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Abstract

Background: The ability of end-tidal carbon dioxide (AEtCO2) for predicting fluid responsiveness has been exten-
sively studied with conflicting results. This meta-analysis aimed to explore the value of AEtCO2 for predicting fluid
responsiveness during the passive leg raising (PLR) test in patients with mechanical ventilation.

Methods: PubMed, Embase, and Cochrane Central Register of Controlled Trials were searched up to November 2021.
The diagnostic odds ratio (DOR), sensitivity, and specificity were calculated. The summary receiver operating charac-
teristic curve was estimated, and the area under the curve (AUROC) was calculated. Q test and 1 statistics were used
for study heterogeneity and publication bias was assessed by Deeks'funnel plot asymmetry test. We performed meta-
regression analysis for heterogeneity exploration and sensitivity analysis for the publication bias.

Results: Overall, six studies including 298 patients were included in this review, of whom 149 (50%) were fluid
responsive. The cutoff values of AEtCO2 in four studies was 5%, one was 5.8% and the other one was an absolute
increase 2 mmHg. Heterogeneity between studies was assessed with an overall Q=4.098, >=51%, and P=0.064. The
pooled sensitivity and specificity for the overall population were 0.79 (95% Cl 0.72-0.85) and 0.90 (95% Cl 0.77-0.96),
respectively. The DOR was 35 (95% Cl 12-107). The pooled AUROC was 0.81 (95% Cl 0.77-0.84). On meta-regression
analysis, the number of patients was sources of heterogeneity. The sensitivity analysis showed that the pooled DOR
ranged from 21 to 140 and the pooled AUC ranged from 0.92 to 0.96 when one study was omitted.

Conclusions: Though the limited number of studies included and study heterogeneity, our meta-analysis con-
firmed that the AEtCO2 performed moderately in predicting fluid responsiveness during the PLR test in patients with
mechanical ventilation.
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Introduction

Fluid resuscitation is recommended and widely used as
the first-line resuscitative therapy for all patients present-
ing with acute circulatory failure [1]. Although the vol-
*Correspondence: hz_xuhua@163.com ume status of a shocked patient is recovered, evidence
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deleterious effects such as volume overload, systemic and
pulmonary edema, and limitation of oxygen diffusion to
tissues, thereby leading to increased tissue hypoxia [2—4].
Therefore, it is important to obtain reliable information
about fluid responsiveness in patients having a circula-
tory failure in the intensive care unit. However, clinicians
are often faced with inaccurate, nonspecific information
to guide their treatment.

Previous studies have shown that some parameters may
be related to volume status. The traditional static param-
eters, such as intrathoracic blood volume index, pulmo-
nary wedge pressure, and central venous pressure, have
been proved not related to patient volume status [5, 6].
Hemodynamic parameters, such as pulse pressure varia-
tion and stroke volume variation, may better predict fluid
responsiveness. However, the evaluation of these param-
eters requires invasive procedures and special monitor-
ing equipment, limiting their clinical application [7].

Passive leg raising (PLR) induces a rapid and reversible
increase in preload through an increase in venous return
mimicking fluid administration. This maneuver has been
demonstrated to predict fluid responsiveness [8, 9], How-
ever, a fast response and direct measurement technique
of the effect on cardiac output is needed. Nevertheless,
the need to monitor cardiac output with echocardiog-
raphy, arterial pulse contour analysis, bioreactance, or
esophageal Doppler is unachievable or inconvenient
under many clinical conditions.

End-tidal carbon dioxide (EtCO2) is the partial pres-
sure of carbon dioxide (PCQO2) in the exhaled air meas-
ured at the end of expiration. Measurement of EtCO2
using capnography provides a noninvasive estimate of
cardiac output during cardiac arrest and can therefore be
used to monitor the quality of cardiopulmonary resusci-
tation and predict return of spontaneous circulation [10-
12].In recent years, the variation of EtCO2 (AEtCO2)
during passive leg raising (PLR) test or fluid challenge
has been considered as a tool to help guide fluid resus-
citation [13-19], however, the results conflicting. Physi-
ologically, EtCO2 depends on three variables: tissue CO2
production, pulmonary blood flow (i.e., cardiac output),
and alveolar ventilation [20]. Thus, EtCO2 may accurately
reflect cardiac output when ventilator parameters and
CO2 production are constant. This correlation has been
tested in experimental [21] and clinical [22] studies. Since
PLR is a short maneuver, these two factors are assumed
to be constant and therefore, EtCO2 should mainly
reflect changes in CO, it is theoretically possible to assess
fluid responsiveness after PLR test.

In this systematic review and meta-analysis, the test
characteristics of AEtCO2 were summarized as a predic-
tor of fluid responsiveness during PLR test in patients
with mechanical ventilation to elucidate their diagnostic
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performance further and provide information for the
detection of fluid responders.

Materials and methods

This meta-analysis was conducted according to the Pre-
ferred Reporting Items for Systematic Reviews and Meta-
analyses guidance [23].

Registration and protocol
This meta-analysis was
(CRD42021284241).

registered on PROSPERO

Search strategy

Relevant studies up to November 2021 were searched in
the PubMed, Embase, and Cochrane Library databases
with the following terms and their combinations: “fluid
therapy OR fluid responsive OR volume responsive,” “end
tidal carbon dioxide OR end-tidal carbon dioxide OR
EtCO,” and “mechanical ventilation OR ventilated” All
scanned abstracts, studies, and citations were reviewed.
Moreover, references of the retrieved manuscripts
were also manually cross-searched for further relevant

publications.

Selection criteria

The inclusion criteria were as follows: (1) studies on
patients receiving mechanical ventilation; (2) studies
with PLR-induced increase in EtCO2 as the index test;
(3) studies with a CO monitoring for the diagnosis of
fluid responsiveness; (4) studies published with full-text
in any language; (5) studies providing sufficient data for
constructing 2-by-2 tables, including true positive (TP),
false positive (FP), true negative (TN), and false negative
(FN). The exclusion criteria were as follows: (1) studies
that used the same population or overlapping database
and (2) studies on animal models.

Data extraction and quality assessment

All the available data were extracted from each study by
two investigators independently according to the afore-
mentioned inclusion criteria, and any differences were
resolved by discussion with a third investigator. The fol-
lowing data were collected from each study: (1) basic
characteristics of studies, including first author name,
publication year, country where the research was per-
formed, selected patients, gender, mean age, number of
patients, tidal volume, index test device for the EtCO2,
reference standard measurement for cardiac output
monitoring, reference standard threshold, and reference
standard device; (2) diagnostic performance, includ-
ing cutoff value, sensitivity, specificity, area under the
receiver operator characteristic curve (AUROC), TP, FP,
EN, and TN. The quality of included studies was scored
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independently by two reviewers using the revised Qual-
ity Assessment of Diagnostic Accuracy Studies (QUA-
DAS-2) criteria [24]. The quality of studies was assessed
using RevMan 5.4.

Statistical analysis

All analyses were performed using the Stata 16.0 software
(Stata Corp., College Station, TX, USA). The bivariate
meta-analysis model was employed to summarize sensi-
tivity, specificity, positive likelihood ratio, negative likeli-
hood ratio, and diagnostic odds ratio (DOR) [25, 26]. The
sensitivity and specificity of each included study were
used to plot the summary receiver operator characteris-
tic (SROC) curve and calculate the area under the SROC
curve (AUC). Diagnostic power was good, moderate, and
poor if the AUC was more than 0.8, between 0.7 and 0.8,
and less than 0.7, respectively [27]. As publication bias
is a concern for meta-analyses, the Deeks’ funnel plot
asymmetry test was used, with P<0.10 indicating statis-
tical significance [28]. If publication bias was present, a
sensitivity analysis of DOR was performed to explore
why.

Spearman’s correlation coefficient between the logit
of sensitivity and logit of 1-specificity was calculated to
determine any threshold effect; A strong positive corre-
lation would suggest threshold effect [29]. The between-
study heterogeneity was evaluated using Q test and
P statistics. A P value less than 0.10 for the Q test or
value >50% indicated substantial heterogeneity. A fixed
effects model was used if no heterogeneity was observed.
A random effects model was selected if significant heter-
ogeneity was observed. Possible sources of heterogeneity
were explored through a meta-regression analysis with
covariates as follows: (1) country (China vs. countries
other than China), (2) number of patients (" 45 vs.<45),
(3) location (ICU vs. OR), and (4) reference standard
device(PiCCO vs. no-PiCCO).

Results

Characteristics of the studies

This meta-analysis yielded 279 primary studies after the
initial independent review, comprising 278 published
studies identified through electronic database searches
and one published study identified through a manual
search. Figure 1 shows the study selection process. A
total of seven records were initially excluded due to
duplicate records; 259 records were excluded due to the
source not related to the research topic or being confer-
ence abstract; and seven records were excluded because
PLR test was not performed. Finally, six studies[17, 18,
30-33] fulfilled all the inclusion criteria and were consid-
ered for analysis. They are all prospective single-center
studies, the main characteristics of the eligible studies are
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shown in Table 1. The quality of the included studies was
assessed using QUADAS-2 available in Fig. 2.

Quantitative synthesis

Study data and individual diagnostic estimates are sum-
marized in Table 2. Overall, 298 patients were included
in this review, of whom 149 (50%) were fluid responsive.
The cutoff values of AEtCO2 in four studies was 5%, one
was 5.8% and the other one was an absolute increase
2 mmHg. The AUROC of individual studies ranged from
0.80 to 0.94. Heterogeneity between studies was assessed
with an overall Q=4.098, >=51%, and P=0.064, indi-
cated substantial heterogeneity. Spearman’s correlation
coefficient was — 0.6 (P=0.28), indicating no threshold
effect. The pooled sensitivity and specificity for the over-
all population were 0.79 (95% CI 0.72-0.85) and 0.90
(95% CI 0.77-0.96), respectively (Fig. 3). The pooled
positive likelihood ratio and negative likelihood ratio
were 8.2 (95% CI 3.2-20.5) and 0.23 (95% CI 0.16-0.32),
respectively. The DOR was 35 (95% CI 12-107) (Fig. 4).
The pooled AUROC was 0.81 (95% CI 0.77-0.84) (Fig. 5).

Meta-regression analysis results

The results of the meta-regression analyses (Fig. 6)
showed that the significant sources of heterogeneity in
sensitivity and specificity were the number of patients
larger than 45. Other factors, including country, location,
and reference standard device, were not significantly
different.

Publication bias and sensitivity analysis

The publication bias of the studies was assessed using the
Deeks’ funnel plot asymmetry test. The slope coefficient
of the six studies was associated with a P value of 0.01
(Fig. 7). The aforementioned results indicated significant
publication bias. The sensitivity analysis (Fig. 8) showed
that excluding Toupin’s study [32] negated the publica-
tion bias (P=0.36). The sensitivity analysis also showed
that the pooled DOR ranged from 21 to 140 and the
pooled AUC ranged from 0.92 to 0.96 when one study
was omitted.

Discussion

The correct evaluation of intravascular volume and
proper maintenance of cardiac preload can improve
the prognosis of critically ill patients. Static variables
could poorly predict fluid responsiveness [34-37].
However, dynamic indicators of fluid responsiveness,
which are based on cardiopulmonary interactions in
patients receiving mechanical ventilation, have been
shown to be predictive [38—42]. The AEtCO, has been
extensively studied with respect to its value in predict-
ing fluid responsiveness, but the results are conflicting
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[13-18, 30-33, 43—45]. To the best of our knowledge,
this is the first systematic review and meta-analysis to
explore the diagnostic accuracy of AEtCO, in predict-
ing fluid responsiveness during PLR test in patients
with mechanical ventilation. The results confirmed
that, overall, the AEtCO, performed moderately in pre-
dicting fluid responsiveness in patients with mechani-
cal ventilation during PLR test, with a pooled AUROC
of 0.81 (95% CI 0.77-0.84), a pooled specificity and
sensitivity of 0.90 (95% CI 0.77-0.96) and 0.79 (95%
CI 0.72-0.85). These findings are clinically relevant
because capnography was widely available for criti-
cally ill and surgical patients, and AEtCO, values can be

obtained immediately in the emergency or critical care
setting and operation room.

The PLR test provides a dynamic assessment of preload
dependence inducing a transient and reversible increase
in cardiac preload. This test has been demonstrated to
predict fluid responsiveness in many studies over a wide
population, including clinical situations in which other
parameters of fluid responsiveness have failed, such as
patients with cardiac arrhythmias or with spontaneous
breathing [8, 9]. However, the PLR must be interpreted in
conjunction with changes in CO, velocity time integral,
aortic blood flow velocity, carotid artery flow time [46],
the measurement of such index often requiring expensive
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Table 2 Summary of results of the studies included in this meta-analysis

Firstauthor/Year Sample size  Cutoff value (increase in Subject numbers Sensitivity (%) Specificity (%) AUROC (95%Cl)
of publication percentage or absolute could be calculated

value) -

TP FP FN TN

Monge/2012 [18] 37 5% 19 1 2 19 905 93.7 0.94 (0.82-0.99)
Monnet/2013 [17] 40 5% 5 0 6 15 7 100 0.93(0.81-0. 99)
Zang/2013 [30] 42 5% 21 2 3 21 88 882 0.90 (0.775-1.0)
Wang/2015 [31] 48 5% 26 1 8 26 758 934 0.849 (0.739-0. 93)
Toupin/2016 [32] 90 2 mmHg 2119 7 21 75 70 0.80 (0.70-0.90)
Ya0/2016 [33] 41 5.8% 16 2 5 16 762 90 0.875 (0.769-0.981)

AUROC, Area under the receiver operator characteristics curve; Cl, confidence interval; FN, false negative; FP, false positive; NA, not available; TN, true negative; TP, true

positive

or invasive hemodynamic monitoring systems, result-
ing in its wide application is limited.EtCO2 can be eas-
ily determined with continuous waveform-capnography
devices that are generally available in the clinical. In the

present study, we showed that fluid responsiveness
can be assessed using EtCO2 monitoring and PLR test.
This provides a clinically useful way to predict fluid
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responsiveness using readily available diagnostic tools
such as a PLR maneuver and EtCO2 measurement by
capnography.

The present systematic review and meta-analysis had
some limitations. First, this analysis included only six
studies with a relatively small sample size even pooled
analysis there are only 298 patients were included in this
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review; The 95% CI AUROC is between 0.77 and 0.84 and
the studies heterogeneity is great. Therefore, the power
and precision of the results were limited. Second, stand-
ard PLR maneuver was performed except for Toupin’s
study [32], the time for assessing the change in CO and
EtCO2 in Zang’s [30] studies was when PLR had induced
its maximal effect on CI, other studies were recorded

one minute after PLR, this could significantly impact the
results. Third, the quality assessment showed a high risk
of bias in the index test. This bias might have restricted
the interpretation of the true diagnostic efficacy of
AEtCO2 value in predicting fluid responsiveness. Forth,
publication bias was observed among studies. We per-
formed a sensitivity analysis and found that the pooled
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DOR ranged from 21 to 140 and the pooled AUC ranged
from 0.92 to 0.96. This indicates that the results were sta-
ble despite the presence of publication bias. Finally, since
more detailed individual patient data were not available,
a more comprehensive analysis of diagnostic effect could
not be conducted.

Conclusions

The study confirmed that the AEtCO, performed mod-
erately in predicting fluid responsiveness in patients with
mechanical ventilation during PLR test. As the limited
number of studies included and study heterogeneity,
further studies with a larger dataset and well-designed
models are required to confirm the diagnostic accuracy
and utility of EtCO?2 in predicting fluid responsiveness in
patients with mechanical ventilation during PLR test.
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