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in COVID‑19 ARDS
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Abstract 

Background:  Estimates for dead space ventilation have been shown to be independently associated with an 
increased risk of mortality in the acute respiratory distress syndrome and small case series of COVID-19-related ARDS.

Methods:  Secondary analysis from the PRoVENT-COVID study. The PRoVENT-COVID is a national, multicenter, retro‑
spective observational study done at 22 intensive care units in the Netherlands. Consecutive patients aged at least 
18 years were eligible for participation if they had received invasive ventilation for COVID-19 at a participating ICU dur‑
ing the first month of the national outbreak in the Netherlands. The aim was to quantify the dynamics and determine 
the prognostic value of surrogate markers of wasted ventilation in patients with COVID-19-related ARDS.

Results:  A total of 927 consecutive patients admitted with COVID-19-related ARDS were included in this study. Esti‑
mations of wasted ventilation such as the estimated dead space fraction (by Harris–Benedict and direct method) and 
ventilatory ratio were significantly higher in non-survivors than survivors at baseline and during the following days 
of mechanical ventilation (p < 0.001). The end-tidal-to-arterial PCO2 ratio was lower in non-survivors than in survivors 
(p < 0.001). As ARDS severity increased, mortality increased with successive tertiles of dead space fraction by Harris–
Benedict and by direct estimation, and with an increase in the VR. The same trend was observed with decreased levels 
in the tertiles for the end-tidal-to-arterial PCO2 ratio. After adjustment for a base risk model that included chronic 
comorbidities and ventilation- and oxygenation-parameters, none of the dead space estimates measured at the start 
of ventilation or the following days were significantly associated with 28-day mortality.

Conclusions:  There is significant impairment of ventilation in the early course of COVID-19-related ARDS but quanti‑
fication of this impairment does not add prognostic information when added to a baseline risk model.

Trial registration: ISRCTN04346342. Registered 15 April 2020. Retrospectively registered.
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Background
Since the outbreak of coronavirus disease 2019 (COVID-
19) in the City of Wuhan, Hubei Province, China, caused 
by the transmission of the novel coronavirus SARS-
CoV-2, millions of individuals have been infected and 
more than one million have died. Severe disease requiring 
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admission to intensive care unit (ICU) occurs in approxi-
mately 5% of infections [1], and the most common reason 
for admission is respiratory failure requiring high-level 
support. Among these patients, two-thirds meet the cri-
teria for the acute respiratory distress syndrome (ARDS) 
[2].

Patients with COVID-19 pneumonia meeting criteria 
for ARDS usually present with a high respiratory drive and 
minute ventilation, potentially due to hypercapnia and an 
increased dead space fraction (VD/VT) [3]. In patients with 
ARDS, an elevated VD/VT is a predictor of death and is one 
of the few lung-specific physiological variables indepen-
dently associated with mortality [4, 5]. Methods for estimat-
ing VD/VT do not require quantitative assessment of exhaled 
carbon dioxide, are less complicated to perform and easier 
to calculate at the bedside compared with calculations made 
by volumetric capnography [6]. In recent years, the ventila-
tory ratio (VR) was proposed as an easily acquired bedside 
index of impaired ventilation that can be computed using 
routinely measured respiratory variables [7]. In patients 
with ARDS, the VR correlates well with VD/VT  [7] and may 
function as a surrogate marker for impaired ventilation [8].

At least two independent groups have described series 
of patients with COVID-19-related ARDS who may have 
inefficient CO2 removal due to increased physiologic dead 
space [3, 9]. However, few studies have assessed the impact 
for dead space ventilation mortality in a large cohort of 
COVID-19 patients undergoing invasive ventilation [10]. 
Therefore, we aimed to assess the association between 
markers of impaired ventilation, such as estimated VD/VT 
and VR with 28-day mortality in patients undergoing inva-
sive ventilation because of COVID-19 ARDS. We hypoth-
esized that these markers of impaired ventilation are 
independently associated with 28-day mortality.

Methods
Study design and oversight
PRoVENT-COVID is an investigator-initiated, multi-
center, observational cohort study undertaken at 22 ICUs 
in the Netherlands. The study protocol including the 
statistical analysis plan is available [11]. The approved 
protocol is available in Additional File 1. A statistical 
analysis plan for the current analysis was written before 
assessing the database and is available online [12]. Study 
sites were recruited through direct contact by members 
of the steering committee of PRoVENT-COVID. The 
institutional review boards of the participating cent-
ers approved the study protocol, and need for patient 
informed consent was waived. Study coordinators con-
tacted the local doctors, trained data collectors to assist 
the local doctors and monitored the study according to 
the International Conference on Harmonization Good 

Clinical Practice–guidelines. Integrity and timely com-
pletion of data collection was ensured by the study 
coordinators.

Patients
Consecutive patients ≥ 18  years of age were eligible for 
participation in PRoVENT-COVID if they were admit-
ted to one of the participating ICUs and had received 
invasive ventilation for COVID-19 ARDS. COVID-
19 infection was defined by a confirmed reverse tran-
scriptase-polymerase chain reaction (RT-PCR) [13].

PRoVENT-COVID had no exclusion criteria, but for 
the current analysis, we excluded patients transferred 
from a non-participating hospital who had been receiv-
ing invasive ventilation for more than 2 calendar days, 
patients without complete data to calculate the VD/VT or 
VR on the first day of ventilation, and patients with no 
data about 28-day mortality.

Data collection
Demographics and data regarding premorbid diseases 
and medication were collected at baseline. Ventilator set-
tings and parameters were collected after one hour of 
invasive ventilation and every 8 h thereafter, for the first 4 
calendar days. In the present study, the first day of venti-
lation is called ‘at start of ventilation.’

Data definition and exposure
The primary exposure of interest was the VD/VT calcu-
lated using the Harris–Benedict formula as described in 
Eq. (1) [14]:

RR is the respiratory rate in breaths per minute, VT the 
tidal volume in liters, PaCO2 the partial pressure of car-
bon dioxide in mmHg, and VCO2 the CO2 production in 
mL/min estimated using Eq. (2):

RQ is the respiratory quotient, assumed to be 0.8, and 
REEHB is the rest energy expenditure calculated by the 
unadjusted Harris–Benedict estimate using Eq. (3) [14]:

(1)
VD

VT
= 1−

(

0.863 ∗ V̇CO2

)

(RR ∗ VT ∗ PaCO2)

(2)V̇CO2 =
REEHB

(

5.616
RQ + 1.584

)

(3)

Males : REEHB = 66.473+
(

13.752 ∗ weight
)

+
(

5.003 ∗ height
)

−
(

6.755 ∗ age
)

Females : REEHB = 655.096+
(
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−
(
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Weight is the actual body weight in kilograms, height is 
in centimeters and age in years.

In addition, two additional estimations of VD/VT were 
done considering a direct estimation [6] and the end-
tidal-to-arterial PCO2 ratio [15], and the formulas are 
described in the Additional File 1.

The secondary exposure of interest is the VR, calcu-
lated using Eq. (4) [16]:

VR is the ventilatory ratio, VE measured is the measured 
minute ventilation in mL/min, PaCO2 measured is the meas-
ured PaCO2 in mmHg, VE predicted is the predicted minute 
ventilation in mL/min (calculated as 100 * predicted body 
weight) [16], and PaCO2 predicted is the predicted PaCO2 
determined as 37.5 mmHg.

A post-hoc analysis was performed using Corrected 
Minute Ventilation as additional parameter of wasted 
ventilation. This parameter is calculated using the follow-
ing formula:

where 40 mm Hg is the ideal value of PaCO2 [17]. This is 
reported in the Additional File 1. Additionally, the delta 
values between days were calculated and used as addi-
tional parameters and reported in the Additional File 1.

All variables were calculated three times per day, and 
the values were aggregated as the mean in the respective 
day. Primary analyses focused on the values obtained on 
the day on which ventilation was started.

Outcomes
The outcome assessed in this study was death at 28 days, 
defined as the mortality 28  days after the start of ven-
tilation. Other clinical outcomes are reported only to 
describe the cohort but were not used to test their asso-
ciation with the exposures described above.

Statistical analysis
The amount of missing data was low for most of the vari-
ables (Table S1 in Additional File 1). Continuous variables 
are presented as median (quartile 25%–quartile 75%) and 
categorical variables as counts and percentages. Descrip-
tive data are presented according to the 28-day status 
(non-survivors vs. survivors), and the two groups were 
compared using Wilcoxon rank-sum test for continuous 
variables, and Fisher exact tests for categorical variables.

Trends in markers of impaired ventilation were pre-
sented in boxplots between survivors and non-survivors 
over the first 4 calendar days. The direction of effect over 

(4)VR =
V̇Emeasured ∗ PaCO2measured

V̇Epredicted ∗ PaCO2predicted

(5)V̇E corr =
V̇E ∗ PaCO2

40mmHg

time of the variables was assessed with mixed–effect lin-
ear models with center and patients treated as random 
effect to account for clustering and repeated measure-
ments, and with 28-day vital status (alive/dead), time (as 
a continuous variable) and an interaction of 28-day vital 
status and time as fixed effect. Overall P values from this 
analysis represent the overall difference among groups 
over time, and P values from interaction represent a 
statistical assessment of whether the trend over time 
differed among the groups. All daily measurements of 
variables (three times a day) were aggregated as the mean 
per day. In addition, to compare variables at each day, the 
day variable was entered as a categorical variable in the 
model described above, and the P value for the daily dif-
ference was extracted using pairwise comparisons after 
Bonferroni correction.

We examined the risk of death for each tertile of the 
lung-specific physiological variables used to evaluate 
whether the predictive ability of each variable varied by 
level. In addition, a simple stratification creating two 
groups according to the median of the variables was also 
assessed. The comparison of the two groups was pre-
sented in Kaplan–Meier curves and compared using Log-
rank tests.

Univariable mixed-effect generalized linear mod-
els considering a binomial distribution and with center 
as random effect were used to estimate the unadjusted 
effect of each variable on 28-day mortality. A multivari-
able mixed-effect generalized linear model considering 
a binomial distribution and with center as random effect 
were used to test the association of each of the exposures 
described above with 28-day mortality. A list of candidate 
confounders was determined a priori, and based on clini-
cal relevance rather than statistical significance. The fol-
lowing baseline variables (measured at baseline or within 
1  h after intubation or ICU admission with ventilation) 
were considered in the models: age, gender, body mass 
index, PaO2/FiO2 ratio, plasma creatinine, hypertension, 
diabetes, use of angiotensin converting enzyme inhibi-
tors, use of angiotensin II receptor blockers, use of a 
vasopressor or an inotrope drug, fluid balance, pH, mean 
arterial pressure, heart rate, respiratory system compli-
ance and PEEP. Multicollinearity was assessed through 
the analysis of the variance inflation factors, and the final 
model was assessed for discrimination using c-statistics, 
and for calibration using the Brier-Score.

In addition to the odds ratio (OR) and its 95% con-
fidence interval, the predictive accuracy of the lung-
specific physiological variables was measured by the 
area under the receiver operating characteristics curve 
(AUC-ROC). Also, to estimate whether these vari-
ables improved predictive accuracy on top of that of 
the base model described above, the net reclassification 
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improvement (NRI) and the integrated discrimination 
index (IDI) were assessed.

For the primary analysis, covariates with less than 3% of 
missing values were imputed by the median value of the 
overall cohort. Since respiratory compliance was missing 
in 8.2% of the patients (Table S1 in Additional File 1), an 
additional sensitivity analysis considering multiple impu-
tation for all missing variables was conducted (described 
in details in Additional File 1).

All continuous variables were entered after standardi-
zation to improve convergence of the models, and the 
odds ratio (OR) represents the increase in one standard 
deviation of the variable. All analyses were conducted in 
R v.4.0.2 (R Foundation, Vienna, Austria) [18], and signif-
icance level was set at 0.05.

Results
Study population
From March 1, 2020, through June 1, 2020, 31 ICUs were 
invited for participation in PRoVENT-COVID, and 22 of 
them met inclusion criteria. A total of 1340 individuals 
were screened. A total of 218 were not enrolled; 62 did 
not have COVID-19-related ARDS, 150 never received 
invasive ventilation, and 6 were excluded for other rea-
sons (Additional File 1: Figure S1). Of the enrolled 927 
patients, 259 (28.7%) were non-survivors and 661 (71.3%) 
were survivors at day 28. Demographics characteris-
tics are presented in Table 1. Non-survivors were older, 
more often male, had a greater severity of ARDS and 
higher creatinine level at admission, more frequent pre-
sented co-existing disorders like hypertension, diabetes 
and chronic obstructive pulmonary disease, and more 
often were using systemic steroids, metformin, beta-
blockers and statins at home. Ventilatory variables in the 
first day of ventilation and general clinical outcomes are 
shown in Table 2, Table S2 and Table S3 (Additional File 
1). Non-survivors received higher FiO2, had higher levels 
of lactate and creatinine and lower levels of pH and end-
tidal-to-arterial PCO2. There were no differences in the 
radiographic findings between survivors and non-survi-
vors (Table S15).

Markers of impaired ventilation
The dynamic change of markers of impaired ventilation 
over the first four days of ventilation as shown in Table 3 
and Fig.  1. VD/VT calculated using the Harris–Benedict 
formula was higher in non-survivors and increased more 
during the first four days compared to survivors. A simi-
lar trend was found with the direct VD/VT calculation. 
While VR was also higher in non-survivors, especially 
after day 2, the end-tidal-to-arterial PCO2 ratio was 
lower.

Mortality by tertiles of each variable is reported in 
Fig.  2. Tertiles were calculated separately for each vari-
able and each day, to account for potential differences in 
scaling and measurements. Mortality increased with suc-
cessive tertiles of dead space fraction by Harris–Benedict 
and by direct estimation, and of ventilatory ratio, and 
decreased with successive tertiles of end-tidal-to-arterial 
PCO2 ratio.

Mortality over the first 28 days was higher in patients 
in the high group of dead space fraction by the Harris–
Benedict estimation (16.4% vs. 12.3%; p = 0.003), but not 
different in the groups considering the dead space frac-
tion by direct estimation (15.4% vs. 13.3%; p = 0.100), and 
the ventilatory ratio (15.5% vs. 13.2%; p = 0.080) (Fig. 3). 
When assessing the end-tidal-to-arterial PCO2 ratio, 
28-day mortality was lower in the highest tertile group 
(10.7% vs. 17.1%; p < 0.001).

Predictive accuracy of markers of impaired ventilation
The unadjusted impact of each marker of impaired ven-
tilation is shown in Additional File 1: Table S4. Estimated 
dead space fraction (by HB and direct method) and 
end-tidal-to-arterial PCO2 ratio were associated with 
28-day mortality at the start of mechanical ventilation. 
Twenty-four hours after this, dead space fraction by Har-
ris–Benedict and end-tidal-to-arterial PCO2 ratio were 
associated with 28-day mortality. The final multivariable 
base risk model is shown in Table  S5 and in the Addi-
tional File 1. No problems were found due to multicol-
linearity or linearity assumption (Additional File 1: Tables 
S6 and S7).

After adjustment for the base risk model, none of the 
markers of impaired ventilation measured at the start of 
ventilation or the following day was significantly asso-
ciated with 28-day mortality (Table  4). The inclusion of 
these variables did not improve the AUC-ROC compared 
to the base model (Fig.  4). The addition of dead space 
fraction by direct estimation at start of ventilation and 
of end-tidal-to-arterial PCO2 ratio at start of ventilation 
or day 1 slightly improved the predictive accuracy of the 
base model in terms of IDI (Table 4).

Sensitivity analysis
Results after multiple imputation were similar to the pri-
mary analysis (Additional File 1: Tables S8 and S9, and 
Figures S2 and S3).

Post‑hoc analysis
All analyses described above were repeated for Cor-
rected Minute Ventilation and yielded similar results 
(Additional File 1: Tables S9, S10, S11, S12, S13, S14 and 
Figures  S4 and S5). The change in measures of wasted 
ventilation between day 3 and day 0 of intubation were 
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Table 1  Baseline characteristics of the patients according to 28-day mortality

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

All patients
(n = 927)

Non-survivors
(n = 266)

Survivors
(n = 661)

p 
value

Age, years 65.0 (57.0–72.0) 70.0 (64.0–75.0) 63.0 (55.0–70.0)  < 0.001

Male gender—no (%) 668 (72.1) 206 (77.4) 462 (69.9) 0.023

Body mass index, kg/m2 27.8 (25.3–30.8) 27.7 (25.2–29.8) 27.8 (25.4–30.9) 0.227

Severity of ARDS—no (%) 0.020

 Mild 186/921 (20.2) 45 (17.0) 141 (21.5)

 Moderate 638/921 (69.3) 180 (68.2) 458 (69.7)

 Severe 97/921 (10.5) 39 (14.8) 58 (8.8)

Co-existing disorders—no (%)

 Hypertension 317 (34.2) 112 (42.1) 205 (31.0) 0.002

 Heart failure 39 (4.2) 16 (6.0) 23 (3.5) 0.102

 Diabetes 207 (22.3) 78 (29.3) 129 (19.5) 0.002

 Chronic kidney disease 41 (4.4) 16 (6.0) 25 (3.8) 0.157

 Baseline creatinine, µmol/L* 76.0 (62.0–97.0) 84.0 (65.0–112.0) 74.0 (61.0–92.0)  < 0.001

 Liver cirrhosis 3 (0.3) 0 (0.0) 3 (0.5) 0.562

 Chronic obstructive pulmonary disease 76 (8.2) 32 (12.0) 44 (6.7) 0.011

 Active hematological neoplasia 15 (1.6) 6 (2.3) 9 (1.4) 0.388

 Active solid neoplasia 23 (2.5) 9 (3.4) 14 (2.1) 0.253

Neuromuscular disease 8 (0.9) 3 (1.1) 5 (0.8) 0.696

 Immunosuppression 24 (2.6) 7 (2.6) 17 (2.6) 0.999

Previous medication—no (%)

 Systemic steroids 35 (3.8) 17 (6.4) 18 (2.7) 0.012

 Inhalation steroids 108 (11.7) 40 (15.0) 68 (10.3) 0.054

 Angiotensin converting enzyme inhibitor 160 (17.3) 55 (20.7) 105 (15.9) 0.084

 Angiotensin II receptor blocker 101 (10.9) 35 (13.2) 66 (10.0) 0.164

Vital signs

 Heart rate, bpm 84.3 (73.7–97.0) 85.0 (74.5–100.3) 84.0 (73.5–96.0) 0.092

 Mean arterial pressure, mmHg 80.3 (73.7–88.0) 80.0 (73.0–86.0) 80.5 (74.8–88.3) 0.061

Organ support—no (%)

 Continuous sedation 892 (96.4) 252 (95.1) 640 (97.0) 0.173

 Inotropic or vasopressor 733 (79.2) 216 (81.5) 517 (78.3) 0.324

 Vasopressor 732 (79.1) 216 (81.5) 516 (78.2) 0.283

 Inotropic 41 (4.4) 17 (6.4) 24 (3.6) 0.077

 Fluid balance, mL 631.5 (50.0–1428.2) 753.6 (100.0–1482.0) 593.0 (34.0–1390.0) 0.143

 Urine output, mL 702.5 (370.0–1143.8) 570.0 (280.0–1075.0) 725.0 (415.0–1165.0) 0.001

Table 2  Respiratory variables at start of ventilation

Data are median (quartile 25%—quartile 75%). FiO2: inspired fraction of oxygen; PEEP: positive end-expiratory pressure

All Patients
(n = 927)

Non-Survivors
(n = 266)

Survivors
(n = 661)

p value

Tidal volume, mL/kg PBW 6.4 (5.9–7.1) 6.5 (5.9–7.2) 6.4 (5.9–7.1) 0.175

PEEP (cmH2O) 12.7 (11.0–14.5) 13.0 (11.2–15.0) 12.7 (10.7–14.3) 0.091

Driving pressure (cmH2O) 14.0 (12.0–16.0) 13.7 (12.0–16.3) 14.0 (12.0–16.0) 0.746

PaO2/FiO2 130.9 (99.9–175.5) 137.2 (98.1–180.0) 128.8 (100.2–171.5) 0.262

EtCO2 36.5 (32.6–41.6) 34.7 (31.7–40.2) 37.0 (33.2–42.0) 0.001

Mechanical power (J/min) 18.4 (15.2–22.3) 18.9 (15.9–22.8) 18.3 (15.1–22.0) 0.100

Compliance (mL/cmH2O) 33.2 (26.7–40.3) 33.8 (26.7–40.7) 32.9 (26.7–40.1) 0.899
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significantly associated with outcome (Additional File 
1: Table  S10). When restricting the analyses to patients 
with hypercapnia at presentation (PaCO2 > 50 mmHg) or 
prone positioning during the first day of mechanical ven-
tilation, we did not observe large changes in effect sizes 
(Additional File 1: Table S12).

Discussion
The findings of this multicenter, observational cohort 
study of COVID-19-related ARDS patients showed that 
estimates for dead space ventilation increased over the 
first days of invasive ventilation and were significantly 
higher in non-survivors than survivors. However, none of 
these indices was independently associated with mortal-
ity when corrected for potential confounders. Therefore, 
wasted ventilation, and, tentatively, increased estimated 
dead space fraction, may be a marker for disease severity 
rather than an independent predictor of outcome.

Despite  [19] the potential clinical value, VD/VT is not 
routinely measured in daily critical care practice. One 

possible barrier is the requirement of volumetric cap-
nography (or other techniques of analyzing exhaled gas) 
to measure Vd/Vt. Estimated measures for calculating 
VD/VT are more frequently utilized and a wide array of 
these indices were included in this study  [6, 20]. VR is 
a recently validated index in patients under controlled 
modes of mechanical ventilation. This index was shown 
to be high in patients with COVID-19-related ARDS  
[3, 9] and is known to show moderate correlation with 
VD/VT by volumetric capnography [7]. We found that 
the VR was not significantly different between survivors 
and non survivors at the start of ventilation and on day 
1. However, we did find a significant difference in the fol-
lowing days of mechanical ventilation between survivors 
and non-survivors, not only for the VR but also for the 
rest of dead space estimates under study when a post-hoc 
analysis was performed (Table S14). This finding suggests 
the dynamic changes of these estimates over time are 
much more important than a single variable at the start 

Table 3  Lung-specific physiological variables in the first four days of ventilation according to 28-day mortality

Data are median (quartile 25%—quartile 75%)

HB: Harris–Benedict

*Calculated using pairwise contrasts in a mixed-effect generalized linear model considering a Gaussian distribution and with day, group and an interaction day × 
group as fixed effect, and with patients and center as random effect. A binomial distribution was used for binary variables and a Gaussian distribution for continuous

All Patients
(n = 927)

Non-Survivors
(n = 266)

Survivors
(n = 661)

p 
value*

Dead space fraction by HB

 At start of ventilation 0.58 ± 0.11 0.60 ± 0.11 0.58 ± 0.11  < 0.001

 Day 01 0.62 ± 0.10 0.64 ± 0.09 0.61 ± 0.11  < 0.001

 Day 02 0.64 ± 0.10 0.67 ± 0.09 0.63 ± 0.10  < 0.001

 Day 03 0.67 ± 0.09 0.69 ± 0.08 0.65 ± 0.10  < 0.001

p value (interaction survival × day) 0.005

Dead space fraction direct

 At start of ventilation 2.22 ± 0.55 2.28 ± 0.61 2.19 ± 0.52 0.022

 Day 01 2.35 ± 0.54 2.40 ± 0.55 2.33 ± 0.54 0.036

 Day 02 2.48 ± 0.58 2.60 ± 0.63 2.44 ± 0.54  < 0.001

 Day 03 2.62 ± 0.65 2.77 ± 0.71 2.56 ± 0.61  < 0.001

p value (interaction survival × day)  < 0.001

Ventilatory ratio

 At start of ventilation 1.72 ± 0.60 1.77 ± 0.56 1.70 ± 0.62 0.114

 Day 01 1.85 ± 0.64 1.88 ± 0.53 1.84 ± 0.68 0.142

 Day 02 1.99 ± 0.66 2.09 ± 0.60 1.95 ± 0.68  < 0.001

 Day 03 2.12 ± 0.70 2.26 ± 0.68 2.06 ± 0.70  < 0.001

p value (interaction survival × day)  < 0.001

end-tidal-to-arterial PCO2 ratio

 At start of ventilation 0.85 ± 0.18 0.81 ± 0.18 0.87 ± 0.18  < 0.001

 Day 01 0.84 ± 0.14 0.81 ± 0.14 0.85 ± 0.13  < 0.001

 Day 02 0.82 ± 0.14 0.78 ± 0.15 0.83 ± 0.14  < 0.001

 Day 03 0.80 ± 0.15 0.77 ± 0.15 0.81 ± 0.14  < 0.001

p value (interaction survival × day) 0.455
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of mechanical ventilation, also because this includes the 
response to optimization of ventilator settings.

Recently, the end-tidal-to-arterial PCO2 ratio 
(PETCO2/PaCO2) has been described as another sur-
rogate for VD/VT in ARDS patients [15]. Each of these 
estimations has particular limitations, and they should 
be seen as complementary: if all point in the same 
direction, this likely reflects increased dead space 
ventilation. For example, in the presence of increased 
intrapulmonary shunt (as in ARDS patients), rising 
PaCO2 coincides with decreasing PETCO2. Both shunt 
and low cardiac output states are known determinants 

of VD/VT. It is worth noting that that the impact of car-
diac output exists only when measuring VD/VT the Eng-
hoff modification of Bohr’s original formula is used. In 
the case of shunt, the increase in venous admixture will 
elevate the PaCO2 increasing dead space fraction [21]. 
This contribution is of special importance when VD/VT 
is high, where physiologic dead space can be contami-
nated by the large shunt fractions present in any type 
of ARDS. In low cardiac output states, a decrease in 
pulmonary blood flow leads to a reduced alveolar CO2 
delivery decreasing PECO2, thereby increasing VD/VT 
[22]. In both cases, indices for increase in dead space 

Fig. 1  Lung-specific physiological variables over the first four days of ventilation. Jitter boxplot of lung-specific physiological variables over the first 
four days of ventilation
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fraction would capture these phenomena and is hard 
to know each part’s relative contribution in practice. 
Taken together, dead space indices reflect impaired out-
gassing of CO2 because of abnormal ventilation-perfu-
sion matching giving a good global index of a lung’s gas 
exchange efficiency [23, 24].

Dead space estimations were significantly increased in 
non-survivors in the first four days of mechanical venti-
lation compared to survivors. This is line with previous 

studies in all patients with ARDS (not only those with 
COVID19), in which dead space (VD/VT) was elevated 
during the first week after start of invasive ventilation 
[4, 25]. We also described the association between these 
indices and outcome that was previously observed in 
patients with ARDS due to other causes than COVID-19 
[4, 25]. However, in our study the investigated estimates 
did not add predictive value to a model that included 
other known predictors for 28-day mortality, with the 

Fig. 2  28-Day mortality according to tertiles of lung-specific physiological variables over the first four days of ventilation. a Tertiles are < 0.54, 
0.54–0.64 and > 0.64 for start of ventilation, < 0.58, 0.58–0.67, > 0.67 for day 1, < 0.62, 0.62–0.69, > 0.69 for day 2, and < 0.64, 0.64–0.71, > 0.71 for day 
3; b tertiles are < 1.94, 1.94–2.32 and > 2.32 for start of ventilation, < 2.09, 2.09–2.47, > 2.47 for day 1, < 2.19, 2.19–2.65, > 2.65 for day 2, and < 2.31, 
2.31–2.80, > 2.80 for day 3; c tertiles are < 1.45, 1.45–1.80 and > 1.80 for start of ventilation, < 1.57, 1.57–1.98, > 1.98 for day 1, < 1.71, 1.71–2.13, > 2.13 
for day 2, and < 1.80, 1.20—2.26, > 2.26 for day 3; and d tertiles are < 0.77, 0.77—0.91 and > 0.91 for start of ventilation, < 0.79, 0.79–0.90, > 0.90 for day 
1, < 0.76, 0.76–0.87, > 0.87 for day 2, and < 0.74, 0.74—0.85, > 0.85 for day 3
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possible exception of PETCO2/PaCO2 at the start and at 
day 1 of ventilation. This contrasts with several studies in 
ARDS that showed increased dead space ventilation to 
be a robust and independent predictor of mortality risk 
[4, 25–27]. Decreasing PETCO2/PaCO2 was also inde-
pendently associated with mortality risk in one study 
[15]. Yet, our findings are in line with a previous report 
in which we assessed the added value of markers of 
impaired ventilation during the first days of mechanical 

ventilation in non-COVID-19-related ARDS [8]. Taken 
together, the data suggest that markers of impaired ven-
tilation reflect disease severity but are not independent 
predictors of outcome, irrespective of the cause of ARDS.

Although not the primary aim of this study, we 
observed that patients who were deceased were less 
frequently put in prone positioning (Table  S2). Prone 
position facilitates shape matching, which helps mini-
mizing injurious ventilation and frequently improves gas 

Fig. 3  28-Day survival according to lung-specific physiological variables measured at the start of ventilation. Groups were created according to the 
median of the variables at start of ventilation; p values from Log-rank tests
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Table 4  Predictive accuracy of lung-specific physiological variables

HB: Harris–Benedict; CI: confidence interval; AUC: area under the curve; NRI: net reclassification index; IDI: integrated discrimination index

*Represents the odds ratio for the lung-specific physiological variables in the multivariable model

All models are mixed-effect models with centers as random effect and considering a binomial distribution

All continuous variables were entered after standardization to improve convergence of the model, and odds ratio represent the increase in one standard deviation of 
the variable

Odds RATIO*
(95% CI)

p 
value

AUC​
(95% CI)

Brier 
Score

NRI
(95% CI)

p 
value

IDI
(95% CI)

p 
value

Base model – – 0.751 (0.715 to 0.788) 0.167 – – –

At start of ventilation

 + Dead space frac‑
tion by HB

0.91 (0.74 to 1.11) 0.356 0.751 (0.715 to 0.788) 0.167 0.08 (− 0.07 to 0.23) 0.280 0.001 (− 0.000 to 
0.003)

0.165

 + Dead space frac‑
tion direct

0.83 (0.67 to 1.02) 0.082 0.754 (0.718 to 0.790) 0.167 0.13 (− 0.02 to 0.28) 0.081 0.005 (− 0.000 to 
0.009)

0.025

 + Ventilatory ratio 0.90 (0.71 to 1.14) 0.394 0.752 (0.716 to 0.788) 0.167 0.07 (− 0.08 to 0.22) 0.350 0.001 (− 0.000 to 
0.004)

0.067

 + end-tidal-to-arte‑
rial PCO2 ratio

0.93 (0.76 to 1.15) 0.521 0.739 (0.701 to 0.778) 0.168 − 0.13 (− 0.28 to 
0.03)

0.106 − 0.009 (− 0.015 to 
− 0.003)

0.001

Day 01

 + Dead space frac‑
tion by HB

1.05 (0.86 to 1.29) 0.619 0.749 (0.712 to 0.786) 0.170 − 0.07 (− 0.22 to 
0.08)

0.362 − 0.000 (− 0.003 to 
0.004)

0.864

 + Dead space frac‑
tion direct

0.90 (0.74 to 1.11) 0.326 0.750 (0.713 to 0.787) 0.170 0.05 (− 0.10 to 0.20) 0.495 0.001 (− 0.003 to 
0.006)

0.606

 + Ventilatory ratio 0.99 (0.78 to 1.25) 0.938 0.749 (0.712 to 0.786) 0.170 − 0.00 (− 0.15 to 
0.15)

0.996 0.000 (− 0.003 to 
0.003)

0.994

 + end-tidal-to-arte‑
rial PCO2 ratio

0.87 (0.71 to 1.08) 0.206 0.743 (0.703 to 0.782) 0.170 − 0.09 (− 0.25 to 
0.07)

0.257 − 0.006 (− 0.012 to 
− 0.000)

0.038

Fig. 4  Receiver operating characteristics curve of the base model and with the inclusion of lung-specific physiological variables
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exchange through better V/Q matching resulting in less 
shunt and improved CO2 clearance. Therefore, it could 
be postulated that prone positioning confounds the rela-
tion between surrogates of dead space ventilation and 
outcome. A post-hoc analysis, however, did not show a 
stronger association between these surrogates and out-
comes in patients who did not receive prone position, 
yielding this explanation less likely.

In the current study in patients with COVID-19-related 
ARDS, impaired ventilation was already present in the 
first days of invasive ventilation. The studied estimations 
for VD/VT further increased during the first days of inva-
sive ventilation, especially in patients who did not sur-
vive. Altered hemostasis and thrombosis are postulated 
to be a key element of ARDS, with the endothelium play-
ing a key role by promoting microthrombogenesis [28–
30]. Endothelial infection and activation and disorders of 
the microvasculature have been described in the patho-
genesis of COVID-19 [19], and perfusion defects in the 
pulmonary arterial circulation are frequently observed 
[31]. Autopsy findings include pulmonary vascular 
microthrombi [32] in addition to diffuse alveolar damage. 
These findings could lead to high dead space fraction.

The strengths of this study include the size of the 
multi-center cohort, careful data collection and with 
few missing data, the pre-specified analysis plan, and 
the evaluation of multiple estimations for impaired ven-
tilation. The central limitation of this study is that we 
did not quantify dead space ventilation directly by volu-
metric capnography or another technique. This was not 
possible in the setting of a pandemic, where the critical 
care systems were overwhelmed with patients. A sec-
ond limitation is the observational nature of the study. 
Therefore, this study does not provide insight into poten-
tial mechanisms that may contribute to the association 
between high dead space estimations and mortality in 
COVID-19-related ARDS patients. Another important 
aspect to take into account is the aspect of the instru-
mental dead space. Use of heated humidifiers of HMEs 
(heat and moisture exchangers) is heterogeneous in the 
clinical practice, and different HMEs have different dead 
space volumes. Instrumental dead space may significantly 
affect the total dead space, mainly when using low tidal 
volume ventilation, and we have commented on this pre-
viously [33].

For the estimated VD/VT computed by the Harris–Ben-
edict formula, we assumed an RQ of 0.8 for VCO2 cal-
culation based on a previous study [6]. Although the RQ 
may vary among ARDS patients, a recently previous work 
showed a good correlation between the VR (which also 
depends on the VCO2) and dead space measured with 
volumetric capnography [7].

The results of this study indicate that estimations for 
increased dead space may not be independently asso-
ciated with mortality. The observed effect sizes were 
remarkably similar to those observed in non-COVID-
19-related ARDS. This contrasts several reports that 
have hypothesized that profound endothelial injury and 
coagulopathy may be central mediators of lung injury 
in COVID-19 [34]. We acknowledge that we did not 
measure these processes in this study, but we do pro-
vide evidence that COVID-19-related ARDS appears to 
be similar to non-COVID ARDS with respect to Vd/Vt. 
This implies that dead space and its estimates should be 
understood as a readily available marker of ARDS sever-
ity. Whether a high dead space identifies an enriched 
patient population with a higher prevalence of vascular 
injury, and who might benefit from treatments aimed at 
restoring normal pulmonary perfusion is unknown. Pre-
vious data suggest that some drugs with anticoagulant 
properties may decrease VD/VT in patients with ARDS 
[35], making this an attractive hypothesis to consider.

At the moment, no data exists on the measurement of 
physiologic dead space in COVID-19-related ARDS by 
integrating volumetric capnography plots of eliminated 
CO2 concentration versus the respective expired tidal 
volume of a single breath. Since volumetric capnogra-
phy offers a more in-depth representation of the kinet-
ics of CO2 elimination per breath, the application of 
longitudinal or time-series models to analyze the effect 
of CO2 elimination impairment on outcome warrants 
further research.

Conclusions
Estimates for wasted ventilation are abnormal at the start 
of invasive ventilation in patients with COVID-19-related 
ARDS and worsen during consequent days. Ventilation 
impairment seems to be more extensive in non-survi-
vors than in survivors, but they may not yield prognostic 
information when added to a baseline risk model. In the 
absence of bedside capnography, dead space estimates 
may serve as an important tool to assess the severity of 
COVID-19-related ARDS along with other variables such 
as oxygenation abnormalities and respiratory mechanics.
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