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OBJECTIVE: Acute respiratory distress syndrome (ARDS) is a life-threatening 
respiratory injury with multiple physiological sequelae. Shunting of deoxygenated 
blood through intra- and extrapulmonary shunts may complicate ARDS manage-
ment. Therefore, we conducted a systematic review to determine the prevalence 
of sonographically detected shunts, and their association with oxygenation and 
mortality in patients with ARDS.

DATA SOURCES: Medical literature analysis and retrieval system online, Excerpta 
Medica dataBASE, Cochrane Library, and database of abstracts of reviews of 
effects databases on March 26, 2021.

STUDY SELECTION: Articles relating to respiratory failure and sonographic 
shunt detection.

DATA EXTRACTION: Articles were independently screened and extracted in du-
plicate. Data pertaining to study demographics and shunt detection were com-
piled for mortality and oxygenation outcomes. Risk of bias was appraised using 
the Joanna-Briggs Institute and the Newcastle-Ottawa Scale tools with evidence 
rating certainty using Grading of Recommendations Assessment, Development 
and Evaluation methodology.

DATA SYNTHESIS: From 4,617 citations, 10 observational studies met eligi-
bility criteria. Sonographic detection of right-to-left shunt was present in 21.8% 
of patients (range, 14.4–30.0%) among included studies using transthoracic, 
transesophageal, and transcranial bubble Doppler ultrasonographies. Shunt 
prevalence may be associated with increased mortality (risk ratio, 1.22; 95% CI, 
1.01–1.49; p = 0.04, very low certainty evidence) with no difference in oxygen-
ation as measured by Pao2:Fio2 ratio (mean difference, –0.7; 95% CI, –18.6 to 
17.2; p = 0.94, very low certainty).

CONCLUSIONS: Intra- and extrapulmonary shunts are detected frequently in 
ARDS with ultrasound techniques. Shunts may increase mortality among patients 
with ARDS, but its association with oxygenation is uncertain.

KEY WORDS: acute respiratory distress syndrome; bubble study; 
echocardiography; respiratory failure; shunt

Acute respiratory distress syndrome (ARDS) is a life-threatening lung injury 
that can occur following a variety of pulmonary insults (1). Researchers 
describe several mechanisms that contribute to hypoxemia in ARDS (aside 

from parenchymal disease) (2, 3), including right-to-left shunts (4). Intra or extra-
pulmonary shunting can occur from dysregulated pulmonary capillary deforma-
tion and/or intracardiac shunting via an atrial septal defect or patent foramen ovale 
(5), exacerbated by acute cor pulmonale from elevated right-sided pressures dur-
ing positive-pressure ventilation (6–8). This has become of increasing interest, as 
shunts were hypothesized as a contributor to COVID mortality (9, 10).
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Detection of right-to-left shunt has increased with 
broader application of various sonographic modalities, 
with increased ease by point-of-care ultrasound provid-
ers (11, 12), with support from various societies (13, 14).  
These include transthoracic echocardiography (TTE), 
transesophageal echocardiography (TEE), and transcra-
nial Doppler sonography (TCD), which can be performed 
with agitated saline bubble contrast administration to de-
tect shunts (9, 10). Presence of bubbles in left-sided cardiac 
structures (TTE and TEE) or cerebral vasculature (TCD) 
indicates shunting of venous blood to the systemic circu-
lation, bypassing pulmonary capillary vasculature (9, 10).

Therefore, we conducted a systematic review to de-
termine if the prevalence of right-to-left shunts (using 
sonographic methods and contrast bubble studies) and 
whether presence of shunt detection are associated 
with negative outcomes on oxygenation and mortality 
in ARDS in comparison with patients without shunt.

MATERIALS AND METHODS

This systematic review was conducted in accordance 
with the preferred reporting items for systematic reviews 
and meta-analyses (PRISMA) guidelines (15–17) and 
registered in advance with the international prospec-
tive registry of systematic reviews (international pro-
spective register of systematic reviews [PROSPERO] 
CRD42021245194, registered March 26, 2021, search 
March 26, 2021). PRISMA checklist is shown in 
Supplemental Table 1 (http://links.lww.com/CCX/B82).

Search Strategy

Searches were performed by a clinical librarian with ex-
perience in conducting electronic literature searches, with 
adjudication using Peer Review Electronic Search Strategy 
criteria (11) by a second librarian. We searched Medical 
literature analysis and retrieval system online (via Ovid), 
Excerpta Medica dataBASE, Cochrane Library, and da-
tabase of abstracts of reviews of effects using combina-
tions of Keywords: acute respiratory distress syndrome, 
intracardiac or transpulmonary shunt, bubble contrast 
ultrasonography, and related terms. Database search was 
executed on March 24, 2021, and followed guidelines 
described in the PRISMA statement (15–17). Detailed 
search strategy can be found in Supplemental Appendix 1  
(http://links.lww.com/CCX/B82).

Study Selection and Eligibility Criteria

Articles were screened by title and abstract by two in-
dependent reviewers using the Covidence (18) and 
selected for full-text review if identified as relevant by 
at least one reviewer. Full-text review was performed 
by two independent reviewers, and conflicts were re-
solved in discussion with a third reviewer. All eligible 
articles met the following criteria: 1) inclusion of adult 
patients with ARDS (including COVID-19) and 2) 
have undergone an agitated bubble saline sonographic 
study. Animal and pediatric articles were excluded. 
No date or language restrictions were applied.

Data Abstraction and Analysis

Our pre-piloted data abstraction tables were created in 
Microsoft Excel Version 14.0.6 (Microsoft Corporation, 
Redmond, WA) and used by paired, independent 
reviewers of included articles to extract: study charac-
teristics, patient demographic data, sonographic mo-
dality, shunt prevalence, oxygenation, and mortality 
data (where available). We contacted corresponding 
authors for retrieval of incomplete data where not di-
rectly published. Included data were verified for internal 
consistency between the paired reviewers by consensus.

Continuous data were presented as means and sd, 
or medians and interquartile ranges, which were com-
pared (where appropriate) using a t test or Wilcoxon 
rank-sum test. Categorical variables and proportions 
will be compared using the Pearson χ² or Fisher exact 
tests, as appropriate.

 KEY POINTS

Question: In adult critically ill ARDS patients, what 
is the prevalence of right-to-left shunts, and what are 
their effects on mortality and/or oxygenation?

Findings: In this systematic review and meta-analysis, 
shunts be may prevalent in approximately one in five 
ARDS patients. They may be associated with a statisti-
cally significant increase in mortality, with no differ-
ence in oxygenation parameters.

Meaning: Intra- and extrapulmonary shunts are 
detected frequently in ARDS with ultrasound tech-
niques and may increase mortality among patients 
with ARDS (although its association with oxygenation 
is uncertain).

http://links.lww.com/CCX/B82
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Outcome data were compiled for meta-analysis 
using the RevMan Cochrane software, London, United 
Kingdom (https://revman.cochrane.org) (Copenhagen: 
The Nordic Cochrane Centre, Cochrane Collaboration 
2014) Version 5.4 software (19, 20). Significance was set 
at 0.05. CIs were reported for 95% CIs, where applicable.

We used the method of DerSimonian and Laird (21) 
to pool effect sizes for each outcome under a random-
effects model for outcomes of interest, with study 
weights measured using the inverse variance method. 
We presented the results as relative risk (RR) for di-
chotomous outcomes. We presented the results as risk 
differences (RDs) for continuous outcomes.

Heterogeneity was assessed using the I² statistic, 
the χ2 test for homogeneity (p < 0.1 for significance 
of substantial heterogeneity), and visual inspection of 
the forest plots. We considered an I² value greater than 
50% indicative of substantial heterogeneity (19, 20). 
If significant unexplained heterogeneity existed, or if 
there were an insufficient number of studies for meta-
analysis, we described data qualitatively. We assessed 
evidence of publication bias using funnel plots if there 
were greater than 10 trials per outcome.

Subgroup Analyses

Potential and expected clinical sources of heterogeneity 
include different patient demographics and patient ill-
ness and diagnosis. To explore significant heteroge-
neity, we planned the following prespecified subgroup 
analyses, if enough trials were available (hypothesized 
direction of effect in parentheses): COVID ARDS 
versus non-COVID ARDS studies (COVID studies 
would demonstrate worse shunt rates, hypoxemia, and 
mortality compared with non-COVID ARDS).

Risk of Bias Assessment and Evidence GRADE 
Recommendations

We assessed risk of bias (RoB) using the Newcastle-
Ottawa Scale (NOS) and Joanna-Briggs Institute (JBI) 
tools for observational cohort studies as described in 
our systematic review protocol (22, 23), with domain 
scoring in the footnotes (Supplemental Tables 2 and 3, 
http://links.lww.com/CCX/B82).

We reported recommendations using the Grading 
of Recommendations Assessment, Development and 
Evaluation (GRADE) approach for mortality, and oxy-
genation outcome data (24–26).

RESULTS

Study Characteristics

Our search yielded 4,617 citations, with 51 relevant 
articles retrieved for full-text evaluation. Forty-one 
articles were excluded for: incorrect study design 
(e.g., cohort/case-series without control group or case 
reports) (25), incorrect patient population (e.g., non-
ARDS patients or non-ICU) (1), missing outcome 
data (10), missing ultrasonography bubble study in-
vestigation (3), and duplicate study (1). This yielded 
10 eligible articles. The PRISMA flowchart is shown 
in Figure 1.

Risk of Bias, Critical Appraisal, and Publication 
Bias

RoB was assessed using the JBI critical appraisal tool 
for cohort and case control studies (Supplemental 
Table 2, http://links.lww.com/CCX/B82) and the NOS 
tools (Supplemental Table 3, http://links.lww.com/
CCX/B82). Overall assessment of “good” RoB was 
present in four of 10 studies (40%) as assessed by the 
NOS. Similarly, binary deficiencies led to an overall 
appraisal of “include” in six of 10 studies (60%) using 
the JBI tool.

The deficiencies leading to RoB assessment of 
“poor” (NOS) or “exclude” (JBI) were due to: unclear 
or absent description of comparator (shunt vs nons-
hunt, two studies) and absence of relevant oxygena-
tion or mortality outcome data (four studies). Given 
there were less than 10 studies per outcome, no fun-
nel plots were constructed for assessment of publica-
tion bias.

Clinical Outcomes and GRADE Assessment

A total of 1,114 patients were pooled between 10 stud-
ies with an overall shunt prevalence of 21.8% (range, 
14.4–30.0%) as detected by various agitated saline 
bubble sonography modalities (4, 9, 10, 27–32). The 
majority of studies included ARDS secondary to in-
fectious pneumonia, with three COVID-19-specific 
studies (9, 10, 27). Where reported, included studies 
demonstrated a male predominance (72.3%) and a 
mean age of 58.5 years. Study demographics are shown 
in Table 1 (2, 5–7, 21–26).

Where ARDS mortality data were reported (n = 
5 studies, 845 patients), the meta-analysis of pooled 

https://revman.cochrane.org
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studies yielded 42.3% mortality (69/163 patients; 95% 
CI, 34.6–50.3%) for shunt presence compared with 
32.0% mortality (218/682 patients; 95% CI, 28.5–
35.6%) for shunt absence (RD, 10.3% [95% CI, 0.2–
18.7%]; RR, 1.22; [95% CI, 1.01–1.49]; p = 0.04, very low 
certainty). Forest plot for pooled mortality is shown in 
Figure 2 (4, 27–30). Observational cohort studies were 
subsequently downgraded to “very low” due to serious 
RoB in the majority of studies (Supplemental Table 4, 
http://links.lww.com/CCX/B82).

In contrast, oxygenation (as reported by Pao2:Fio2 
[PF] ratio) was variable between reported studies (n = 
5 studies, 700 patients). In ARDS patients, shunt pres-
ence had a mean PF ratio of 123.8 ± 51.0 compared 
with 124.5 ± 46.3 for shunt absence, with a mean PF 
ratio difference of –0.7 (95% CI, –18.6 to 17.2; p = 0.94, 
very low certainty). Forest plot for pooled PF ratio is 
shown in Figure 3 (4, 27, 28, 30, 31). Oxygenation was 

downgraded to “very low” certainty of evidence based 
on high RoB scores detailed above, “very serious” al-
location of inconsistency (studies with CI confined on 
either side of null effect), and imprecision (multiple 
studies with wide CIs) (Supplemental Table 4, http://
links.lww.com/CCX/B82).

Subgroup Analyses

Prespecified subgroup forest plots for mortality and 
PF ratio are shown in Supplemental Figures 1 and 2 
(http://links.lww.com/CCX/B82).

For mortality (Supplemental Fig. 1 http://links.lww.
com/CCX/B82), there was a similar increased mor-
tality for non-COVID (RR, 1.22; 95% CI, 1.01–1.49;  
p = 0.04; four studies) compared to COVID-19 patients 
(RR, 1.14; 95% CI, 0.14–9.34; p = 0.90; one study),  
although not statistically significant.

Figure 1. Acute respiratory distress syndrome shunt preferred reporting items for systematic reviews and meta-analyses (PRISMA) 
flowchart. DARE = database of abstracts of reviews of effects, EMBASE = Excerpta Medica dataBASE, MEDLINE = medical literature 
analysis and retrieval system online.

http://links.lww.com/CCX/B82
http://links.lww.com/CCX/B82
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For PF ratio (Supplemental Fig. 2, http://links.lww.
com/CCX/B82), there was equivocal effects for non-
COVID (mean difference, –6.7 (95% CI, –23.0 to 9.6;  
p = 0.42; four studies) compared with COVID-19 

patients 43.0 (95% CI, 3.3–82.7; p = 0.03; one study), 
which was statistically significant in favor of better PF 
ratios with shunt presence, which is contradictory to our 
prior hypothesis that shunts would worsen PF ratios.

TABLE 1. 
Acute Respiratory Distress Syndrome Shunt Articles Summary Statistics

Reference n 
Age 
(yr) % Male 

Simplified 
Acute  

Physiology II 
Score 

Primary  
Diagnosis 

Shunt 
Assessment 

Modality 
Overall Shunt  

Prevalence 

Observational cohort (9)

 Boissier et al (28)a 216 63 69.4 53 ± 25 ARDS TEE 57/216 (26.4%)

 Legras 1999b 195 56 NR 46 ± 17 PNA/ARDS TEE 28/195 (14.4%)

 Lhéritier et al (4)b 200 57 68.7 46 ± 17 PNA/ARDS TTE + TEE 31/200 (15.5%)

 Masi et al (10)a 60 62 83.3 NR COVID-19 
ARDS

TTE 18/60 (30.0%)

 Mekontso Dessap et al (8)a 203 60 72.9 55 ± 18 PNA/ARDS TEE 39/203 (19.2%)

 Mekontso Dessap et al (30)b 34 62 79.4 57 (40–72) PNA/ARDS TEE 7/34 (20.6%)

 Salazar-Orellana et al (27)b 31 44 80.6 NR COVID-19 
PNA

TCD 7/31 (22.6%)

 Vavlitou 2016a 108 57 75.0 NR Respiratory 
failure

TEE 30/108 (27.8%)

 Védrinne et al (31)b 49 53 NR NR Respiratory 
failure

TEE 11/49 (22.4%)

Cross-sectional pilot study (1)

 Reynolds et al (9)b 18 59 61.1 NR COVID-19 
ARDS

TCD 15/18 (83.3%)

WEIGHTED AVERAGES 58.5 ± 16.1 629/870 (72.3%) 50.4 ± 19.7 243/1114 (21.8%)

ARDS = acute respiratory distress syndrome, NR = not reported, PNA = pneumonia, TCD = transcranial Doppler,  
TEE = transesophageal echocardiography, TTE = transthoracic echocardiography
aAgitated saline contrast technique description: injecting 9.5 mL of sterile saline solution aerated with 0.5 mL of room air via two syringes 
connected with a three-way stopcock into a peripheral vein or central venous line (performed with and without Valsalva).
bAgitated saline contrast technique not well described (aside from agitated saline injection performed).
Data are presented as mean (± sd) or median (interquartile range) (% male, Simplified Acute Physiology Score II score).

Figure 2. Forest plot mortality for acute respiratory distress syndrome shunt versus nonshunt patients M-H = Mantel-Haenszel.

http://links.lww.com/CCX/B82
http://links.lww.com/CCX/B82
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DISCUSSION

In this systematic review, current literature demon-
strates that right-to-left shunts are common, evident 
in approximately one in five ARDS patients (2, 5–7, 
21–26). Our meta-analysis found increased mortality 
among critically ill patients with ARDS with sono-
graphically detectable right-to-left shunt compared 
with no detectable shunt, although there was no differ-
ence in oxygenation.

This study attempts to quantify prevalence of shunt 
in hypoxemic ARDS patients and its association on 
mortality, which may not be necessarily secondary to 
oxygenation alone. The incidence of a diagnosis of a 
right-to-left shunt varies across populations (33), vary-
ing with: age of the patient (varying incidence of a PFO 
15–35%, with decrease incidence and increasing size 
with age) (34); underlying disease process (intracardiac 
vs intrapulmonary); mechanical ventilation strategies 
(mean airway pressure and positive end-expiratory pres-
sure [PEEP]) (35); and the diagnostic modality (TTE vs 
TEE vs TCD) (5). Our meta-analysis aligns with prior 
general population shunt prevalence, including demon-
strating association with increased ARDS mortality by 
worsening shunt physiology with potential interventions 
(e.g., invasive mechanical ventilation, high mean airway 
pressures, and pulmonary vasodilators). Diagnosis of 
an atrial septal defect/patent foramen ovale is important 
and is associated with potential embolism, resulting in 
ischemic events and strokes (35). Unfortunately, there 
was inconsistent reporting of stroke incidence in this 
meta-analysis, and whether mortality was affected.

Right-to-left shunt is on the differential diagno-
ses of refractory hypoxemia, but is not necessarily 
investigated with bubble studies to confirm shunt  
presence routinely in ARDS patients. With approxi-
mately ~22% shunt prevalence, this study demonstrates 
how many potential right-to-left shunts may be missed 

if not investigated. Given that bubble studies are routine 
ultrasonographic practice with standard protocols (5, 
36–38) and are safe (<0–0.15% cerebral ischemic events 
post-agitated saline contrast injection) (39), intracar-
diac shunt (PFO and ASD) or intrapulmonary shunt 
investigations should be entertained in patients with 
ARDS. However, cautious administration of bubble 
study investigations is still important to avoid air embo-
lism through venous lines (40, 41). Valsalva maneuvers, 
which are routine during bubble study investigations, 
can increase right-sided pressures, which may increase 
embolic events (42, 43). Intravenous filters (44, 45) and 
possible PFO closures (46) may be warranted for some 
patients with cryptogenic strokes.

The finding of increased mortality in the shunt 
groups, which is independent of oxygenation, is difficult 
to conceptualize. However, limitations in oxygenation 
measurement using the PF ratio exist. The most accurate 
standardization uses a consistent Fio2 of 1.0 for PF ratio 
measurement (47), which is not routinely performed, 
leading to nonstandardized measures of PF ratio (48). 
Oxygenation is incompletely evaluated by PF ratio, not 
accounting for PEEP (48). There are many confounders, 
which affect the outcomes of shunt presence, including 
invasive mechanical ventilation parameters; heart-lung 
mechanics; right ventricle dysfunction; baseline cardiac 
(e.g., congenital defects), pulmonary (e.g., arteriovenous 
malformations), and hepatic (e.g., hepatopulmonary 
syndrome in cirrhosis) comorbidities; temporal changes 
in physiology; nonstandardized measurements of shunt; 
and, interrater reliability of ultrasound diagnostics (6, 7). 
Future research should seek to investigate potential con-
founders, minimize their impact through adjustment or 
matching, and standardize data collection.

The strengths of this systematic review (SR) include 
a comprehensive search strategy; a rigorous process 
for study selection and data abstraction based on an a 

Figure 3. Forest plot oxygenation for acute respiratory distress syndrome shunt versus nonshunt patients.
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priori protocol; and due consideration to study quality, 
RoB, and overall certainty of the evidence using 
GRADE methodology.

This SR also has several limitations. Certainty of evi-
dence was very low for all outcomes, driven by: observa-
tional nature of studies included; lack of adjustment for 
baseline characteristics and illness severity; and small 
sample sizes. Shunt definitions were variable between 
studies. This ranged from the sonographic detection of 
right-to-left bubbles quantitatively from any number of 
detected bubbles by TCD at any time (9, 27) to at least 
10 bubbles at any time by TTE/TEE (30) to any number 
of bubbles within three cardiac cycles (4). Sonography 
is also limited as an operator-dependent modality (5, 
37, 38, 49). Although our study demonstrates increased 
mortality associated with the sonographic detection of 
shunt, a causal relationship is difficult to rationalize. 
The level of data provided in these studies was poor, 
with many not measuring: type of shunt (intracardiac 
vs intrapulmonary); shunt fractions; use of cointer-
ventions (e.g., inodilators, pulmonary vasodilators, 
and diuretics); and ventilator management strategies. 
Inconsistent reporting of whether there was PFO/ASD 
closure limits our understanding if any of the intra-
cardiac R-L shunts were clinically relevant to warrant 
intervention, alongside lack of stroke data. It is also un-
clear what a clinically significant intrapulmonary shunt 
would be defined by, as PF ratios showed no difference. 
Differences in duration of mechanical ventilation or 
total duration of supplemental oxygen use were not 
routinely measured. Finally, there were no prespecified 
ARDS subgroups of note, specifically based on ARDS 
severity and etiology. Substantial heterogeneity among 
ARDS patients exists with respect to shunts contributes 
to their illness, especially as COVID deaths, demon-
strating varying complications through different waves 
of the pandemic (e.g., parenchymal interstitial lung di-
sease vs venous thromboembolism) (50).

CONCLUSIONS

The detection of intra- and extrapulmonary shunts in 
ARDS using ultrasonography is relatively common in 
critically ill patients with ARDS. There may be increased 
mortality among patients with ARDS and evidence of 
shunt (very low certainty). However, shunt prevalence 
may have uncertain direct physiologic impacts on ox-
ygenation (very low certainty). Further research is re-
quired to solidify the certainty in this finding.
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