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The association between mechanical ventilation with 
high tidal volumes and ventilator-induced lung injury 
has long been recognized, and this understanding has 

slowly led to changes in the practice of mechanical ventilation 
(1–3). Lung-protective ventilation, including tidal volumes 
targeting 6 mL/kg of predicted body weight (PBW) and pla-
teau pressures less than or equal to 30 cm H

2
O, is now consid-

ered the standard of care for patients with acute respiratory 
distress syndrome (ARDS). This change was driven by a land-
mark randomized controlled trial by the ARDS network of 
investigators demonstrating lower mortality in patients ven-
tilated with a lung-protective ventilation strategy (i.e., tidal 
volume of 6 mL/kg PBW and plateau pressure ≤ 30 cm H

2
O) 

compared with a traditional, and more liberal, ventilation 
approach (i.e., tidal volume of 12 mL/kg PBW and plateau 
pressure ≤ 50 cm H

2
O) (4).

Since the publication of that study in 2000, there has been 
a growing body of evidence that suggests that the use of 
lung-protective ventilation also improves clinical outcomes 
in patients without ARDS. The use of lower tidal volumes 

intraoperatively was associated with an almost two-thirds 
decrease in postoperative complications in a randomized con-
trolled trial of intermediate- to high-risk patients undergoing 
abdominal surgery (5). A 2012 meta-analysis of patients with-
out ARDS in both surgical and nonsurgical ICUs concluded 
that mechanical ventilation with low tidal volumes compared 
with high tidal volumes decreased the risk for lung injury, pul-
monary infections, and mortality (6).

The article by Serpa Neto et al (7) in this issue of Criti-
cal Care Medicine provides further insight into the potential 
benefits of low tidal volume ventilation in patients without 
ARDS. This patient-level meta-analysis examined the associa-
tion between tidal volumes and the occurrence of a composite 
outcome of pulmonary complications (i.e., ARDS and pneu-
monia) in patients without ARDS at the time of intubation. 
The study analyzed tidal volumes used during the first 2 days 
of mechanical ventilation categorized as high (> 10 mL/kg 
PBW), intermediate (7–10 mL/kg PBW), and low (< 7 mL/kg 
PBW). The study concluded that mechanical ventilation with 
low tidal volumes during the first 2 days of mechanical ven-
tilation decreased the risk of pulmonary complications com-
pared with high tidal volumes by 28%. Although comparison 
between the low and intermediate tidal volume groups did 
not achieve statistical significance, the 8% lower risk of com-
plications in the low tidal volume group appears to support a 
dose-response relationship between tidal volume and the pul-
monary complications.

By performing an individual patient data meta-analysis, the 
authors were able to standardize the analysis of data obtained 
from multiple studies, which is an important strength of this 
study. They defined a consistent exposure and outcome for all 
patients included in the analysis and were able to adjust the 
analysis for important potential confounders including patient 
severity of illness (e.g., Acute Physiology and Chronic Health 
Evaluation score and baseline PaO

2
/FIO

2
 ratio). Furthermore, 

the analysis included a large sample of both medical and sur-
gical ICU patients who were ventilated for at least 48 hours, 
which improves the generalizability of their findings.

Still, conclusions from this study should be tempered by 
several limitations. Patients from observational studies com-
prised the majority of patients (93%) included in the primary 
analysis, which may increase the possibility for bias. Data on 
several important confounders, such as fluid balance and use 
of blood products, were also not available for inclusion in the 
analysis. Patient data from one of the eight studies identified 
in the systematic review were unavailable for inclusion in the 
analysis, potentially influencing the results.

The absence of a high-quality randomized controlled trial 
to support this practice is a reason for caution. A commonly 
cited concern is that using low tidal volumes could result in 
patient discomfort, leading to increased sedative use and an 
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increased duration of mechanical ventilation (8). However, 
secondary analysis of a randomized controlled trial in ARDS 
patients showed no difference in sedative use when compar-
ing lung-protective ventilation with conventional ventilation 
(9, 10). In a recent meta-analysis by the authors of this current 
study, there was a decrease in the duration of mechanical venti-
lation in the lung-protective ventilation group, with no differ-
ence in sedative or opioid use when comparing patients with 
a tidal volume less than or equal to 6 mL/kg PBW and greater 
than or equal to 10 mL/kg PBW (11).

Further defining the relationship between tidal vol-
umes and pulmonary complications is the focus of ongo-
ing research. Two randomized controlled trials are currently 
enrolling patients and may provide additional evidence to 
inform the most appropriate tidal volume for critically ill 
patients without ARDS. The Preventive Strategies in Acute 
Respiratory Distress Syndrome trial is a multicenter ran-
domized controlled trial comparing low tidal volume venti-
lation (4–6 mL/kg PBW) with high tidal volumes (8–10 mL/
kg PBW) in patients at risk for ARDS (12). The primary 
outcome of this study is the development of ARDS during 
the first 7 days of mechanical ventilation. The Protective 
Ventilation in Patients without ARDS at Start of Ventilation 
trial is a multicenter randomized controlled trial compar-
ing low tidal volume ventilation (4–6 mL/kg PBW) with high 
tidal volumes (8–10 mL/kg PBW) in patients without ARDS 
who are anticipated to require mechanical ventilation for 
more than 24 hours (13). The primary endpoint is the num-
ber of ventilator-free days and alive at day 28. These stud-
ies are estimated to complete enrollment in 2016 and 2017, 
respectively.

So should lung-protective ventilation be the default strategy 
in all critically ill mechanically ventilated patients? The pre-
ponderance of available evidence suggests that lung-protective 
ventilation reduces pulmonary complications and improves 
outcomes. This strategy would also help ensure the early 
delivery of lung-protective ventilation in patients with ARDS 
including those for whom the diagnosis is delayed as there is 
recent evidence demonstrating that delaying low tidal volume 
ventilation worsens outcomes (14).

Tidal volume is an important determinant of the clinical 
outcomes of mechanically ventilated patients. It is easily mea-
sured and readily changed, making it a suitable metric for 
assessing the quality of care provided to mechanically venti-
lated patients and for use in quality improvement efforts (15). 
Based on the current evidence, we recommend that mechani-
cally ventilated ARDS patients receive tidal volumes of 6 mL/
kg PBW and other patients, excepting those with contraindica-
tions to lower tidal volumes, receive tidal volumes of less than 
8 mL/kg PBW. Critical care teams should implement systems 
to improve their ability to consistently provide lung protective 
ventilation and routinely monitor the tidal volumes provided 
to patients in their ICUs.

As we await further evidence to guide our practice tomor-
row, we must deliver potentially lifesaving mechanical ven-
tilation and avoid preventable harm today. Although not 
definitive, the available evidence suggests that using lower 
tidal volumes reduces pulmonary complications and improves 
clinical outcomes in broad groups of mechanically ventilated 
patients. Time will tell the ideal tidal volume for all subgroups 
of mechanically ventilated patients, but we cannot wait while 
patient lives are at stake.
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Objective: Protective mechanical ventilation with low tidal volumes 
is standard of care for patients with acute respiratory distress 
syndrome. The aim of this individual patient data analysis was to 
determine the association between tidal volume and the occur-
rence of pulmonary complications in ICU patients without acute 
respiratory distress syndrome and the association between occur-
rence of pulmonary complications and outcome in these patients.
Design: Individual patient data analysis.
Patients: ICU patients not fulfilling the consensus criteria for 
acute respiratory distress syndrome at the onset of ventilation.
Interventions: Mechanical ventilation with low tidal volume.
Measurements and Main Results: The primary endpoint was 
development of a composite of acute respiratory distress syn-
drome and pneumonia during hospital stay. Based on the ter-
tiles of tidal volume size in the first 2 days of ventilation, patients 
were assigned to a “low tidal volume group” (tidal volumes 
≤ 7 mL/kg predicted body weight), an “intermediate tidal vol-
ume group” (> 7 and < 10 mL/kg predicted body weight), 
and a “high tidal volume group” (≥ 10 mL/kg predicted body 
weight). Seven investigations (2,184 patients) were included. 
Acute respiratory distress syndrome or pneumonia occurred 
in 23% of patients in the low tidal volume group, in 28% of 
patients in the intermediate tidal volume group, and in 31% of 
the patients in the high tidal volume group (adjusted odds ratio 
[low vs high tidal volume group], 0.72; 95% CI, 0.52–0.98;  
p = 0.042). Occurrence of pulmonary complications was asso-
ciated with a lower number of ICU-free and hospital-free days 
and alive at day 28 (10.0 ± 10.9 vs 13.8 ± 11.6 d; p < 0.01 and 
6.1 ± 8.1 vs 8.9 ± 9.4 d; p < 0.01) and an increased hospital 
mortality (49.5% vs 35.6%; p < 0.01).
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Conclusions: Ventilation with low tidal volumes is associated 
with a lower risk of development of pulmonary complications in 
patients without acute respiratory distress syndrome. (Crit Care 
Med 2015; 43:2155–2163)
Key Words: acute respiratory distress syndrome; individual patient 
analysis; intensive care unit and in-hospital stay; mechanical 
ventilation; mortality; pulmonary complications; tidal volume

A large randomized controlled trial (RCT) showed that 
use of low tidal volumes improves survival in ICU 
patients with acute respiratory distress syndrome 

(ARDS) (1). Since then, low tidal volume ventilation has 
become standard of care in patients with this life-threatening 
complication (2). In a subsequent RCT, low tidal volume venti-
lation was associated with a lower incidence of development of 
ARDS in ICU patients (3). However, that trial was rather small 
and stopped prematurely, possibly leading to an overestima-
tion of the beneficial effects of use of low tidal volumes (4). 
Consequently, ICU clinicians remain uncertain on whether 
low tidal volumes should be used in all ICU patients, that is, 
irrespective of the presence of ARDS (5, 6).

Given the current lack of well-powered RCTs comparing 
the use of low versus conventionally sized tidal volumes in ICU 
patients without ARDS, we recently performed an individual 
patient data analysis of all available observational studies and 
RCTs (7). This analysis suggests benefit of a low tidal volume 
ventilation strategy, as use of low tidal volumes was associ-
ated with a shorter duration of ventilation. We did not evalu-
ate whether the use of low tidal volumes is associated with the 
occurrence of pulmonary complications, and if so, how this 
could affect outcome.

In the present individual patient data analysis, we investi-
gated 1) the association between tidal volume size and occur-
rence of pulmonary complications in ICU patients without 
ARDS, 2) the association between occurrence of pulmonary 
complications and duration of stay in ICU and hospital, and 3) 
crude and attributable mortality of pulmonary complications. 
We hypothesized that the occurrence of pulmonary compli-
cations depends on tidal volume size in ICU patients without 
ARDS at the onset of ventilation.

MATERIALS AND METHODS

Search Strategy
A sensitive search strategy followed Medical Subject Headings 
and Keywords (protective ventilation OR lower tidal volume 
OR low tidal volume OR positive end-expiratory pressure OR 
positive end expiratory pressure OR PEEP).

Selection of Studies
Articles reporting on observational studies or RCTs of “protec-
tive ventilation” in ICU patients identified by the search and 
reporting outcomes of interest were screened for inclusion. 
Key inclusion criteria were as follows: 1) clear reporting of the 

size of tidal volume, at least in the first days of ventilation; 2) 
adult (i.e., age > 18 yr) patients ventilated in the ICU; and 3) 
without ARDS at the onset of ventilation (PaO

2
/FIO

2
 > 300 or 

without infiltrates on the chest radiograph). Studies or trials 
were excluded from the analysis if they: 1) reported on patients 
receiving only ventilation during general anesthesia for surgery 
or (2) included patients who had ARDS at the start of ventila-
tion. The quality of the RCTs was based on the Jadad score and 
the following four criteria: allocation concealment, baseline 
similarity, early stopping, lost to follow-up, and intention-to-
treat analysis. The quality of the non-RCTs was based on the 
“Downs and Black” checklist (8).

Ventilator Variables
The corresponding authors of retrieved articles were con-
tacted. After approval, they were asked to provide the daily 
ventilation variables of individual patients via a specially pre-
pared datasheet (an example is shown in the Supplementary 
Appendix, Supplemental Digital Content 1, http://links.lww.
com/CCM/B370).

Primary Outcome
The primary outcome was a composite of occurrence of ARDS 
or pneumonia, the two most important pulmonary compli-
cations in intubated and ventilated critically ill patients (9). 
ARDS or pneumonia during follow-up was diagnosed by the 
diagnostic criteria used by the investigators of the included 
studies and trials. We combined pneumonia and ARDS into 
a single primary endpoint because in the absence of specific 
diagnostic tools, for example, bronchoalveolar lavage fluid 
testing, ARDS can be mistakenly diagnosed as pneumonia  
(9–12). Furthermore, both entities may be influenced by 
mechanical ventilation (13).

Secondary Outcomes
Secondary outcomes included: 1) duration of stay in ICU and 
hospital, using the number of ICU-free days and alive and 
hospital-free days and alive at day 28; 2) in-hospital mortal-
ity, defined as death at any time during hospital stay; 3) inci-
dence rate of pulmonary complications, calculated as number 
of cases person-years = ([number of cases/person-day] × 
[365 person-day/1 person-year]); and 4) attributable mor-
tality of pulmonary complications, calculated by subtracting 
the in-hospital mortality rate of patients without pulmonary 
complications from the in-hospital mortality of patients with 
pulmonary complications.

Statistical Analysis
In all analyses, patients were analyzed according to the tidal 
volume size that was used in the first 2 days of ventilation. 
Patients were followed until hospital discharge, or death, 
whichever came first.

The cutoff of 2 days was chosen because of two reasons. 
First, on average, in the cohort of patients under study, ARDS 
was diagnosed on the third day of ventilation. Second, patients 
who developed ARDS could be expected to have received 

http://links.lww.com/CCM/B370
http://links.lww.com/CCM/B370


Copyright © 2015 by the Society of Critical Care Medicine and Wolters Kluwer Health, Inc. All Rights Reserved.

Clinical Investigations

Critical Care Medicine www.ccmjournal.org 2157

ventilation with low tidal volumes from the moment ARDS 
was present.

Patients were stratified into three groups: a “low tidal vol-
ume group,” with tidal volumes less than or equal to 7 mL/kg 
predicted body weight (PBW); an “intermediate tidal volume 
group,” with tidal volumes greater than 7 and less than 10 mL/
kg PBW; and a “higher tidal volume group,” with tidal vol-
umes greater than or equal to 10 mL/kg PBW. The cutoffs for 
tidal volume groups were chosen based on the tertiles of tidal 
volume sizes in the complete cohort, alike a previous observa-
tional study on ventilation practice in patients without ARDS 
(14). The investigators of studies included in the analysis pro-
vided us with a tidal volume per day for the first 2 days of all 
patients—these were averaged per patients and reported as 
medians per group. In all studies, PBW was calculated as in the 
landmark study of lower tidal volume ventilation in patients 
with ARDS (Appendix Table 2, Supplemental Digital Content 
1, http://links.lww.com/CCM/B370) (1). Patients who received 
ventilation with tidal volumes in two different groups of tidal 
volume size in the first 2 days of ventilation (e.g., < 7 mL/kg 
PBW in day 1 and > 7 mL/kg PBW in day 2) were excluded 
from the analysis.

For the primary endpoint, development of ARDS or pneu-
monia, we calculated odds ratios (ORs) and 95% CIs using 
logistic regression. We used a multivariable hierarchical model 
with baseline patient characteristics (age, risk of death based 
on score [e.g., Acute Physiology and Chronic Health Evaluation 
(APACHE) II, APACHE III, and others], baseline PaO

2
/FIO

2
, 

and baseline pH) as important prognostic factors according 
to previous studies (13). Also, to compare in-hospital time to 
death for the groups, we fitted Cox regression models with the 
same covariables resulting in hazard ratios (HRs).

The number of ICU-free days and alive at day 28 was cal-
culated as the number of days alive and outside ICU at day 
28. The number of hospital-free days and alive at day 28 was 
calculated as the number of days alive and outside the hospital 
at day 28. Kaplan-Meier curves were constructed and log-rank 
tests were used to determine the univariate significance of the 
study variables.

A priori subgroup analyses were used to assess the effect 
of tidal volume size on primary outcome in the following 
prespecified subgroups: 1) type of study (RCT vs non-RCT);  
2) mode of ventilation (volume vs pressure controlled);  
3) age (< 65 vs ≥ 65 yr); 4) gender (male vs female); 5) baseline  
PaO

2
/FIO

2
 (≥ 300, between 200 and 300, < 200); 6) respiratory 

rate (≤ 15 bpm vs between 15 and 20 bpm vs ≥ 20 bpm); and 
7) minute ventilation (≤ 8 L/min vs between 8 and 10 L/min 
vs ≥ 10 L/min). Finally, the patients were also stratified post 
hoc according to the diagnosis at ICU admission: 1) trauma or 
postoperative; 2) neurologic (traumatic brain injury, stroke, 
and status epilepticus); and 3) others (cardiac arrest, sepsis, 
and other causes).

A probability and unit (PROBIT) regression analysis was 
used to characterize the dose-response relationship between 
median tidal volume in mL/kg PBW during the first 2 days of 
ventilation and probability of pulmonary complications while 

adjusting for the same set of covariates used in the final regres-
sion model. A cubic or quadratic term was used in the final 
model according to the use of a fractional polynomial method.

All analyses were conducted with SPSS v.20 (IBM, Armonk, 
NY) and R v.2.12.0 (R Foundation for Statistical Computing, 
Vienna, Austria). For all analyses, two-sided p values less than 
0.05 were considered significant. The project was approved by 
the Ethics Committee of the Hospital Israelita Albert Einstein.

RESULTS

Search Results and Collection of Individual  
Patient Data
The search identified four observational studies and four 
RCTs (3, 15–21). We were not able to collect data from one 
RCT because the corresponding author could not be contacted 
(21). The authors of the three other RCTs provided sufficient 
data for calculation of clinical outcomes (3, 18, 19). One RCT 
was conducted in patients undergoing elective cardiac surgery, 
from which we included only the data of patients ventilated 
in the ICU after surgery for at least 2 days (19). Regarding the 
available data in each study, only four studies could be included 
in the analysis of the primary outcome (15–17, 20); all studies 
were included in the analysis of secondary outcomes, includ-
ing ICU and hospital length of stay and overall survival. The 
concordance between size of tidal volumes used during surgery 
(randomization, 6 vs 10) and the allocation of the patients in 
the groups of this particular study was high (96.3%), probably 
diminishing the chance of contamination of the tidal volume 
size used during surgery.

We excluded 64 patients because the tidal volume used in 
the first and in the second day differed importantly. Eventually, 
the total enrollment based on the RCTs and observational 
studies was 2,184 patients (Appendix Fig. 1 and Appendix 
Tables 2 and 3, Supplemental Digital Content 1, http://links.
lww.com/CCM/B370). Distribution of tidal volumes is shown 
in Appendix Figure 4 (Supplemental Digital Content 1, http://
links.lww.com/CCM/B370). Four studies diagnosed ARDS 
using the American-European Consensus Conference criteria 
for ARDS (3, 15–17), one using the Berlin definition for ARDS 
(20); in two studies, ARDS was not scored (18, 19). For pneu-
monia, three studies used a criteria combining chest radio-
graph readings (3, 17, 20), clinical signs, and airway sample 
cultures; in four studies, pneumonia was not scored (15, 16, 
18, 19). The quality of the RCTs is shown in Appendix Table 2 
(Supplemental Digital Content 1, http://links.lww.com/CCM/
B370) and the non-RCTs in Appendix Table 5 (Supplemental 
Digital Content 1, http://links.lww.com/CCM/B370).

Patient Characteristics and Ventilator Settings
Table 1 details the distribution of demographic characteristics 
in the three predefined tidal volume groups. The only differ-
ence is a higher PBW in low tidal volume group. Appendix 
Table 6 (Supplemental Digital Content 1, http://links.lww.com/
CCM/B370) details the distribution of ventilation variables. In 
the low tidal volume group, respiratory rate was higher and 
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plateau and peak pressure and minute ventilation were lower 
when compared with the intermediate and high tidal volume 
groups. PaCO

2
, PaO

2
/FIO

2
, and arterial pH levels were similar in 

the three tidal volume size groups.

Primary Outcome
Pulmonary complications occurred in 166 patients (23%) in 
the low tidal volume group when compared with 211 patients 
(28%) in the intermediate tidal volume group and 220 patients 
(31%) in the high tidal volume group (adjusted OR [low tidal 
volume group vs high tidal volume group], 0.72; 95% CI,  

0.52–0.98; p = 0.042; adjusted OR [intermediate tidal volume 
group vs high tidal volume group], 0.93; 95% CI, 0.69–1.24; 
p = 0.635; R2, 0.034; Hosmer and Lemeshow p, 0.027) (Table 2 
and Fig. 1). Dose-response relationship curve between 
median tidal volume used during the first 2 days of ventila-
tion and probability of pulmonary complications are shown 
in Figure 2. The R2 for mean quadratic term for tidal volume 
was 0.880.

There was no significant interaction for the effects of tidal 
volume size on the primary outcome according to prespecified 
subgroup analyses (Fig. 3).

TABLE 1. Baseline Characteristics of Included Patients According to Tidal Volume Receiveda

Variables

Less Than or  
Equal to 7 mL/kg PBW  

(n = 720)

Greater Than 7 and  
Less Than 10 mL/kg PBW  

(n = 754)

Greater Than or  
Equal to 10 mL/kg PBW  

(n = 710)

Age, yr 62.1 ± 16.6 63.5 ± 15.7 64.2 ± 16.0

Gender, female 232 (32.2) 296 (39.2) 253 (35.6)

PBW, kg 69.7 ± 9.7 64.8 ± 9.9 60.8 ± 11.8b

Design of the study, randomized controlled trial 106 (14.7) 35 (4.6) 84 (11.8)b

Acute Physiology and Chronic Health Evaluation II 21.67 ± 8.6 21.6 ± 8.2 21.3 ± 8.5

PaO2/FIO2 272.9 ± 142.9 274.6 ± 124.7 278.6 ± 130.3

Initial diagnosis

    Postsurgery 79 (10.9) 74 (9.8) 65 (9.1)

    Cardiac arrest 80 (11.1) 77 (10.2) 78 (10.9)

    Traumatic brain injury 40 (5.5) 35 (4.6) 32 (4.5)

    Sepsis 193 (26.8) 176 (23.3) 194 (27.3)

    Trauma 107 (14.8) 80 (10.6) 68 (9.6)

    Stroke or hemorrhage 154 (21.3) 252 (33.4) 198 (27.8)

    Other 65 (9.3) 58 (7.9) 74 (10.5)

Type of ventilation, volume controlled 329 (45.6) 407 (53.9) 348 (49.0)

PBW = predicted body weight.
a  Plus-minus values are mean ± SD and other values are n (%).
b  p < 0.001.
Comparisons were made using analysis of variance.

TABLE 2. Primary and Secondary Outcomes According to Tidal Volume Receiveda

Variables

Less Than or 
Equal to 7 mL/ 

kg PBW

Greater Than 7 
and Less Than 
10 mL/kg PBW

Greater Than  
or Equal to  

10 mL/kg PBW

Adjusted OR  
(Low vs High)  

(95% CI)b p

Adjusted OR  
(Intermediary vs 
High) (95% CI)b p

Pulmonary 
complications

166 (23) 211 (28) 220 (31) 0.72 (0.52–0.98) 0.042 0.93 (0.69–1.24) 0.635

    Acute respiratory 
distress syndrome

86 (12) 121 (16) 163 (23) 0.48 (0.32–0.71) < 0.01 0.73 (0.52–1.03) 0.074

    Pneumonia 122 (17) 158 (21) 106 (15) 1.47 (0.89–2.21) 0.093 1.27 (0.86–1.86) 0.223

In-hospital mortality 245 (34) 279 (37) 270 (38) 0.82 (0.65–1.02) 0.081 0.90 (0.73–1.10) 0.319

OR = odds ratio.
a  Data are represented as n (%).
b  Adjusted for age, risk of death, baseline PaO2/FIO2, and baseline pH.
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Secondary Outcomes
Development of pulmonary complications was associ-
ated with a lower number of ICU-free days and alive at day 
28 (10.0 ± 10.9 vs 13.8 ± 11.6 d; p < 0.01), a lower number of 
hospital-free days and alive at day 28 (6.1 ± 8.1 vs 8.9 ± 9.4 d;  
p < 0.01), and an increased in-hospital mortality (49.5 vs 
35.6%; p < 0.01) (Table 3 and Fig. 4).

In-hospital death occurred in 245 patients (34%) in the 
low tidal volume group when compared with 279 patients 
(37%) and 270 patients (38%) in the intermediate and high 
tidal volume groups (adjusted OR [low tidal volume group 
vs ≥ high tidal volume group], 0.82; 95% CI, 0.65–1.02;  
p = 0.081; adjusted OR [intermediate tidal volume group 
vs ≥ high tidal volume group], 0.90; 95% CI, 0.73–1.10;  
p = 0.319) (Table 2 and Fig. 1). The results of the Cox regres-
sion were similar to those found by the logistic regression 
analysis (adjusted HR [low tidal volume group vs ≥ high tidal 
volume group], 0.81; 95% CI, 0.65–1.02; p = 0.073; adjusted 
OR [intermediate tidal volume group vs ≥ high tidal volume 

group], 0.92; 95% CI, 0.75–
1.13; p = 0.411).

The incidence of pulmo-
nary complications in the 
whole cohort was 29.1% 
(crude incidence 10.5 cases per 
person-year). The individual 
and pooled pulmonary com-
plications incidence rates are 
shown in Appendix Figure 7 
(Supplemental Digital 
Content 1, http://links.lww.
com/CCM/B370) (Table 3).

The estimated mortal-
ity attributable to pulmonary 
complications was 13.9% (95% 
CI, 9.1–18.7). The attributable 
mortality of pulmonary com-
plications in patients in the 
low tidal volume group (16.2% 
[95% CI, 7.4–25.0]) was simi-
lar to those in the intermedi-
ate tidal volume group (14.2% 
[95% CI, 6.1–22.2]) and 
the high tidal volume group 
(14.2% [95% CI, 6.1–22.2]).

Stratified Analyses 
According to Diagnosis
Baseline characteristics of 
patients according to initial 
diagnosis are shown in Appen-
dix Table 8 (Supplemental 
Digital Content 1, http://links.
lww.com/CCM/B370). There 
is an association between tidal 
volume size and development 

of ARDS only in patients with initial diagnosis of sepsis, cardiac 
arrest, and others. All the analyses were underpowered, though, 
due to the low number of patients and events (Appendix Table 
9, Supplemental Digital Content 1, http://links.lww.com/CCM/
B370).

DISCUSSION
This individual patient analysis of 2,184 ventilated ICU 
patients without ARDS at the onset of ventilation from seven 
clinical investigations found strong evidence for a protective 
effect of ventilation with low tidal volumes on development of 
two of the most important pulmonary complications, namely 
ARDS and pneumonia. The analysis suggests a dose-response 
relationship between tidal volume size and development of 
pulmonary complications. Development of pulmonary com-
plications was associated with a lower number of ICU-free 
and hospital-free days and alive at day 28 and an increased 
mortality.

Figure 1. Kaplan-Meier estimates of the probability of the primary outcome and overall survival. Data for the 
Kaplan-Meier estimates of the probability of the primary outcome of pulmonary complications and overall 
survival in ≤ 7 mL/kg predicted body weight (PBW) (black solid line), > 7 and < 10 mL/kg PBW (black knurled 
line), and ≥ 10 mL/kg PBW (black dotted line) were censored at 30 d after inclusion. p = 0.031 by the log-rank 
test for the between-group difference in the probability of the primary outcome and p = 0.052 by the log-rank 
test for the between-group difference in the probability of overall survival.

http://links.lww.com/CCM/B370
http://links.lww.com/CCM/B370
http://links.lww.com/CCM/B370
http://links.lww.com/CCM/B370
http://links.lww.com/CCM/B370
http://links.lww.com/CCM/B370
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The major strengths of the 
present analysis are the large 
sample size, the statistical anal-
yses performed, and the inclu-
sion of several patients from 
diverse study types from dif-
ferent parts of the world. Also, 
it differs from previous analy-
ses (6, 7, 22) in several aspects. 
First, we restricted the present 
analysis to investigations on 
the association between tidal 
volume size in ICU patients 
and we used an individual 
patient data approach. Second, 
we analyzed different out-
comes (i.e., ARDS and pneu-
monia) when compared with a 
previous analysis that focused 
on the sedation needs and 
duration of ventilation (7). 
Third, we combined pneumo-
nia and ARDS as primary out-
come for reasons explained in 
methods. Finally, we estimated 
the mortality attributable to 
pulmonary complications and 
its relationship with tidal vol-
ume used during the first days 
of mechanical ventilation. The 
finding that prevention of pul-
monary complications with 
the use of lower tidal volumes 
could improve clinical out-
comes adds to our understand-
ing of the potential benefits of 
lung-protective ventilation in 
patients without ARDS.

In the current analysis, 
patients were stratified accord-
ing to the size of tidal volume 
used in the first 2 days of ven-
tilation. This approach was 
chosen because the majority 
of patients were from obser-
vational studies. Thereby, we 
reduced the risk of including 
patients ventilated with low 
tidal volume in the first day, 
who were subsequently ven-
tilated with high tidal volume 
and vice versa. Of interest, the 
PBW was higher in the group 
ventilated with tidal volumes 
less than or equal to 7 mL/
kg PBW, but there was no 

Figure 2. Probability and unit logistic regression showing the dose-relationship curve between the median tidal 
volume (mL/kg predicted body weight) used in the first 2 days of ventilation and the probability of pulmonary 
complications during ICU stay. Solid line, mean quadratic term; dashed line, 95% CI.

Figure 3. Hazard ratios for primary outcome of pulmonary complications according to subgroups (adjusted 
analysis). The size of the squares is proportional to the number of patients in the subgroup. PBW = predicted 
body weight, RCT = randomized controlled trial.
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significant interaction for the effects of tidal volume size on 
primary outcome according to gender.

The current findings are, at least in part, in line with pre-
vious investigations of lung-protective ventilation in ICU 
patients without ARDS (3, 6, 7, 21). Our findings are also in 
line with the results of investigations showing a strong asso-
ciation between the size of tidal volume used during intra-
operative ventilation and the occurrence of postoperative 

pulmonary complications, including postoperative ARDS, in 
surgical patients (6, 23, 24). Since ICU patients are frequently 
at higher risk of ARDS than patients receiving relative short-
lasting ventilation for general anesthesia for surgery, it may not 
be surprising to see a larger beneficial impact of ventilation 
with low tidal volume in ICU patients (7).

Notably, the median peak and plateau pressures in all three 
groups were well below those for which tidal volumes were 

adjusted in the pivotal ARDS 
Network trial that showed 
benefit of low tidal volumes in 
patients with ARDS (1). Using 
the threshold of 30 cm H

2
O in 

that trial, possibly none of the 
tidal volumes in the patients in 
the present analysis would have 
been adjusted. However, it is 
questionable if we should use 
the same threshold in patients 
without ARDS; recently, it was 
suggested to use a threshold 
of as low as 20 cm H

2
O (11). 

Several explanations for the 
potential benefit of ventilation 
with low tidal volumes have 
been suggested. Ventilation 
with low tidal volume could 
cause less mechanical stress 
on the alveolar membrane 
because it prevents alveolar 
overdistention and improves 
alveolar stability (25). Several 
studies showed that the use of 
low tidal volumes reduces the 
injurious effects of ventilation 
in animals without injured 

TABLE 3. Incidence of Pulmonary Complications and its Characteristicsa

Group of Patients

No. of Patients
ICU-Free Days and Alive 

at Day 28

p

Mortality

p
Onset of  
PC (D)

No  
PC PC Incidenceb No PC PC

No  
PC PC

All patients 1,447 
(72.8)

594 
(29.1)

10.5 13.8 ± 11.6 10.0 ± 10.9 < 0.001 566 
(35.6)

294 
(49.5)

< 0.001 2.6 ± 4.5

Tidal volume groups

    ≤ 7 mL/kg PBW 554 
(76.8)

166 
(23.2)

10.1 14.6 ± 11.5 9.9 ± 10.9 < 0.001 171 
(30.9)

78 
(47.1)

< 0.001 3.6 ± 6.5

    > 7 and  
< 10 mL/kg PBW

543 
(72.6)

211 
(27.4)

11.3 14.4 ± 11.5 10.4 ± 11.2 < 0.001 184 
(33.9)

101 
(48.1)

< 0.001 3.2 ± 4.2

    ≥ 10 mL/kg PBW 490 
(69.5)

220 
(30.5)

16.1 13.5 ± 11.7 10.6 ± 10.8 0.009 179 
(36.6)

112 
(50.8)

< 0.001 2.2 ± 3.1

PC = pulmonary complication, PBW = predicted body weight.
a  In some cases, the number of patients is not adding up due to missing values.
b  Expressed as cases per person-year.

Figure 4. Data of the Kaplan-Meier estimates of the probability of discharge from the ICU (p < 0.001 by the 
log-rank test) in patients alive and with (black dotted line) or without (black line) pulmonary complications.
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lungs (26). Indeed, in these studies, increasing lung injury was 
found with increasing size of tidal volumes. Although ventila-
tion may have seemed less harmful in ICU patients without 
ARDS compared with ICU patients with ARDS (2), the pres-
ent analysis strongly suggests that ventilation with high tidal 
volumes has a strong potential to cause lung injury in these 
patients.

The findings of the present analysis support the idea that 
to be effective, protective low tidal volume should be used 
early in the course of ventilation because deleterious effects 
of ventilation are partly dependent on its duration (26). The 
level of positive end-expiratory pressure (PEEP) used in the 
present used was low, around 6 cm H

2
O, and similar in the 

different groups of tidal volumes group. Indeed, it seems that 
PEEP did not likely affect the effects of tidal volume on pul-
monary complications. Finally, the peak pressure increases 
with higher tidal volumes, thus, we are not able to differenti-
ate the effects of reduced tidal volume from those of reduced 
peak pressure.

In theory, use of low tidal volumes could increase the feeling 
of dyspnea mandating more sedation (4, 5). Notably, this was 
neither found in patients with ARDS (27, 28) nor in patients 
without ARDS (7, 15). It is also argued that the use of higher 
respiratory rates, as a compensation for the lower tidal vol-
umes, could cause respiratory muscle fatigue (4, 5). If true, 
these both could clearly offset the benefits of ventilation with 
low tidal volumes, at least in patients without ARDS. It is also 
argued that use of low tidal volumes may not at all be neces-
sary in patients without ARDS since they do not have the wide-
spread pulmonary changes including atelectasis as observed in 
patients with ARDS and therefore are not at risk for ventilator-
associated lung injury (5). Use of lower tidal volume could 
even induce or promote development of more atelectasis, 
increasing the risk of hypoxemia and hypercapnia (4). A well-
powered RCT comparing ventilation with lower tidal volumes 
with traditionally sized tidal volumes is essential to solve this 
uncertainty (29, 30). This trial should use relevant clinical end-
points, pay attention to safety of use of lower tidal volume, but 
most of all should compare the lower tidal volume strategy to 
a relevant tidal volume in the control arm.

Although our analysis shows a clear statistical difference 
between use of low and high tidal volumes with respect to 
occurrence of pulmonary complication, the differences found 
between low and intermediate tidal volumes did not reach 
statistical significance. While one conclusion could be that 
there comes no additional benefit from tidal volume reduction 
below intermediate tidal volumes, one could also suggest that 
the numbers of patients are too low to have sufficient statistical 
power to conclude this. Notably, the PROBIT analysis shows a 
clear dose-response relationship between tidal volume size and 
pulmonary complications. Based on the observed incidence 
of pulmonary complications in the low and intermediate tidal 
volume groups, 1,189 patients in each arm would be necessary 
to find difference between the two arms with 80% of power 
and 5% of significance. One concern with the intermediate 
tidal volume group could be that more patients in this group 

came from observational trials when compared with the low 
and high tidal volume groups (Appendix Fig. 4, Supplemental 
Digital Content 1, http://links.lww.com/CCM/B370); captur-
ing outcome data such as ARDS and pneumonia could have 
been better in RCTs than in observational studies.

This individual patient analysis has several other limita-
tions. First, data from one study could not be included (20). 
However, the results of a previous classical meta-analysis 
including that study are in agreement with those found in the 
present analysis (6). Thus, the assumption can be made that 
the included studies are reliable representatives of all stud-
ies of protective ventilation in ICU patients without ARDS. 
Second, we do not have information about some important 
risk factors that could also contribute to development of pul-
monary complications, including fluid overload, transfusion 
of blood products, and other factors known to play a role in 
the development of ARDS (4). Third, since the diagnosis of 
ARDS and pneumonia was based on subjective criteria, mis-
classification of patients might underestimate the observed 
effect, but this factor should have equally affected the dif-
ferent groups. However, there could have been differential 
misclassification which may vary among the RCTs and obser-
vational studies. Furthermore, patients from studies were not 
equally distributed between the three tidal volume groups. 
Fourth, despite the fact that we include only patients with-
out ARDS in our cohort, we found a low PaO

2
/FIO

2
 in this 

group of patients. However, it should be emphasized that the 
diagnosis of ARDS is based on several criteria and not only 
on PaO

2
/FIO

2
. Indeed, patients could have low PaO

2
/FIO

2
 but 

no infiltrates in the chest radiographs or a pulmonary edema 
fully explained by cardiogenic problems. Fifth, despite the 
fact that the calculation of PBW was the same in all stud-
ies, no study described how the height was assessed. Sixth, 
the results of the PROBIT analysis should be interpreted with 
caution because high tidal volume points exert an effect on 
the curve much greater than the number of patients actually 
ventilated at these points. Seventh, the Hosmer-Lemeshow 
test showed that the model does not fit well the data, thus 
the result should be interpreted with caution. Finally, it is 
important to keep in mind that 93% patients included in this 
analysis came from observational studies, which may have 
introduced bias due to a more heterogeneous population.

Notably, all but two studies reported the primary outcome 
of the present analysis (18, 19). However, these studies reported 
other data such as hospital length of stay and overall survival 
included in the analysis as secondary outcomes. Therefore, the 
data of these studies were only used in the analyses dealing 
with these specific endpoints. One important finding is the fact 
that, despite reduced incidence of pulmonary complications in 
patients ventilated with low tidal volume, the overall mortality 
and length of stay did not differ between the three groups of 
tidal volume. Since 93% of the patients included in this analy-
sis came from observational studies, these findings justify the 
need for more robust trials evaluating the impact of low tidal 
volumes in clinical relevant outcomes, such as mortality and 
hospital length of stay.

http://links.lww.com/CCM/B370
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CONCLUSIONS
In conclusion, use of high tidal volumes during the first 2 days 
of ventilation is associated with the incidence of pulmonary 
complications during hospital stay, but not the number of 
ICU- and hospital-free days and alive at day 28, and in-hospital 
mortality in ICU patients without ARDS. Occurrence of pul-
monary complications, regardless of the tidal volume used, is 
associated with a lower number of ICU- and hospital-free days 
and alive at day 28 and increased in-hospital mortality.

ACKNOWLEDGMENT
We thank the FINNALI study group for their invaluable par-
ticipation in this study.

REFERENCES
 1. Acute Respiratory Distress Syndrome Network: Ventilation with lower 

tidal volumes as compared with traditional tidal volumes for acute 
lung injury and the acute respiratory distress syndrome. N Engl J Med 
2000; 342:1301–1308

 2. Dellinger RP, Levy MM, Rhodes A, et al; Surviving Sepsis Campaign 
Guidelines Committee including the Pediatric Subgroup: Surviving 
sepsis campaign: International guidelines for management of severe 
sepsis and septic shock: 2012. Crit Care Med 2013; 41:580–637

 3. Determann RM, Royakkers A, Wolthuis EK, et al: Ventilation with 
lower tidal volumes as compared with conventional tidal volumes for 
patients without acute lung injury: A preventive randomized controlled 
trial. Crit Care 2010; 14:R1

 4. Villar J, Slutsky AS: Is acute respiratory distress syndrome an iatro-
genic disease? Crit Care 2010; 14:120

 5. Ferguson ND: Low tidal volumes for all? JAMA 2012; 308:1689–
1690

 6. Serpa Neto A, Cardoso SO, Manetta JA, et al: Association between 
use of lung-protective ventilation with lower tidal volumes and clini-
cal outcomes among patients without acute respiratory distress syn-
drome: A meta-analysis. JAMA 2012; 308:1651–1659

 7. Serpa Neto A, Simonis FD, Barbas CS, et al: Association between 
tidal volume size, duration of ventilation, and sedation needs in 
patients without acute respiratory distress syndrome: An individual 
patient data meta-analysis. Intensive Care Med 2014; 40:950–957

 8. Downs SH, Black N: The feasibility of creating a checklist for the 
assessment of the methodological quality both of randomised and 
non-randomised studies of health care interventions. J Epidemiol 
Community Health 1998; 52:377–384

 9. Forel JM, Voillet F, Pulina D, et al: Ventilator-associated pneumonia 
and ICU mortality in severe ARDS patients ventilated according to a 
lung-protective strategy. Crit Care 2012; 16:R65

 10. Baudouin SV: Ventilator induced lung injury and infection in the criti-
cally ill. Thorax 2001; 56(Suppl 2):ii50–ii57

 11. Slutsky AS, Ranieri VM: Ventilator-induced lung injury. N Engl J Med 
2013; 369:2126–2136

 12. Melsen WG, Rovers MM, Koeman M, et al: Estimating the attributable 
mortality of ventilator-associated pneumonia from randomized preven-
tion studies. Crit Care Med 2011; 39:2736–2742

 13. Severgnini P, Selmo G, Lanza C, et al: Protective mechanical ventila-
tion during general anesthesia for open abdominal surgery improves 

postoperative pulmonary function. Anesthesiology 2013; 118:1307–
1321

 14. Gajic O, Dara SI, Mendez JL, et al: Ventilator-associated lung injury in 
patients without acute lung injury at the onset of mechanical ventila-
tion. Crit Care Med 2004; 32:1817–1824

 15. Yilmaz M, Keegan MT, Iscimen R, et al: Toward the prevention of acute 
lung injury: Protocol-guided limitation of large tidal volume ventilation 
and inappropriate transfusion. Crit Care Med 2007; 35:1660–1666; 
quiz 1667

 16. Wolthuis EK, Veelo DP, Choi G, et al: Mechanical ventilation with 
lower tidal volumes does not influence the prescription of opioids or 
sedatives. Crit Care 2007; 11:R77

 17. Linko R, Okkonen M, Pettilä V, et al; FINNALI-study group: Acute 
respiratory failure in intensive care units. FINNALI: A prospective 
cohort study. Intensive Care Med 2009; 35:1352–1361

 18. Pinheiro de Oliveira R, Hetzel MP, Silva MA, et al: Mechanical ventila-
tion with high tidal volume induces inflammation in patients without 
lung disease. Crit Care 2010; 14:R39

 19. Sundar S, Novack V, Jervis K, et al: Influence of low tidal volume ven-
tilation on time to extubation in cardiac surgical patients. Anesthesiol-
ogy 2011; 114:1102–1110

 20. Elmer J, Hou P, Wilcox SR, et al: Acute respiratory distress syndrome 
after spontaneous intracerebral hemorrhage. Crit Care Med 2013; 
41:1992–2001

 21. Lee PC, Helsmoortel CM, Cohn SM, et al: Are low tidal volumes 
safe? Chest 1990; 97:425–429

 22. Hemmes SN, Serpa Neto A, Schultz MJ: Intraoperative ventilatory 
strategies to prevent postoperative pulmonary complications: A meta-
analysis. Curr Opin Anaesthesiol 2013; 26:126–133

 23. Futier E, Constantin JM, Paugam-Burtz C, et al; IMPROVE Study 
Group: A trial of intraoperative low-tidal-volume ventilation in abdomi-
nal surgery. N Engl J Med 2013; 369:428–437

 24. Serpa Neto A, Hemmes SNT, Barbas CSV, et al: Protective ventila-
tion with low tidal volume and high PEEP versus conventional ventila-
tion with high tidal volume and low PEEP in patients under general 
anesthesia for surgery: A systematic review and individual patient da 
meta-analysis. Anesthesiology 2014; In Press

 25. Dreyfuss D, Saumon G: Ventilator-induced lung injury: Lessons from 
experimental studies. Am J Respir Crit Care Med 1998; 157:294–323

 26. Hegeman MA, Hemmes SN, Kuipers MT, et al: The extent of ventila-
tor-induced lung injury in mice partly depends on duration of mechani-
cal ventilation. Crit Care Res Pract 2013; 2013:435236

 27. Kahn JM, Andersson L, Karir V, et al: Low tidal volume ventilation does 
not increase sedation use in patients with acute lung injury. Crit Care 
Med 2005; 33:766–771

 28. Cheng IW, Eisner MD, Thompson BT, et al; Acute Respiratory Dis-
tress Syndrome Network: Acute effects of tidal volume strategy on 
hemodynamics, fluid balance, and sedation in acute lung injury. Crit 
Care Med 2005; 33:63–70; discussion 239–240

 29. Academisch Medisch Centrum-Universiteit van Amsterdam (AMC-
UvA): PRotective VENTilation in Patients Not Fulfilling the Con-
sensus Definition for Moderate or Severe ARDS (PReVENT-NL). 
Bethesda, MD, National Library of Medicine (US). 2000. Avail-
able at: http://clinicaltrials.gov/show/NCT02153294. Accessed 
 October 13, 2014

 30. Corporacion Parc Tauli: Preventive Strategies in Acute Respira-
tory Distress Syndrome (ARDS) (EPALI). Bethesda, MD, National 
Library of Medicine (US). 2000. Available at: http://clinicaltrials.gov/
show/NCT02070666. Accessed October 13, 2014. NLM Identifier: 
NCT02070666

http://clinicaltrials.gov/show/NCT02153294
http://clinicaltrials.gov/show/NCT02070666
http://clinicaltrials.gov/show/NCT02070666

