oximetry (mean
difference, −0.4% [95% CI, −0.6% to −0.1%]; P = .009),
higher respiratory rates (mean difference, 4.6/min [95% CI,
4.2/min-4.9/min]; P < .001), higher peak end-tidal carbon
dioxide (mean difference, 3.9 mm Hg [95% CI, 3.3-4.5 mm
Hg]; P < .001), higher arterial partial pressure of carbon diox-
ide (mean difference, 5.6 mm Hg [95% CI, 4.8-6.5 mm Hg];
P < .001), a greater rate of severe hypercapnia (difference,
3.2% [95% CI, 1.4%-5.2%]; P = .001), higher bicarbonate
concentration (mean difference, 0.4 mmol/L [95% CI,
0.1-0.7 mmol/L]; P = .009), lower lactate concentration
(mean difference, −0.2 mmol/L [95% CI, −0.4 to −0.1 mmol/
L]; P = .001), lower pH (difference, −0.04 [95% CI, −0.05 to

−0.04]; P < .001), and a greater rate of acidemia (difference,
12.6% [95% CI, 8.6%-16.7%]; P < .001). However, there was
no significant difference in the arterial partial pressure of
oxygen intraoperatively (mean difference, −4.9 mm Hg [95%
CI, −13.3 to 3.4 mm Hg]; P = .25) or in the fraction of inspired
oxygen (mean difference, 0.7% [95% CI, −1.9% to 3.2%];
P = .60) between the 2 groups. An analysis of arterial blood
gases in the postanesthesia care unit revealed that none of
these intraoperative differences persisted into the postopera-
tive period (eTables 5 and 6 and eFigure 1 in Supplement 2).
After randomization, ventilation protocol violations occurred
in 75 patients, 41 receiving low-tidal-volume ventilation and
34 receiving conventional ventilation. The reasons for proto-
col violations are described in eTable 7 in Supplement 2. The
mean duration of surgery was not significantly different
between the groups (223.6 [SD, 127.1] minutes vs 212.8 [SD,
121.0] minutes; difference, 10.7 [95% CI, −3.4 to 24.9] min-
utes; P = .14).

Primary Outcome
Postoperative pulmonary complications within the first 7 days
occurred in 231 patients (38%) receiving low tidal volume and
in 232 patients (39%) receiving conventional tidal volume (dif-
ference, −1.3% [95% CI, −6.8% to 4.2%]; P = .64) (Table 3). The
most common postoperative pulmonary complication was at-
electasis, which occurred in 150 patients (24.7%) in the low tidal
volume group and in 147 patients (24.9%) in the conven-
tional tidal volume group.

The effect of tidal volume on the frequency of postopera-
tive pulmonary complications was consistent across all sub-
groups, including patients with a moderate to high preopera-
tive risk of postoperative pulmonary complications, patients
undergoing abdominal surgery, and patients with high BMI
(Figure 2).

Table 2. Intraoperative Characteristics, Ventilation, and Oxygenation (continued)

Low tidal volume (n = 614)
Conventional tidal volume
(n = 592) Absolute difference (95% CI) P value

Duration of surgery, min

Mean (SD) 223.6 (127.1) 212.8 (121.0) 10.7 (−3.4 to 24.9)a .14

Median (IQR) 189 (135-267) 185 (140-249)

Use of regional anesthesia, No. (%)g 180 (30.0) 164 (28.0) 2.0 (−3.2 to 7.1)e .46

Epidural 16 (2.7) 9 (1.5) 1.1 (−0.5 to 2.8)e .17

Spinal opioid 106 (17.7) 93 (15.9) 1.8 (−2.5 to 6.0)e .41

TAP/abdominal blockh 33 (5.5) 25 (4.3) 1.2 (−1.2 to 3.7)e .33

Otheri 84 (14.0) 78 (13.4) 0.6 (−3.3 to 4.6)e .75

Abbreviations: FIO2, fraction of inspired oxygen; IQR, interquartile range;
PaO2, partial pressure of oxygen; PaCO2, partial pressure of carbon dioxide;
PEEP, positive end-expiratory pressure; SpO2, arterial oxygen saturation
measured by pulse oximetry.
a Mean difference from a generalized linear model considering a Gaussian

distribution.
b Predicted body weight (PBW) was calculated as 50 + 0.91 × (height [cm] – 152.4)

for men and 45.5 + 0.91 × (height [cm] – 152.4) for women.
c Defined as PaO2 <60 mm Hg.
d Defined as pH <7.30.

e Risk difference from a generalized linear model considering a binomial
distribution with an identity link.

f Defined as PaCO2 >60 mm Hg.
g In addition to general anesthesia.
h Transversus abdominis plane block (TAP) is defined as block of a peripheral

nerve designed to anesthetize the nerves supplying the anterior abdominal
wall (T6 to L1).

i Other: brachial plexus block, femoral nerve block, fascia iliaca block, sciatic
nerve block, intercostal nerve block, interpleural catheter, wound catheter.

Research Original Investigation Effect of Intraoperative Low vs Conventional Tidal Volume on Postoperative Pulmonary Complications After Major Surgery

854 JAMA September 1, 2020 Volume 324, Number 9 (Reprinted) jama.com

© 2020 American Medical Association. All rights reserved.

https://jamanetwork.com/journals/jama/fullarticle/10.1001/jama.2020.12866?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jama.2020.12866
https://jamanetwork.com/journals/jama/fullarticle/10.1001/jama.2020.12866?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jama.2020.12866
https://jamanetwork.com/journals/jama/fullarticle/10.1001/jama.2020.12866?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jama.2020.12866
http://www.jama.com?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jama.2020.12866


www.manaraa.com

Secondary Outcomes
The postoperative secondary outcomes are presented in Table 3
and, after adjustment for multiplicity, in eTable 8 in Supple-
ment 2. Postoperatively, there was no significant difference in
extrapulmonary complications, need for attendance by the
rapid response team, or need for unexpected admission to the
ICU. Duration of hospital stay (eFigure 2 in Supplement 2) and
in-hospital mortality were not significantly different be-
tween groups.

Additional Analyses
Additional sensitivity analyses using different statistical
assumptions yielded similar results (eTable 9 and eFigure 3
in Supplement 2). Results of the post hoc sensitivity analysis
are shown in eTable 10 in Supplement 2. In patients undergo-
ing laparoscopic surgery, postoperative pulmonary complica-
tions within the first 7 days occurred in 52 patients (33.1%) in
the low tidal volume group and in 72 patients (42.6%) in the
conventional tidal volume group (difference, −9.5% [95% CI,
−19.9% to 1.0%]; P = .08). Results of the post hoc sensitivity

analyses of the secondary outcomes found a significantly
lower incidence of postoperative pulmonary complications
during the entire hospital stay only in patients in the low tidal
volume group (33.8% vs 44.9%; difference, −11.1% [95% CI,
−21.6% to −0.5%]; P = .04). There was no interaction between
the effect of tidal volume on the primary outcome and either
type of surgery or duration of surgery (eFigure 4 in Supple-
ment 2). The sensitivity analysis allocating 22 additional
patients to the conventional tidal volume group did not
materially change the study findings (eFigure 5 in Supple-
ment 2). Chest x-rays were undertaken in 281 patients
(47.5%) in the low tidal volume group and in 276 (47.9%) in
the conventional tidal volume group (difference, −0.45%
[95% CI, −6.17% to 5.27%]; P = .88).

Discussion
In this randomized clinical trial of adult patients undergoing
major surgery, intraoperative mechanical ventilation with low

Table 3. Primary and Secondary Outcomes

Outcomes

No. of events/total (%)
Absolute difference
(95% CI) P valuea

Low tidal volume
(n = 614)

Conventional tidal
volume (n = 592)

Primary outcome

Composite respiratory complications
within 7 d

231/608 (38.0) 232/590 (39.3) −1.3 (−6.8 to 4.2)b .64

Components of the primary outcome

Atelectasisc 150/608 (24.7) 147/591 (24.9) −0.2 (−5.1 to 4.7)b .93

Respiratory failured 103/612 (16.8) 109/590 (18.5) −1.6 (−6.0 to 2.7)b .45

Pleural effusion 67/611 (11.0) 69/590 (11.7) −0.7 (−4.3 to 2.9)b .69

Pneumonia 19/610 (3.1) 22/591 (3.7) −0.6 (−2.7 to 1.5)b .56

Unplanned noninvasive or invasive
ventilation

15/612 (2.5) 14/591 (2.4) 0.1 (−1.7 to 1.9)b .92

Pulmonary congestion 10/612 (1.6) 14/591 (2.4) −0.7 (−2.4 to 0.9)b .36

Bronchospasm 5/612 (0.8) 5/590 (0.8) −0.0 (−1.1 to 1.1)b .95

Pneumothorax 2/611 (0.3) 0/591 (0.0) 0.3 (−0.1 to 0.8)b .26

Secondary outcomes

Composite respiratory complications
during hospital stay

237/598 (39.6) 239/579 (41.3) −1.6 (−7.2 to 4.0)b .56

Pulmonary embolism 5/595 (0.8) 6/573 (1.0) −0.2 (−1.4 to 1.0)b .71

Acute respiratory distress syndrome 3/594 (0.5) 0/574 (0.0) 0.5 (−0.1 to 1.1)b

Systemic inflammatory response
syndrome

6/612 (1.0) 13/591 (2.2) −1.2 (−2.8 to 0.2)b .09

Sepsis 20/612 (3.3) 13/591 (2.2) 1.1 (−0.8 to 3.0)b .26

Acute kidney injurye 36/420 (8.6) 42/394 (10.7) −2.1 (−6.2 to 2.0)b .31

Risk 24/36 (66.7) 32/42 (76.2)

Injury 8/36 (22.2) 4/42 (9.5)

Failure 4/36 (11.1) 6/42 (14.3)

Wound infection 11/597 (1.8) 10/575 (1.7) 0.1 (−1.5 to 1.7)b .89

Intraoperative need of vasopressor 518/600 (86.3) 511/584 (87.5) −1.2 (−5.0 to 2.7)b .55

Unplanned ICU admission 30/595 (5.0) 25/577 (4.3) 0.7 (−1.7 to 3.2)b .56

Need for rapid response team call 67/612 (10.9) 63/591 (10.7) 0.3 (−3.2 to 3.8)f .87

Length of stay, d

ICU, mean (SD) 0.5 (1.3) 0.6 (3.5) −0.1 (−0.4 to 0.2)f .84

Hospital, mean (SD) 8.3 (8.6) 7.9 (10.6) 0.4 (−0.6 to 1.6)f .40

In-hospital mortality, No. (%) 8 (1.3) 7 (1.2) 0.1 (−1.2 to 1.4)f .85

Abbreviation: ICU, intensive care unit.
a Calculated using the χ2 test for

categorical variables or from a
generalized linear model
considering an inverse Gaussian
distribution for the continuous
variables.

b Risk difference from a generalized
linear model considering a binomial
distribution with an identity link.

c Defined as lung opacification with a
shift of the mediastinum, hilum, or
hemidiaphragm toward the affected
area and compensatory
overinflation in the adjacent
nonatelectatic lung.

d Defined as postoperative partial
pressure of oxygen <60 mm Hg on
room air, a partial pressure of
oxygen/fraction of inspired oxygen
ratio <300 mm Hg, or arterial
oxygen saturation measured by
pulse oximetry <90% and requiring
oxygen therapy.

e Classified in 3 categories according
to stage of kidney injury. Risk is
defined as an increase in creatinine
1.5 times baseline level; injury, an
increase in creatinine 2 times
baseline level; and failure, an
increase in creatinine 3 times
baseline level or an increase in
creatinine of �0.5 mg/dL if baseline
creatinine was �4 mg/dL.

f Mean difference from a generalized
linear model considering a Gaussian
distribution.
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tidal volume did not significantly reduce postoperative
pulmonary complications when compared with ventilation
with conventional tidal volume when PEEP was applied equally
between groups.

Preliminary studies of the use of low-tidal-volume ven-
tilation during surgery have been small, underpowered, and
focused on physiological rather than clinical outcomes.8-13

Despite such limitations, however, a biologic plausibility for
a benefit with low-tidal-volume ventilation was strongly
suggested. In keeping with such proposed benefits, a ran-
domized clinical trial by French investigators provided the
first evidence in favor of protective lung ventilation.11 How-
ever, in that study of 400 patients, PEEP was used in only
one group and in combination with periodic recruitment
maneuvers and low tidal volume, while the control group
received no PEEP, no recruitment maneuver, and high
tidal volume. This strategy makes it difficult to identify
the benefits of low tidal volume or PEEP per se. Some of
these issues were addressed by the multicenter PROVHILO
trial undertaken in Europe, the United States, and South
America, which compared intraoperative ventilation with a
tidal volume of 8 mL/kg PBW and a PEEP of less than 2 cm
H2O vs a tidal volume of 8 mL/kg PBW and a PEEP of 12 cm
H2O combined with scheduled recruitment maneuvers (per-
formed after intubation, before extubation, and after any
ventilator circuit disconnection) in 900 moderate- to high-
risk patients receiving open intra-abdominal surgery.17 That
study found no effect of the intervention on postoperative
pulmonary complications but reported a greater use of
vasopressors in the intervention group. More recently, a
multicenter trial in 77 hospitals randomized 2013 severely
obese patients (mean BMI, 44; only patients with BMI
>35 were included) to a tidal volume of 7 mL/kg PBW with
a PEEP of 12 cm H2O and hourly recruitment maneuvers

compared with a tidal volume of 7 mL/kg PBW and a PEEP
of 2 cm H2O without recruitment maneuvers.18 That study
found no difference in postoperative pulmonary complica-
tions but greater hemodynamic instability in the interven-
tion group.18 The present study did not include recruitment
maneuvers because of their unproven benefit and known
hemodynamic and barotrauma risks.17-19 Moreover, as the
prevailing practice is to deliver a PEEP of 5 cm H2O,11-14,20

such background management was applied in the present
study to both groups.

To our knowledge, this is the only randomized clinical
trial of the effect of low-tidal-volume ventilation during
major surgery to date. It is the largest study, to our knowl-
edge, to assess arterial blood gas analysis both intraopera-
tively and in the immediate postoperative period, thus per-
mitting a detailed analysis of the effects of the intervention
on gas exchange, acid-base status, and arterial partial pres-
sure of carbon dioxide. The assessment of outcomes was
blinded to treatment allocation, and there was no loss to
follow-up, attenuating ascertainment bias. Protocol viola-
tions were uncommon, thus minimizing performance bias.
A permuted-block randomization was applied to decrease
selection bias. Patients who underwent surgery lasting for
more than 2 hours were selected to increase the putative
effect of the intervention. Furthermore, multiple types of
surgeries were assessed to increase the generalizability of
the findings.

Limitations
This study has several limitations. First, this was a single-
center study and has all the limitations inherent in that
study design. However, it did include a diverse range of
patients and surgeries. Moreover, anesthesia was adminis-
tered by more than 140 different anesthesiologists. Second,

Figure 2. Absolute Differences of Postoperative Respiratory Complications in Prespecified Subgroups

–20 –5 20–10 0 5 10 15
Absolute difference (95% CI)

–15

P value for
interaction

Favors low
tidal volume

Favors high
tidal volume

No. of events/total No.
Low tidal volume High tidal volumeSubgroups

Type of surgery

Absolute difference
(95% CI)

Total –1.32 (–6.83 to 4.18)232/590231/608

153/346 160/332Abdominal –3.97 (–11.45 to 3.53)

78/262 72/258Nonabdominal 1.86 (–5.92 to 9.63)

Approach of surgery

179/451 160/421Open 1.68 (–4.79 to 8.14)

52/157 72/169Laparoscopic –9.48 (–19.85 to 1.05)

Body mass indexa

45/102 39/85>35 –1.76 (–16.01 to 12.48)

179/488 184/475≤35 –2.05 (–8.17 to 4.06)

Risk of complicationsb

171/361 156/322Higher –1.07 (–8.57 to 6.41)

47/190 56/194Lower –4.13 (–12.96 to 4.74)

.29

.07

.97

.61

.64

Sizes of data markers are proportional to the numbers of patients entering the
analysis. P values are for the interaction between the subgroup and the
treatment group. Lack of a significant interaction implies that the results are
consistent across subgroups and that the overall effects estimated are the most
appropriate estimates of treatment effect within each subgroup.

a Calculated as weight in kilograms divided by height in meters squared.
b Risk of complications is defined according to the Assess Respiratory Risk in

Surgical Patients in Catalonia score as higher (�26) or lower (<26).
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because of the nature of the intervention, blinding of treat-
ment was not possible. However, scoring of clinical out-
comes was made by blinded assessors. Third, respiratory
management during emergence from anesthesia and during
the immediate postoperative period was not standardized.
However, no consensus guidelines exist to inform such
management. Accordingly, a pragmatic approach was cho-
sen. Fourth, the primary composite outcome implies
equivalence of each of its components. This may not be cor-
rect. However, this approach had been used in the largest
trial of a similar intervention published at the time of this
study design.18,19 Such complications were included regard-
less of severity. Nevertheless, even minor postoperative pul-
monary complications would be clinically relevant and lead
to undesirable outcomes. Moreover, the rate of the compos-
ite primary outcome is similar to that reported in the previ-
ous largest study of intraoperative ventilation management,
which used a similar primary outcome measure.18 Fifth,
there was a small (<4%) imbalance in the number of patients
treated with low vs conventional tidal volume. This imbal-
ance resulted in part from anesthesiologist-based postran-
domization patient withdrawal and in part from the play of
chance within the randomization blocks. However, when
sensitivity analyses were conducted assuming best- or

worst-case scenarios for such imbalance, the study findings
were not materially altered. Sixth, chest x-rays were per-
formed only when clinically indicated by the team in charge
of patient care and were not systematically evaluated;
therefore, all diagnoses based on radiological reports could
have being underestimated. However, this limitation
affected both groups equally. Seventh, there is no clinical or
objective definition of a minimal clinically important differ-
ence in studies of mechanical ventilation during surgery. In
the present study, the minimal clinically important differ-
ence was defined based on clinical consensus among a team
of anesthesiologists. Nevertheless, the relative risk reduc-
tion of around 30% proposed in the study is consistent with
the effect estimate used in several other trials of mechanical
ventilation in the ICU and operating room.

Conclusions
Among adult patients undergoing major surgery, intraopera-
tive ventilation with low tidal volume compared with conven-
tional tidal volume, with PEEP applied equally between groups,
did not significantly reduce pulmonary complications within
the first 7 postoperative days.
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