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A B S T R A C T

Background: The impact of right ventricular dysfunction(RVD) on the prognosis of acute respiratory distress
syndrome(ARDS) patients is controversial.
Objectives: The objectives of this systematic review and meta-analysis was to investigate whether RVD or
pulmonary vascular dysfunction are associated with increased mortality in patients with ARDS.
Methods: We searched Pubmed, Embase, Cochrane Library, Wanfang Data, CNKI, and the WHO Clinical Trial
Registry for studies of RVD or pulmonary vascular dysfunction in patients with ARDS.
Results: The presence of RVD or pulmonary vascular dysfunction in patients with ARDS was associated with
an increase in mortality (OR = 1.68, 95% CI = 1.21�2.32, P = 0.069, I2 = 40.8%). Subgroup analyses obtained
similar results. Funnel plots and the Egger’s test indicated no publication bias, and sensitivity analyses deter-
mined that the results were stable.
Conclusion: The prognosis of patients with ARDS and RVD or pulmonary vascular dysfunction is worse than
that of ARDS patients without RVD or pulmonary vascular dysfunction.

© 2021 Elsevier Inc. All rights reserved.
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Introduction

Acute respiratory distress syndrome is a type of respiratory failure
characterized by refractory hypoxemia, progressive respiratory dis-
tress, and non-cardiogenic pulmonary edema. The introduction of
lung-protective ventilation has led to a slight decrease in the mortal-
ity rates associated with ARDS. However, overall, mortality rates
remain high despite continuous advances in pathophysiological
knowledge and mechanical ventilation strategies. The main reasons
for this persistently high mortality rate include the pathophysiologi-
cal changes caused by ARDS and increases in right ventricular after-
load caused by mechanical ventilation. As early as 1977, Zapol and
Snider were the first to report that patients with ARDS have pulmo-
nary vascular dysfunction. They found that pulmonary vascular resis-
tance and the right ventricular work index were increased in patients
with ARDS who underwent mechanical ventilation. Further, right
ventricular dysfunction led to acute cor pulmonale (ACP) and refrac-
tory circulatory failure.1 Of the different forms of right ventricular
dysfunction (e.g., pulmonary vascular dysfunction, right ventricular
systolic dysfunction), ACP is the most severe. Studies have reported
that the incidence of ACP in patients with ARDS is approximately
25%. However, studies regarding the impact of RVD on the prognosis
of ARDS have yielded mixed findings. Some studies have shown that
RVD may increase mortality in ARDS,2 while others have found that
the presence of RVD has no effect on the mortality rate associated
with ARDS.3,4 Thus, we conducted a systematic review and meta-
analysis that aimed to investigate whether RVD influences the prog-
nosis of ARDS. The findings of this work will help guide the early clin-
ical identification of RVD and the adoption of measures to prevent
RVD.

Methods

This review’s protocol was developed prospectively, ahead of the
conduct of the literature search. The Preferred Reporting Items for
Systematic Reviews and Meta-Analyses (PRISMA) statement guided
the conduct and reporting of this work.5

Search strategy

The search strategy consisted of the following keywords: "right
ventricular dysfunction," "acute respiratory distress syndrome," and
"prognosis". It was run within PubMed, the Cochrane Library, and
EMBASE. We also searched CNKI and Wanfang Data to further iden-
tify published literature without language restrictions, as well as the
WHO Clinical Trial Registry to identify unpublished literature and
ongoing studies. There were no language restrictions, but studies had
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Fig. 1. Study flow diagram.
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to be published between January 1st, 2000 and April 3rd, 2020.
Appendix 1 contains further information about the search strategy
[e-Appendix 1]. The reference lists of all included studies were also
manually searched to identify additional eligible studies. Authors
were contacted in the event of any confusion surrounding the data
that they presented in their studies.

Selection of studies: inclusion and exclusion criteria

The inclusion criteria were as follows: (1) cohort studies or cross-
sectional studies of lung-protective ventilation strategies, (2) studies
in which the mortality rate associated with pulmonary vascular dys-
function or RVD (among patients with ARDS) could be calculated or
extracted, and (3) independent studies on adult patients diagnosed
with RVD or pulmonary vascular dysfunction (for repetitive studies,
we used the most recently published data).

Meeting abstracts and summaries or studies focusing on specific
subgroups of the population (e.g., children, pregnant women) were
excluded.

Data extraction

Data were extracted from included studies using a standardized
form. The following data were extracted independently by two inves-
tigators: (1) first author, as well as year and country or area of publi-
cation, (2) sample size, (3) number of patients in the exposed group
(i.e., ARDS patients with RVD or pulmonary vascular dysfunction), (4)
number of patients in the control group (i.e., ARDS patients without
RVD or pulmonary vascular dysfunction), (5) number of deaths in the
exposed group, (6) number of deaths in the control group, (7) defini-
tion of right heart dysfunction, (8) method used to diagnose right
ventricular dysfunction, (9) study design, and (10) outcome. We
extracted or calculated mortality (95% confidence interval, CI) from
available data. Two authors independently screened the articles for
inclusion, conducted quality assessments, extracted the data, and
determined eligibility for inclusion in the pooled data analyses. A
third reviewer checked the primary reviewers’ article selection,
data extraction, and risk of bias assessment. She was blinded to their
decisions. Any disagreements were resolved through discussion
until consensus was reached. Articles by the same author were care-
fully investigated to avoid duplicate research being included in the
analyses.

Risk of bias assessment

The methodological quality of included studies was indepen-
dently evaluated by two researchers using the Newcastle-Ottawa
Scale (NOS). Both cohort and pre-post studies were assessed using
the NOS, which uses a semiquantitative star system. The maximum
possible score is nine stars, and the evaluation criteria assess study
selection, comparability, and outcomes. A score � 7 stars indicates
good quality, 5�7 stars indicates intermediate quality, and � 4 stars
indicates poor quality.6 Disagreements between researchers were
resolved through discussions. Further detail about the risk of bias
assessment is provided in e-Appendix 2. Studies’ NOS scores are
shown in e-Appendix 3.

Statistical methods

Statistical heterogeneity was assessed using Cochrane’s Q and the
I2 statistic. The results of these tests determined the choice of a fixed
or random-effects model. Specifically, data were pooled using a ran-
dom-effects model if significant heterogeneity was present (P < 0.1).
Otherwise, a fixed-effects model was used. Pooled odds ratios (ORs)
and 95% CIs were calculated. A 95% CI that did not include an OR of
1.0 was considered statistically significant. Publication bias was
evaluated through funnel plots based on each study’s log OR and the
standard error of log OR. Statistical analyses were conducted using
Stata (version 15.0, StataCorp, College Station, Texas). Subgroup anal-
yses based on the types of RVD were performed if the number of
included studies was sufficient. Sensitivity analysis used the leave-
one-out method. Briefly, the robustness of the synthesized results
was evaluated by investigating the effects of excluding individual
studies on the main outcome. Publication bias was evaluated using a
funnel plot when the number of included studies was > 10.

Results

Overview of included studies

A total of 12 studies (two case-control studies7,8 and ten cohort
studies) met the inclusion criteria.2�4,9-15 After pooling, 780 cases
were in the group comprised of patients with ARDS and RVD or pul-
monary vascular dysfunction, and 1539 cases were in the group com-
prised of patients with ARDS without RVD or pulmonary vascular
dysfunction group. Fig. 1 presents the flow of studies into the review.
Table 1 displays the characteristics of included studies.

Meta-analysis of the effects of RVD or pulmonary vascular dysfunction
on mortality

Among the 12 included studies involving 2319 patients with
ARDS, the OR of mortality in patients with ARDS and RVD or pulmo-
nary vascular dysfunction was 1.68 (95% CI = 1.21�2.32, I2 = 40.8%,
P = 0.002), regardless of diagnostic methods or evaluation criteria.
Given the presence of statistical heterogeneity, the data were ana-
lyzed using a random-effects model. The results of the overall meta-
analysis indicated that the risk of death in patients with ARDS and
RVD or pulmonary vascular dysfunction was significantly elevated, as
compared with patients with ARDS and without RVD or pulmonary
vascular dysfunction. The result of I2 = 40.8% suggested that there
was no apparent heterogeneity among studies (Fig. 2).

Subgroup analysis

All 12 studies were included in subgroup analyses based on RVD
types. Among them, eight studies enrolled patients with
ACP2�4,8�10,12,15 and four studies enrolled patients with pulmonary
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Table 1
Characteristics of included studies.

Study Country Sample size (n = ) Patients with RVD or
pulmonary vascular
dysfunction (n=)

Type Non-survivors in patients
with RVD or pulmonary
vascular dysfunction (n=)

Non-survivors in patients
without RVD or pulmonary
vascular dysfunction (n=)

Definition of RVD Diagnosticmodality:TTE/
TEE/PAC

outcome

Florence Boissier et al.2 France 226 49 P 28 63 ACP TEE 28-day mortality
David Osman et al.3 France 145 14 P 9 73 ACP PAC 28-day mortality
Antoine Vieillard-Baron
et al.4

France 75 19 P 6 18 ACP TEE 28-day mortality

C. Lazzeri et al.7 Italy 121 44 P 28 24 other TEE/TTE ICU mortality
Zhang et al.8 China 21 6 R 5 4 ACP TEE ICU mortality
Armand Mekontso Dessap
et al.9

France 752 164 P 78 244 ACP TEE Hospital mortality

Annick Legras et al.10 France 195 36 P 10 35 ACP TTE/TEE 28-day mortality
Jer�ome Fichet et al.11 Canada 50 15 R 3 12 other TTE ICU Mortality
Gwenae€lle Lhe�ritier et al.12 France 200 45 P 11 35 ACP TEE 28-day mortality
Todd M. Bull et al.13 USA 475 349 P 103 24 other PAC 60-day mortality
Manuela Bonizzoli et al.14 Italy 28 25 P 9 1 other TEE ICU mortality
Wu et al.15 China 31 14 P 7 2 ACP TTE 28-day mortality

RVD: right ventricular dysfunction; ACP: acute cor pulmonale; TEE: transesophageal echocardiography; TTE: transthoracic echocardiography; PAC: pulmonary artery catheter; P:Prospective observational; R:Retrospective.
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Fig. 5. The sensitivity analysis.

Fig. 6. The Galbraith plot.
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distribution that resembled an upside-down funnel. This implied that
there was no significant publication bias. Further, Egger's test also
indicated that there was no publication bias (P = 0.435).

Sensitivity analysis

The sensitivity analysis suggested that the results were stable
(Fig. 5). The homogeneity test confirmed that the 12 studies were
suitable for obtaining a combined effect measure (Qh = 18.58,
P = 0.069). The Galbraith plot (Fig. 6) showed that one study was out-
side the 95% confidence range. Consequently, there was not enough
evidence to reject the homogeneity of the studies included in the
meta-analysis.

Discussion

As a disease commonly occurring in the ICU, ARDS is characterized
by progressive dyspnea and bilateral pulmonary infiltration.16 Fifty
years have passed since ARDS was first discovered. Yet, despite
advances in lung-protective mechanical ventilation strategies and
other treatments,17,18 ARDS incidence and mortality are still rela-
tively high. A recent RCT comparing conservative and liberal oxygen-
ation targets for patients with ARDS did not find significant
differences in organ function or mortality between the two groups.
This suggests that relatively short-term hypoxia has no evident
adverse effects and that hypoxemia is not a leading cause of death
from ARDS.19 In contrast, a strong correlation between hemodynamic
instability and mortality has been found among patients with
ARDS.20 Moreover, various factors such as vasospasm, acidosis, and
inflammation induced by microthrombus, arterial remodeling, and
hypoxia may elevate pulmonary vascular resistance and pulmonary
artery pressure in patients with ARDS. Further, mechanical ventila-
tion therapy can lead to ACP by increasing transpulmonary pressure
and right heart afterload. Studies have found that the incidence rate
of ACP is approximately 60% in the early stage of mechanical ventila-
tion21 and declines to 20�30% after the use of lung-protective venti-
lation strategies.22 Since the left ventricle and right ventricle share an
interventricular septum and a pericardial cavity, increases in the vol-
ume and pressure of the right ventricle restrict the diastole of the left
ventricle.23 This in turn affects the cardiac output of the left ventricle
and leads to further circulatory deterioration. Therefore, ACP is con-
sidered to be an important factor influencing the prognosis of
patients with ARDS. Right ventricular dysfunction is a marker of the
severity of ARDS and exerts no direct effect on prognosis. To illus-
trate, our landmark study observed that ACP had no impact on mor-
tality in patients with ARDS.4 This may be attributed to prone
position ventilation, which controls the plateau pressure and partial
pressure of carbon dioxide (PaCO2). This intervention is more com-
mon in patients with ARDS and ACP, thus reducing their mortality.
Lh�eritier et al. also reported no differences in mortality between
ARDS patients with and without ACP. They also found that more
patients with ARDS and ACP were treated with nitric oxide (NO)
inhalation and prone position ventilation than patients without
ACP.12 In contrast, Boissier et al. found that ACP was independently
associated with mortality.12 Moreover, similar results were obtained
by Osman et al.3 when studying the influence of flow-directed pul-
monary artery catheter (PAC) on the prognosis of patients with ARDS
and pulmonary vascular dysfunction. Hence, the purpose of this
review was to conduct a meta-analysis that investigated the progno-
sis of patients with ARDS and pulmonary vascular dysfunction or
RVD to determine whether RVD was associated with mortality. The
findings of this work can help with the rapid recognition of RVD and
to lower the mortality of ARDS by providing evidence to support the
earliest possible use of a right ventricle-protective ventilation strat-
egy or prone position ventilation. This study summarized the pub-
lished research on the prognosis of patients with ARDS and RVD.
Twelve independent studies containing mortality rate data were
included and subjected to meta-analysis. We found that mortality
was notably higher in patients with ARDS and RVD than in patients
with ARDS and without RVD. This suggests that RVD in patients with
ARDS is associated with a poorer prognosis. Subgroup analyses
revealed that mortality rates were similar among patients with ARDS
and pulmonary vascular dysfunction or mild RVD. A significantly
higher mortality rate was only present among patients with ARDS
and ACP.

The included studies used many different definitions of RVD,
including pulmonary vascular dysfunction and ACP. To determine
whether RVD type was related to prognosis among patients with
ARDS, we conducted a subgroup analysis by definition of RVD.
According to the American Society of Echocardiography, quantitative
parameters of right ventricular function below the lower limits of
corresponding normal values indicate RVD. Right ventricular dys-
function is defined as the condition in which the right ventricle is
unable to supply adequate blood flow for pulmonary circulation
under normal central venous pressure (CVP).23 ACP refers to the
acute dilation and/or dysfunction of the right heart in the context of
acute lung disease, accompanied by pulmonary vascular dysfunc-
tion.24 As a form of RVD, ACP is caused by the acute exacerbation of
right heart afterload and can result in right heart failure. The types of
RVD within the included studies are listed in e-Appendix 4. Different
forms of RVD, including early pulmonary vascular dysfunction and
severe ACP, were included in the present study.

A strength of this paper is that it included more recent studies. A
previous meta-analysis investigated incidence and mortality rates
among patients with ARDS and ACP. However, it only included seven
studies, with 1250 patients, published before 2016.25 The results of
this meta-analysis indicated that ACP did not have an influence on
mortality (OR = 1.16, 95% CI = 0.80�1.67). In the present meta-analy-
sis, we included additional studies conducted over the last four years
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and obtained different results. Second, all of the included studies’
participants were patients who underwent lung-protective ventila-
tion strategies, thereby enhancing the reliability of our results. Third,
our study included different forms of RVD. In doing so, we deter-
mined that only ACP is associated with a poor prognosis. The pres-
ence of pulmonary vascular dysfunction alone did not increase the
risk of death. Fourth, we included studies that used different methods
to detect RVD. Pulmonary artery catheterization is the "gold stan-
dard" for the detection of pulmonary vascular dysfunction and ACP.
However, high costs and invasiveness, as well as equipment, technol-
ogy, and operator requirements of hemodynamic monitoring, seri-
ously limit its clinical application. Critical care echocardiography is
rapidly becoming the primary method for right ventricular function
assessment. Fifth, our literature search was conducted in a wide
range of databases (n = 6), including Pubmed, Embase, and Cochrane
library; CNKI and Wanfang Data for the identification of literature
published in languages other than English; and the WHO Clinical
Trial Registry (who.int/ictrp) for identification of unpublished litera-
ture and ongoing studies.

This study also has some limitations. First, statistically significant
differences in baseline data (including age and SOFA score) among
some studies may undermine the comparability of results between
studies. Second, the heterogeneity present in our study may be due
to the following reasons: different causes of ARDS, the potentially
higher mortality rate among patients with ARDS due to pulmonary
disease, different diagnostic criteria for ARDS, different echocardio-
graphic examination times, the use of adjuvant therapies such as
nitric oxide inhalation or prone position ventilation in some patients,
and publication bias. Third, the presence of some poor quality studies
with small sample sizes may have also affected the results. Fourth,
we did not perform subgroup analyses for transesophageal echocar-
diography and transthoracic echocardiography since some research
has indicated that transthoracic echocardiography may be restricted
by poor reecho. Moreover, Lh�eritier et al. found that a transesopha-
geal echocardiogram is superior to transthoracic echocardiography in
diagnosing RVD in patients with moderate or serious ARDS requiring
mechanical ventilation. Therefore, it is unclear whether transthoracic
echocardiography reduces the diagnostic rate of RVD.

Conclusion

This study found that patients with ARDS and RVD have an
increased risk of mortality. Consequently, critical ultrasonography
should be routinely used to assess the right ventricular function of
patients with ARDS. If necessary, flow-directed PAC may also be used
to continuously assess and closely monitor right ventricular function,
including pulmonary vascular function and systolic and diastolic
function of the right ventricle. This will support the early detection of
RVD and the adoption of interventions that reduce right ventricular
load and improve cardiac function. Recommended strategies for the
treatment of ARDS include right heart-protective ventilation,26,27 cir-
culation management with right heart protection, lung recruitment
maneuvers, and prone position ventilation. In addition, extracorpo-
real membrane oxygenation is recommended for patients with mod-
erate and severe ARDS to decrease pulmonary vascular resistance
and minimize the effects on the right ventricle.

Future

Some questions remain unanswered about RVD in patients with
ARDS. For example, the association between indicators of RVD and
ARDS prognosis, or how the administration of a pulmonary vasodila-
tor at the early stage of the disease affects the clinical prognosis of
patients with ARDS who are at risk for RVD. Future research should
focus on validating clinical risk scoring systems for RVD, immediate
assessment by echocardiography, and implementing therapeutic
measures that may improve the prognosis of early-stage ARDS. Echo-
cardiographic indicators (e.g., TAPSE and S’ wave velocity) can be
used to predict early RVD and guide interventions according to
changes in right ventricular function over time. Finally, right ventri-
cle-protective ventilation strategies should be further investigated,
including the ascertainment of optimal PEEP and PEEP titration, to
determine whether they can decrease mortality in patients with
ARDS.
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