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The purpose of this study was to compare and understand differences in the use of low

tidal volume ventilation (LTVV) between females and males with acute respiratory distress

syndrome (ARDS) related to coronavirus disease 2019 (COVID-19). This is a post-hoc

analysis of an observational study in invasively ventilated patients with ARDS related to

COVID-19 in 22 ICUs in the Netherlands. The primary endpoint was the use of LTVV,

defined as having received a median tidal volume (VT) ≤6 ml/kg predicted body weight

(PBW) during controlled ventilation. A mediation analysis was used to investigate the

impact of anthropometric factors, next to the impact of sex per se. The analysis included

934 patients, 251 females and 683 males. All the patients had ARDS, and there were no

differences in ARDS severity between the sexes. On the first day of ventilation, females

received ventilation with a higher median VT compared with males [6.8 (interquartile

range (IQR) 6.0–7.6 vs. 6.3 (IQR 5.8–6.9) ml/kg PBW; p< 0.001]. Consequently, females

received LTVV less often than males (23 vs. 34%; p = 0.003). The difference in the use

of LTVV became smaller but persisted over the next days (27 vs. 36%; p = 0.046 at day

2 and 28 vs. 38%; p = 0.030 at day 3). The difference in the use LTVV was significantly

mediated by sex per se [average direct effect of the female sex, 7.5% (95% CI, 1.7–

13.3%); p = 0.011] and by differences in the body height [average causal mediation

effect,−17.5% (−21.5 to −13.5%); p < 0.001], but not by the differences in actual body

weight [average causal mediation effect, 0.2% (−0.8 to 1.2%); p= 0.715]. In conclusion,

in this cohort of patients with ARDS related to COVID-19, females received LTVV less

often than males in the first days of invasive ventilation. The difference in the use of LTVV

was mainly driven by an anthropometric factor, namely, body height. Use of LTVV may

improve by paying attention to correct titration of VT, which should be based on PBW,

which is a function of body height.

Keywords: lung protective ventilation, low tidal volume ventilation (LTVV), sex, gender, COVID-19, intensive care

unit, critical care, mechanical ventilation
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INTRODUCTION

Coronavirus disease 2019 (COVID-19) pandemic continues to
have a relentless impact on the healthcare systems worldwide.
Critical care systems are overloaded as many patients with
COVID-19 develop acute respiratory failure requiring admission
to a hospital for supplementary oxygen. A substantial proportion
of these patients need admission to an intensive care unit
(ICU) for ventilatory support (1, 2). Lung–protective ventilation,
including the use of a low tidal volume (VT), is recommended in
patients with acute respiratory distress syndrome (ARDS) (3, 4)
and there is growing evidence that the use of low-VT ventilation
(LTVV) also benefits patients with ARDS related to COVID-19
(5, 6).

Differences between females and males with regard to the
use of LTVV have been described in surgery patients during
general anesthesia (7–12) as well as critically ill patients in the
ICU—and irrespective of the presence of ARDS (13–16, 44). It is
uncertain if the sex difference in the use of LTVV also exists in
patients with COVID-19. Use of LTVV might be limited in these
patients because, due to the large numbers of patients requiring
respiratory support, ventilation may need to be provided by
healthcare professionals with much less experience in invasive
ventilation, and thus also in the use of LTVV—it is uncertain
whether this translates into sex differences.

To compare ventilation management with respect to LTVV
in females vs. males, we reassessed the database of a
conveniently-sized national multicenter study named “PRactice
of VENTilation in patients with COVID-19” (PRoVENT–
COVID) (5), a study that focused on ventilator settings and
ventilation parameters in the first 4 calendar days of ventilation.
Next to the hypothesis that the use of LTVV differs between the
sexes, we also tested the hypothesis that differences in LTVV
use are driven by anthropometric differences, i.e., differences in
height and weight between the sexes, more than by sex per se.

MATERIALS AND METHODS

Design, Setting, and Participants
Secondary analysis of the database from the PRoVENT–
COVID study, an investigator-initiated, national, multicenter,
observational study in 22 ICUs in the Netherlands in the first 3
months of the national outbreak (5).

The protocol of the study of PRoVENT–COVID was
approved by the institutional review boards of each participating
hospital—need for individual patient informed consent was
waived seen the observational design of the investigation.
The PRoVENT–COVID study was registered at clinicaltrial.gov
under the identifier NCT04346342.

Consecutive patients aged 18 years or older were enrolled if
admitted to an ICU in one of the participating hospitals and
having had received invasive ventilation for acute respiratory
failure due to COVID-19, which had to be confirmed by
RT–PCR. The PRoVENT–COVID study excluded SARS–CoV−2
infected patients that received ventilation for other reasons
than COVID-19, e.g., patients that received ventilation for post-
operative ventilation.

Data Collection and Analysis
Demographics, home medication, comorbidities, and disease
severity scores were collected at baseline. The Berlin definition
for ARDS was used to determine whether a patient had ARDS,
and for ARDS severity (17).

Detailed information regarding ventilation management was
captured in the first 4 calendar days of invasive ventilation at fixed
time points every 8 h. Pulmonary and extrapulmonary events
were captured up to hospital discharge, with a maximum of 28
days. Outcomes, such as intubation and life status, were collected
till day 90.

We used the following equations:

VT normalized to predicted body weight (PBW) (VT,PBW)

[ml/kg] = absolute VT (ml)/PBW (kg) (18);(1)

PBW in females (kg) = 45.5+ 0.91∗(height [cm]− 152.4);

(2a)

and PBW in males (kg) = 50.0+ 0.91∗(height [cm]− 152.4);

(2b)

VT normalized to actual body weight (ABW) (VT,ABW)

[ml/kg] = absolute VT (ml)/ABW (kg) (3)

driving pressure (1P) [cm H2O] = peak pressure (Ppeak)

[cm H2O] − PEEP [cm H2O]; and

respiratory system compliance (Crs) [ml/cm H2O]

= Absolute VT (ml)/1P[cm H2O] (4)

Study Endpoints
The primary endpoint was the use of LTVV in the first 4 calendar
days of invasive ventilation. Secondary endpoints were other
key ventilation parameters, including absolute VT, VT,ABW and
VT,PBW, PEEP, 1P, and Crs.

Power Calculation
The PRoVENT–COVID study contains a conveniently sized
cohort of patients. We did not perform a formal power
calculation; the sample size was based on the number of patients
available in the database.With 1,000 patients, the study has>80%
power to detect an absolute difference ranging from 9 and 15%
in the use of LTVV considering a use rate of 50% in the female
patients as shown previously (16).

Statistical Analysis
No assumptions were made for missing data. As the first calendar
day was a flexible day that lasted from the moment of intubation
and start of ventilation in the participating ICU and in theory
could last from 1min to 23 h and 59min, we merged the first
and second calendar day, which was then named “day 1.” The
following calendar days were named “day 2” and “day 3.” As the
ventilation strategy and settings may vary substantially in the first
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FIGURE 1 | Study flowchart.

hour of intubation, we also ignored the first available VT, i.e.,
collected within 1 h of intubation.

Data are reported as numbers and proportions for categorical
variables, and as medians with interquartile ranges (IQRs) for
continuous variables. In addition, we also provided the 90% range
for VT. For baseline characteristics, the sexes were compared
using the Fisher exact test for categorical variables, and the
Wilcoxon rank-sum test for continuous variables. In all the
analyses, males are used as the reference.

Ventilation parameters per day are presented in cumulative
distribution plots, and in line graphs with error bars. In the
distribution plots, vertical dotted lines represent the ideal cutoff
for each parameter, and horizontal dotted lines the respective
proportion of patients reaching each cutoff. All the ventilatory
variables were aggregated per day and reported as such. For this,
we calculated the mean of each ventilatory parameter per patient
per day. In the tables, continuous variables were reported as
medians of the means per each patient.

Patients were classified as having received LTVV, if the mean
VT,PBW was ≤6 ml/kg during the controlled ventilation. For day
1, we ignored the breath in the first hour of ventilation, as this
breath could have not been adjusted to achieve LTVV, e.g., in
patients who started ventilation in the emergency department.
Breaths collected under pressure support ventilation were also

ignored, as were a breath that was collected at the moment
spontaneous breathing activity was likely. This was the case if the
measured (total) RR exceeded the set RR >2 breaths per min.

To further assess if sex is associated with differences in VT

an unadjusted mixed-effects linear regression model was used
to extract the risk difference among the sexes. All analyses were
performed using multilevel (patients nested in hospitals), mixed
modeling with hospitals as a random effect to account for within-
center clustering. Two P-values were reported in the graphs: (1)
P-value for sex differences, reflecting the overall test for difference
between sex across the days; and (2) p-values for the sex ×

day interaction, evaluating if change over time differed between
the sexes.

The proportions of patients having had received LTVV are
described and visualized in pie charts. An unadjusted mixed-
effect generalized linear model was used to extract the risk
difference for LTVV use.

To investigate whether differences in the use of LTVV between
females and males are mediated by body height and ABW,
a mixed-effect mediation model was used. In the mediation
analysis, we assessed the individual impact of body height and
ABW as potential mediators for the difference in the use of
LTVV between sex. Mediators are variables that are affected by
group assignment and that subsequently can affect the outcome.
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TABLE 1 | Baseline characteristics of patient.

Overall Females Males p

Number of patients 934 251 683

Age, years 65.0 [57.0, 72.0] 64.0 [55.0, 71.5] 65.0 [57.0, 72.0] 0.177

Weight, kg 86.0 [77.3, 96.4] 80.0 [70.0, 90.0] 89.0 [80.0, 98.2] <0.001

Height, cm 176.0 [170.0, 183.0] 165.0 [162.0, 170.0] 180.0 [174.0, 185.0] <0.001

BMI, kg/m2 27.8 [25.2, 30.9] 28.4 [25.9, 32.3] 27.6 [25.2, 30.1] 0.002

Intubation at admission 152 (16.3) 38 (15.1) 114 (16.7) 0.618

NIV before intubation 77 (9.2) 23 (10.0) 54 (8.9) 0.688

Duration of NIV 7.5 [2.0, 18.1] 5.0 [1.8, 11.5] 8.0 [2.2, 24.0] 0.327

CT before intubation 326 (36.2) 97 (40.8) 229 (34.6) 0.099

% affected lung parenchyma on CT 0.682

0% 14 (4.3) 4 (4.1) 10 (4.3)

25% 103 (31.4) 27 (27.8) 76 (32.9)

50% 99 (30.2) 35 (36.1) 64 (27.7)

75% 93 (28.4) 26 (26.8) 67 (29.0)

100% 19 (5.8) 5 (5.2) 14 (6.1)

X-ray before intubation 485 (85.7) 122 (85.3) 363 (85.8) 0.891

Number of affected quadrants 0.335

1 38 (7.8) 7 (5.9) 31 (8.5)

2 114 (23.5) 34 (28.6) 80 (21.9)

3 135 (27.8) 35 (29.4) 100 (27.3)

4 198 (40.8) 43 (36.1) 155 (42.3)

Pneumothorax 4 (1.8) 2 (3.8) 2 (1.2) 0.238

SAPS II 36.0 [29.0, 43.5] 35.0 [31.0, 43.5] 36.0 [29.0, 43.2] 0.573

APACHE II 16.0 [14.0, 21.0] 15.0 [12.0, 20.0] 17.0 [14.0, 22.0] 0.039

APACHE IV 56.0 [45.0, 70.0] 57.0 [46.0, 69.2] 56.0 [44.0, 70.0] 0.460

SOFA 7.0 [6.0, 10.0] 7.0 [6.0, 9.2] 7.0 [6.0, 10.0] 0.160

ARDS severity 0.386

Mild 188 (20.4) 51 (20.7) 137 (20.3)

Moderate 630 (68.4) 162 (65.9) 468 (69.3)

Severe 103 (11.2) 33 (13.4) 70 (10.4)

Co-existing disorders

Arterial hypertension 310 (33.2) 72 (28.7) 238 (34.8) 0.085

Heart failure 37 (4.0) 7 (2.8) 30 (4.4) 0.345

Diabetes 214 (22.9) 56 (22.3) 158 (23.1) 0.861

Chronic kidney disease 39 (4.2) 10 (4.0) 29 (4.2) 1.000

Baseline creatinine, µmol/L* 77.0 [62.0, 98.5] 63.5 [51.8, 78.0] 82.0 [68.0, 105.0] <0.001

Liver cirrhosis 3 (0.3) 2 (0.8) 1 (0.1) 0.178

COPD 72 (7.7) 20 (8.0) 52 (7.6) 0.890

Active hematological malignancy 13 (1.4) 3 (1.2) 10 (1.5) 1.000

Active solid tumor malignancy 26 (2.8) 10 (4.0) 16 (2.3) 0.182

Neuromuscular disease 4 (0.4) 2 (0.8) 2 (0.3) 0.294

Immunosuppression 20 (2.1) 5 (2.0) 15 (2.2) 1.000

Home medication

Systemic corticosteroids 34 (3.6) 8 (3.2) 26 (3.8) 0.844

Inhalation corticosteroids 105 (11.2) 40 (15.9) 65 (9.5) 0.007

ACE inhibitor 155 (16.6) 37 (14.7) 118 (17.3) 0.374

ARB II 106 (11.3) 22 (8.8) 84 (12.3) 0.162

Beta blocker 171 (18.3) 37 (14.7) 134 (19.6) 0.104

Insulin 68 (7.3) 20 (8.0) 48 (7.0) 0.670

Metformin 148 (15.8) 33 (13.1) 115 (16.8) 0.189

Statin 284 (30.4) 62 (24.7) 222 (32.5) 0.025

Calcium channel blocker 165 (17.7) 41 (16.3) 124 (18.2) 0.562

Data are median (quartile 25%–quartile 75%) or no (%). Percentages may not total 100 because of rounding.
*Most recent measurement in 24 h before intubation, or at ICU admission under invasive ventilation.

APACHE, Acute Physiology and Chronic Health Evaluation; SAPS, Simplified Acute Physiology Score; SOFA, Sequential Organ Failure Assessment; ARDS, acute respiratory

distress syndrome.
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Therefore, mediators are on the causal pathway of the relation
between group and outcome, at least partly explaining the effects
of the group on the outcome. For the mediation models, the
following estimates are described: (1) the total effect (estimates
the total effect of sex on ventilation); (2) the average causal
mediation effect [ACME, explains how much of the effect of sex
on ventilation is explained by the mediator (height or weight)];
and (3) the average direct effect (ADE, explains how much of
the effect of sex on ventilation is still explained by sex after
considering the effect of the mediator). For this model, Quasi–
Bayesian 95% CI were estimated after 10,000 simulations. The
mediation models included day and centers as a random effects.

All the analyses were done in R version 4.0.2 and the
significance level was set at 0.05.

RESULTS

Patients
Of 1,122 eligible patients, 188 patients did not receive controlled
ventilation at any time point data were collected for this study,
leaving us with 934 fully analyzable patients, 251 females and 683
males (Figure 1). Males had a higher median body height and
also a higher median ABW. Aside from differences in baseline
APACHE II scores, plasma creatinine, and use of statins and
inhalation corticosteroids at home, there were no differences
at baseline between the sexes (Table 1). Other severity scores

and ARDS severity were comparable between females and males
(Table 1). Compared with females, males had a higher mortality
rate and a longer duration of ventilation (Table 2).

Ventilation Parameters
On day 1, females received a higher median VT,PBW than
males [6.8 (IQR 6.0–7.6, 90% range 5.4–8.8) vs. 6.3 (IQR 5.8–
6.9, 90% range 5.0–8.0) ml/kg PBW; p < 0.001; Figures 2, 3
and Table 3]. This sex difference became smaller at day 2 [6.4
(IQR 5.9–7.1, 9% range 5.0–8.4) vs. 6.3 (IQR 5.8–7.0, 90%
range 5.0–7.9) ml/kg PBW; p = 0.046] and at day 3 [6.5 (IQR
6.0–7.1, 90% range 5.1–8.2) vs. 6.2 (IQR 5.6–6.9; 90% range
4.9–7.8) ml/kg PBW; p = 0.001; Supplementary Figures 1, 2

and Supplementary Tables 1, 2]. On day 1, females received
ventilation with a slightly lower median PEEP and a higher
median 1P (Figures 2, 3 and Table 3). These differences became
smaller on days 2 and 3 (Supplementary Figures 1, 2 and
Supplementary Tables 1, 2). Median Crs was lower in females at
all 3 days.

Use of LTVV
Low tidal volume ventilation was generally underused, with only
a third of patients receiving ventilation with a median VT,PBW

≤6 ml/kg PBW–at day 1, females received LTVV less often than
males (23 vs. 34%; p= 0.003; Figure 4). The sex difference in use

TABLE 2 | Outcome.

Overall Females Males p

Number of patients 934 251 683

Ventilatory free days at 28 days 2.0 [0.0, 16.0] 9.0 [0.0, 18.0] 0.0 [0.0, 15.0] 0.001

Extubation 545 (58.8) 159 (63.3) 386 (57.1) 0.098

Duration of ventilation, days 14.0 [8.0, 23.0] 12.0 [7.0, 20.8] 15.0 [8.0, 24.0] 0.012

Duration of ventilation in survivors at day 28 16.0 [10.0, 28.0] 13.0 [9.0, 23.0] 17.0 [10.0, 29.0] 0.003

Tracheostomy 154 (16.6) 32 (12.8) 122 (18.1) 0.059

Reintubation 118 (12.8) 38 (15.3) 80 (11.9) 0.184

Pneumothorax 8 (0.9) 1 (0.4) 7 (1.1) 0.690

Thromboembolic complications* 266 (28.5) 65 (25.9) 201 (29.4) 0.326

Acute kidney injury** 421 (45.2) 100 (40.0) 321 (47.1) 0.054

Renal replacement therapy 173 (18.5) 35 (13.9) 138 (20.2) 0.029

ICU length of stay, days 15.0 [9.0, 27.0] 14.0 [9.0, 24.0] 16.0 [9.0, 27.5] 0.094

In survivors, days 18.0 [11.0, 30.0] 16.0 [10.0, 27.0] 18.0 [11.0, 31.0] 0.067

Hospital length of stay, days 24.0 [14.0, 37.0] 22.0 [14.0, 36.0] 24.0 [14.0, 39.0] 0.408

In survivors, days 29.5 [20.0, 44.0] 27.0 [20.0, 39.0] 30.0 [20.0, 46.0] 0.062

ICU mortality 301 (33.0) 66 (27.2) 235 (35.2) 0.026

Hospital mortality 310 (36.1) 67 (29.9) 243 (38.3) 0.029

d7 mortality 97 (10.5) 27 (10.9) 70 (10.3) 0.809

d28 mortality 266 (28.9) 60 (24.6) 206 (30.5) 0.084

d90 mortality 323 (37.9) 70 (31.1) 253 (40.3) 0.016

Data are median (quartile 25%–quartile 75%) or no (%). Percentages may not total 100 because of rounding.
*Pulmonary embolism was defined when confirmed by chest CT angiography or when highly suspicious according to clinical assessment and treated accordingly by the attending

the physician.
**Acute kidney injury was defined when one of the following criteria was met at any point within 28 days after intubation: (1) a 1.5-fold increase of creatinine compared with baseline;

and/or (2) an absolute creatinine increase of 26.5 µmol/L compared with baseline; and/or (3) a urinary output <0.5 ml/kg per h for more than 6 h.
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FIGURE 2 | Ventilation parameters during the first day. Cumulative frequency

distribution of tidal volume, PEEP, driving pressure, and respiratory system

compliance. Vertical dotted lines represent the median on the first calendar

day of ventilation for each variable, and horizontal dotted lines show the

respective proportion of patients reaching each cutoff. VT, tidal volume; PEEP,

positive end expiratory pressure; 1P, driving pressure; Crs, respiratory system

compliance; PBW, predicted body weight. The p-value for the sex reflects the

overall test for difference between sex over the days, the p-value for the sex ×

year interaction evaluates if change over time differed by sex.

of LTVV persisted at day 2 (27 vs. 36%; p = 0.046) and at day 3
(28 vs. 38%; p= 0.030; Figure 4 and Supplementary Tables 1, 2).

Mediation Analysis
The difference in the use of LTVV between females and males
was significantly mediated by sex [average causal mediation
effect 7.5% (95% CI 1.7–13.3%); p = 0.011] but more by
body height [average causal mediation effect −17.5% (95% CI
−21.5 to −13.5%); p < 0.001; Table 4]. The difference was also
significantly mediated by ABW in the model that only used this
factor [average causal mediation effect −1.7% (95% CI −2.7 to
−1.0); p < 0.001], but not in a model that also used body height,
meaning that the difference in the use of LTVV was mainly
mediated by differences in height, and not by weight.

DISCUSSION

The results of this analysis of a large cohort of critically ill
patients with ARDS related to COVID-19 who received invasive
ventilation in the ICU during the first wave of the national
outbreak in the Netherlands can be summarized as follows: (1)
females were at a higher risk of not receiving LTVV at all 4 days
of ventilation; (2) PEEP was lower and 1P was higher, but only
at day 1; and (3) females had a lower Crs, a difference that did not
change over the days. In addition, the mediation analysis suggests

FIGURE 3 | Ventilatory variables over the days. Line graphs with error bars of

tidal volume, PEEP, driving pressure, and respiratory system compliance. The

numbers under the x-axis indicate the number of patients. VT, tidal volume;

PEEP, positive end-expiratory pressure; 1P, driving pressure; Crs, respiratory

system compliance; PBW, predicted body weight. The p-value for the sex

reflects the overall test for difference between sex over the days, the p-value

for the sex × year interaction evaluates if change over time differed by sex.

that (4) differences are partly explained by sex per se; (5) but are
mostly explained by the differences in body height.

Our study has several strengths. The PRoVENT–COVID
study is one of the largest multicenter studies that collected
ventilator data at several time points per day, allowing a
better insight into ventilation practice, and differences herein
between females and males. This study involved more than one-
third of all invasively ventilated patients with ARDS related to
COVID-19 in the first wave of the outbreak in the Netherlands.
Furthermore, we enrolled patients in 22 centers included
university hospitals, non-university teaching as well as non-
teaching hospitals, accounting for around one-fourth of the ICUs
in the Netherlands. This all increases the generalizability of the
findings. The design of PRoVENT–COVID assured completeness
of data collection and the short timeframewithin which data were
gathered, avoiding the effect of practice changes over time. At
last, we followed the analysis plan strictly and used sophisticated
mediation analysis to determine which factors determine the sex
difference in the use of LTVV.

The differences in VT between females and males may
seem small, especially when focusing on the median VT, PBW.
However, the 90% range clearly shows that VT differs between the
sexes–for instance, 16% of female patients received ventilation
with a VT,PBW >8 ml/kg, while only 5% of male patients received
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TABLE 3 | Ventilatory variables during the first day.

Overall Females Males p

Number of patients 908* 244 664

VT, Absolute, mL 451.0 [406.1, 500.0] 396.5 [343.8, 440.5] 468.5 [427.2, 514.8] <0.001

VT, mL/kg ABW 5.2 [4.6, 5.9] 4.9 [4.2, 5.8] 5.3 [4.6, 6.0] <0.001

90% range 3.4–7.1 3.3–7.0 3.8–7.2

VT, mL/kg PBW 6.4 [5.9, 7.1] 6.8 [6.0, 7.6] 6.3 [5.8, 6.9] <0.001

90% range 5.1–8.4 5.4–8.8 5.0–8.0

VT, PBW ≤6 mL/kg, % 272 (31.0) 56 (23.4) 216 (33.8) 0.003

VT, PBW ≤8 mL/kg, % 808 (92.0) 202 (84.5) 606 (94.8) <0.001

VT, PBW ≤10 mL/kg, % 874 (99.5) 238 (99.6) 636 (99.5) 1.000

PEEP, cmH2O 13.2 [11.3, 15.0] 12.7 [10.7, 14.0] 13.3 [11.7, 15.0] 0.002

Peak pressure, cmH2O 27.0 [24.0, 30.0] 27.2 [24.7, 30.2] 27.0 [24.0, 30.0] 0.116

Driving pressure, cmH2O 13.8 [12.0, 16.0] 14.5 [12.4, 16.9] 13.5 [11.8, 15.8] <0.001

Mechanical power, J/min 18.9 [15.5, 22.9] 16.8 [14.0, 20.0] 19.8 [16.5, 23.7] <0.001

Compliance, mL/ cmH2O 32.9 [27.5, 40.1] 27.6 [22.6, 32.2] 35.2 [29.6, 42.7] <0.001

Respiratory rate, bpm 22.0 [20.0, 24.2] 22.0 [20.0, 25.0] 22.0 [20.0, 24.0] 0.257

FiO2, % 0.5 [0.4, 0.6] 0.5 [0.4, 0.6] 0.5 [0.4, 0.6] 0.505

SpO2, % 95.0 [93.6, 96.4] 95.0 [93.5, 96.2] 95.0 [93.7, 96.5] 0.588

etCO2, mmHg 37.5 [33.1, 42.4] 37.0 [32.4, 42.1] 37.5 [33.4, 42.6] 0.351

Heart rate, beats per min 81.0 [70.0, 93.0] 80.4 [71.0, 93.8] 81.1 [69.7, 93.0] 0.713

Mean arterial pressure, mmHg 76.4 [71.5, 82.3] 76.2 [71.9, 82.0] 76.5 [71.3, 82.5] 0.930

pH 7.4 [7.3, 7.4] 7.4 [7.3, 7.4] 7.4 [7.3, 7.4] 0.259

Lactate, mmol/L 1.2 [1.0, 1.5] 1.2 [1.0, 1.5] 1.2 [1.0, 1.5] 0.755

PaO2 80.0 [72.9, 90.7] 79.8 [72.2, 91.1] 80.1 [73.0, 89.9] 0.823

P/F ratio 174.2 [142.9, 208.6] 172.7 [135.6, 210.0] 174.6 [145.0, 208.0] 0.549

PaCO2, mmHg 45.1 [40.5, 51.2] 44.0 [40.0, 50.1] 45.4 [41.0, 51.8] 0.056

Prone positioning 325 (47.6) 95 (49.2) 230 (46.9) 0.610

Duration of prone positioning 15.0 [11.0, 22.0] 16.0 [11.0, 23.0] 14.0 [11.0, 20.0] 0.129

Minute ventilation 9.7 [8.5, 11.2] 8.6 [7.5, 9.7] 10.2 [8.9, 11.5] <0.001

Ventilatory ratio 1.7 [1.4, 2.0] 1.7 [1.4, 2.1] 1.7 [1.4, 2.0] 0.030

Recruitment maneuver 16 (2.8) 4 (2.3) 12 (3.0) 0.787

Data are median (quartile 25%–quartile 75%) or no (%). Percentages may not total 100 because of rounding.

PEEP, positive end-expiratory pressure; FiO2, fraction of inspired oxygen; SpO2, oxygen saturation; PaCO2, partial pressure of arterial carbon dioxide; PaO2, partial pressure of

arterial oxygen.
*Of 934 patients who received controlled ventilation on at least one timepoint of data collection, 908 received controlled ventilation at day 1.

ventilation with a VT,PBW above this upper threshold of what
is generally accepted as safe. The use of a high VT is associated
with a higher mortality and morbidity in ICU patients (5, 6, 13–
15, 19–21). An earlier analysis showed that a one SD increases in
VT, PBW meant an increase of 28% in 28-day mortality (5). The
finding that females received ventilation with a higher median
VT than males in this cohort is in line with results from several
investigations originating from before the COVID-19 pandemic
(13–16, 44). It interesting to note that VT, in both females and
males, was lower than in those previous cohorts, suggesting a
temporal trend toward the use of lower VT in critically ill patients
(16). Despite the improved use of LTVV, however, differences
between females and males persist.

Several reports on ventilated in patients with COVID-19
show a higher mortality in male patients (5, 22–30). This was
also found in the current cohort. Interestingly, another study
reported that the mortality of severely ill premenopausal but
not post-menopausal female patients with COVID-19 are lower

than age-matched male patients (31). The LUNG SAFE study,
before COVID-19, did not find sex differences in mortality,
but in that cohort, females had a shorter duration of invasive
ventilation and a lower length of ICU stay (15). The reasons
whymale patients with COVID-19 have highermortality remains
uncertain. Biological factors, hormone factors such as estrogen,
and factors related to the activity of X-linked genes have been
suggested (31–34) and also sociocultural factors could play a
role (34). It could also be interesting to look into the possible
benefit of inhalation corticosteroids. In the current cohort,
female patients had a significantly higher usage of inhalation
corticosteroids as home medication. A total of 2 randomized
clinical trials showed that using intravenous corticosteroids
could reduce mortality (35, 36). These findings are confirmed
in a recent meta-analysis (37). However, it is important to
point out the difference between administration, i.e., intravenous
vs. inhalation, and setting, i.e., during hospital admission vs.
home medication.
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FIGURE 4 | Percentages of patients receiving low tidal volume ventilation. Significant p-value for the sex reflects the overall test for difference between sex over the

days, while the p-value for the sex × year interaction evaluates if change over time differed by sex.

TABLE 4 | Mediation analysis.

Adjusted absolute difference (95% CI)a p-value

Univariable mediation model

Body height as mediator

Total effect of sex −10.0 (−14.3 to −6.0) <0.001

Average causal

mediation effect of

body height

−16.0 (−19.0 to −13.0) <0.001

Average direct effect of

female sex

6.0 (1.0 to 11.0) 0.018

Body weight as mediator

Total effect of sex −10.0 (−14.3 to −6.0) <0.001

Average causal

mediation effect of

body weight

−1.7 (−2.7 to −1.0) <0.001

Average direct effect of

female sex

−8.4 (−12.7 to −4.0) <0.001

Body height and weight as mediators*

Total effect of sex −9.8 (−13.6 to −6.0) <0.001

Average causal

mediation effect of

body height

−17.5 (−21.5 to −13.5) <0.001

Average causal

mediation effect of

body weight

0.2 (−0.8 to 1.2) 0.715

Average direct effect of

female sex

7.5 (1.7 to 13.3) 0.011

aAll estimated were generated after 10,000 simulations.
*CI estimated from robust clustered standard errors.

The outcome advantage of female patients, however, should
not withhold ICU doctors and nurses from using a correct
VT, seen the advantage of LTVV that has been found in
pre-COVID-19 studies and in COVID-19 studies. In fact,

this could increase the outcome differences between females
and males.

Several studies in patients with non-COVID-19 have shown
sex differences in important aspects of care in critically ill
patients (7, 38–41). For instance—among patients with sepsis or
shock, females are less likely to receive deep venous thrombosis
prophylaxis or invasive ventilation, but are more likely to

receive red blood cell transfusions (40). On the contrary,

males receive “more intense” care, including placement of the
central catheters for infusion of vasoactive medication (38) and
invasive ventilation (38, 39). It is uncertain if similar differences,
i.e., in non-ventilatory care, exist in patients with COVID-19

as well.
Of note, while VT,PWB was higher in the female patients,

VT,ABW was higher in the male patients. It should be noticed,

however, that the male patients had a significantly higher body

mass index (BMI) compared with the females.
Next to the finding that female patients are ventilated with

higher VT,PBW, it is seen that PEEP was lower and1P was higher.
These differences were rather small, and probably, therefore,
less meaningful, and were only present at day 1. There was a
remarkable difference in median Crs between the sexes. This
finding is in line with the results of the earlier studies in patients
with ARDS before COVID-19 (15, 42). The difference in Crs
might be explained by differences in height (42). Further research
may reveal associations between other anthropometric factors
and Crs.

The findings of the mediation analysis are in line with findings
of the previous studies in patients in the ICU (16) and in the
operating room (12). In contrary to previous findings, we see that
differences are only partly explained by sex per se. The actual body
weight mediated the sex inequality in the use of LTVV in a model
as a single factor, but not in the model using also body height.
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Our findings point out the importance of using reliable methods
to measure the height of the patients.

This analysis has some limitations; first, we only collected
data during the first 4 calendar days of ventilation, and we
cannot exclude the possibility that ventilation practices beyond
these days remain different. Seen the observational nature of the
study, we could not control for the unmeasured confounders.
Also, the knowledge that ventilation data were being captured
could have interfered with daily practice. The selection of ICUs
was based on the personal contacts, which could have resulted
in an overrepresentation of ICUs with more experience in
lung-protective ventilation, including the use of LTVV, and
the willingness to participate could have led to selection bias.
Another limitation is that because this study was a national
study, its worldwide generalizability is uncertain. Finally, the
PRoVENT–COVID study did not collect the type of oxygen
support before intubation. Early application of HFNC (high-flow
nasal cannula) in the mild stage of ARDS may reduce mortality
in the elderly patients with severe COVID-19 pneumonia (43).
Further research should look into the influence of HFNC and
should consider grouping the patients by age to see the impact
of age on the use of LTVV in general and in female patients.

CONCLUSION

In this cohort of patients with ARDS related to COVID-19 who
required invasive ventilation in the first wave of the national
outbreak in the Netherlands, females received LTVV less often
than males. Alike in the previous studies, in this cohort, the
difference in the use of LTVV was driven by the anthropometric
factors more than by sex per se. This information could be
helpful in the proper titration of VT in critically ill patients with
COVID-19 and beyond.
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