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The Effect of Lower Tidal Volume Ventilation
Facilitated by Extracorporeal Carbon Dioxide
Removal Compared With Conventional Lung
Protective Ventilation on Cardiac Function

OBIJECTIVES: Lower tidal volume ventilation (targeting 3 mL/kg predicted body
weight, PBW) facilitated by extracorporeal carbon dioxide removal (ECCO,R) has
been investigated as a potential therapy for acute hypoxemic respiratory failure
(AHRF) in the pRotective vEntilation with veno-venou$S lung assisT in respiratory
failure (REST) trial. We investigated the effect of this strategy on cardiac function,
and in particular the right ventricle.

DESIGN: Substudy of the REST trial.
SETTING: Nine U.K. ICUs.
PATIENTS: Patients with AHRF (Pao,/Fio, < 150mm Hg [20 kPa]).

INTERVENTION: Transthoracic echocardiography and N-terminal pro-B-type
natriuretic peptide (NT-proBNP) measurements were collected at baseline and
postrandomization in patients randomized to ECCO,R or usual care.

MEASUREMENTS: The primary outcome measures were a difference in tri-
cuspid annular plane systolic excursion (TAPSE) on postrandomization echocar-
diogram and difference in NT-proBNP postrandomization.

RESULTS: There were 21 patients included in the echocardiography cohort
(ECCO,R, n = 138; usual care, n = 8). Patient characteristics were similar in
both groups at baseline. Median (interquartile range) tidal volumes were lower
in the ECCO,R group compared with the usual care group postrandomization;
3.6 (8.1-4.2) mL/kg PBW versus 5.2 (4.9-5.7) mL/kg PBW, respectively (p =
0.01). There was no difference in the primary outcome measure of mean (sb)
TAPSE in the ECCO,R and usual care groups postrandomization; 21.3 (5.4) mm
versus 20.1 (3.2) mm, respectively (p = 0.60). There were 75 patients included
in the NT-proBNP cohort (ECCO,R, n = 36; usual care, n = 39). Patient char-
acteristics were similar in both groups at baseline. Median (interquartile range
[IQR]) tidal volumes were lower in the ECCO,R group than the usual care group
postrandomization; 3.8 (3.3—-4.2) mL/kg PBW versus 6.7 (5.8—-8.1) mL/kg PBW,
respectively (p < 0.0001). There was no difference in median (IQR) NT-proBNP
postrandomization; 1121 (241-5370) pg/mL versus 1393 (723-4332) pg/mL in
the ECCO,R and usual care groups, respectively (p = 0.30).

CONCLUSIONS: In patients with AHRF, a reduction in tidal volume facilitated by
ECCO,R, did not modify cardiac function.

KEYWORDS: acute hypoxemic respiratory failure; extracorporeal circulation;
echocardiography; N-terminal pro-B-type natriuretic peptide; right ventricle

receiving mechanical ventilation in intensive care (1). The majority of
these patients meet the Berlin Definition criteria for acute respiratory
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@\ KEY POINTS

Question: What is the effect of lower tidal volume
ventilation facilitated by extracorporeal carbon di-
oxide removal (ECCO,R) on cardiac function in
patients with acute hypoxemic respiratory failure
(AHRF)?

Findings: We conducted an echocardiography
and biomarker substudy as part of the REST
randomized controlled trial. Despite the ECCO,R
group achieving a significant reduction in tidal
volume, there was no difference in tricuspid an-
nular plane systolic excursion or N-terminal pro-
B-type natriuretic peptide levels between the
ECCO,R and usual care groups.

Meanings: ECCO,R does not appear to affect car-
diac, and in particular right ventricle (RV) function.
Our findings do not support the use of ECCO,R to
prevent or reverse RV dysfunction, acute cor pul-
monale or pulmonary hypertension due to AHRF.

. J

distress syndrome (ARDS) (1, 2). Protective lung ven-
tilation using 6 mL/kg predicted body weight (PBW)
has been shown to reduce mortality in ARDS (1, 3).
It has been postulated that further reductions in tidal
volume may reduce lung strain, reduce ventilator-
induced lung injury, and improve outcomes (4-6). The
pRotective vEntilation with veno-venouS lung assisT in
respiratory failure (REST) trial (NCT02654327) exam-
ined whether lower tidal volume ventilation (aiming
for 3 mL/kg PBW) facilitated by extracorporeal carbon
dioxide removal (ECCO,R) reduced mortality in
patients with AHRF (4). The study was stopped early
because of futility; however, no difference was found in
mortality between the ECCO,R and usual care groups.

Mechanical ventilation in AHRF may particularly
influence right ventricle (RV) function. High levels of
positive end-expiratory pressure (PEEP) may cause
regional alveolar over-distension with subsequent
compression of intra-alveolar vessels increasing pul-
monary vascular resistance (7, 8). High tidal volumes,
plateau pressures, and driving pressures may expose
the RV to increased afterload (9). Conversely, tidal
volume ventilation below functional residual capacity
increases pulmonary vascular resistance, which may
be further exacerbated by permissive hypercapnia
and acidosis (7, 8)
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RV dysfunction or acute cor pulmonale (ACP)
is present in 21-50% of patients mechanically ven-
tilated for respiratory failure and is associated with
increased mortality (8, 10, 11). Tidal volume is the
primary determinant of RV afterload (9). Hence,
lower tidal volume ventilation facilitated by ECCO,R
has been suggested as a therapy for RV dysfunction
in respiratory failure (12). Despite theoretical advan-
tages, the effect of lower tidal volume ventilation
facilitated by ECCO,R on the RV remains uncertain
(8).

No consensus guidelines on the diagnosis of RV
dysfunction in mechanically ventilated patients exist
(11). Serial echocardiography likely represents the best
diagnostic tool (13). Tricuspid annular plane systolic
excursion (TAPSE) is a highly feasible measure of RV
function in ventilated patients (obtainable in 96% of
patients) (14). Reduced TAPSE is a strong predictor
of short-term mortality in ARDS (15-17). TAPSE in-
versely correlates with systolic pulmonary artery pres-
sure (sPAP) and, importantly, with tidal volume in
patients on ECCO_R (18, 19). N-terminal pro-B-type
natriuretic peptide (NT-proBNP) is a marker of car-
diac dysfunction. Acute pulmonary hypertension and
RV dilatation result in release of NT-proBNP (20, 21).
NT-proBNP correlates with mean pulmonary artery
pressure (mPAP) and predicts mortality in AHRF (22,
23).

We hypothesized that lower tidal volume ventila-
tion facilitated by ECCO,R could modify cardiac, and
in particular, RV function as measured by TAPSE and
NT-proBNP.

MATERIALS AND METHODS
Study Design and Participants

The REST trial compared lower tidal volume ventilation
(aiming for 3mL/kg PBW) facilitated using ECCO_R
group with conventional lung protective ventilation
(usual care group) in patients with AHRF defined as a
Pao,/F10, < 150 mm Hg (20 kPa). The REST trial was
a randomized, open-label, pragmatic trial conducted
in 51 ICUs in the United Kingdom. The inclusion and
exclusion criteria have been described elsewhere (4,
24). Briefly, patients aged greater than or equal to 16
years with a potentially reversible cause of AHRE who
were receiving invasive mechanical ventilation using a
minimum of 5cm H,O of PEEP were eligible, provided
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they were within 48 hours of the onset of hypoxia.
Exclusion criteria included mechanical ventilation of
greater than 7 days duration, untreated pulmonary
embolism, pleural effusion or pneumothorax, respira-
tory failure fully explained by left ventricular failure or
a contraindication to systemic anticoagulation.

Ethical approval for the REST study (NCT02654327)
was provided by the South Central—Berkshire
Research Ethics Committee (REC) on February 24,
2016, for the United Kingdom, Wales, and Northern
Ireland (16/SC/089), and by Scotland A REC on March
23, 2016 for Scotland (16/SS/048). Written informed
consent was obtained from patients, or agreement
was obtained from their surrogates in keeping with
regional regulations. All study procedures were con-
ducted in accordance with the ethical standards of the
responsible committee on human experimentation
(South Central—Berkshire REC and Scotland A REC)
and with the Helsinki Declaration of 1975.

We investigated two cohorts: those who underwent
serial echocardiography (echocardiography cohort)
and those who participated in the biomarker substudy
in which NT-proBNP was measured (NT-proBNP
cohort).

Echocardiography Cohort

Echocardiograms were obtained from participating
centers with sites selected based on their ability to per-
form critical care echocardiography following an ex-
pression of interest call. Studies were performed by
trained echocardiographers. Echocardiograms per-
formed as per trial protocol and those undertaken as
part of clinical care were both eligible for inclusion.
Echocardiograms performed up to two calendar days
before randomization were taken as a baseline. In the
usual care group, echocardiograms performed the cal-
endar day after randomization could also be used as
baseline. If multiple echocardiography studies were
completed, the study closest but before randomization
was used. Postrandomization echocardiograms could
be taken up to five calendar days postrandomization. If
multiple echocardiogram studies were completed, the
study closest to the second calendar day postrandom-
ization was used. For patients randomized to ECCO,R,
postrandomization echocardiograms must have been
performed while still receiving lower tidal volume ven-
tilation facilitated by ECCO,R.

Critical Care Explorations

Images were reviewed by a single-blinded expert in
critical care echocardiography (E.B.). Seventeen echo-
cardiograms were independently reviewed by a second
blinded expert in critical care echocardiography (S.0.)
to check for reliability in measurement of TAPSE.
TAPSE measurements were performed in the apical
four chamber view using M-mode (mm) and meas-
ured between end diastole and peak systole (25). Three
measurements were performed, and mean values were
recorded. Where the angle of interrogation precluded
accurate M-mode measurement, 2D measurements
of TAPSE were performed (three studies) as previ-
ously described (26). All other measurements were
performed in accordance with the American Society
of Echocardiography and European Association of
Cardiovascular Imaging guidelines (25).

In the echocardiography cohort, ventilator settings
and arterial blood gas values are presented for baseline
and the day of the postrandomization echocardiogram.
Individual elements of the cardiovascular Sequential
Organ Failure Assessment (SOFA) score are presented
at baseline. However, these were not recorded at the
time of postrandomization echocardiogram.

The a priori defined primary outcome measure
was the difference in TAPSE postrandomization (4).
Secondary outcome measures, including echocardiog-
raphy measures of RV systolic function, RV size, RV
afterload and LV function, are listed in Supplementary
Table 1 (http://links.lww.com/CCX/B293) (27) and
further defined in Supplementary Figure 1 (http://
links.Iww.com/CCX/B293) (28).

NT-proBNP Cohort

Plasma was collected at baseline and two calendar days
postrandomization in an ethylene diamine tetraacetic
acid tube and centrifuged before storage at -80°C. In
the usual care group, plasma collected the calendar
day after randomization could also be used as baseline.
NT-proBNP measurements were performed using
a commercially available enzyme-linked immuno-
sorbent assay (SimpleStep ELISA, Abcam, Cambridge,
United Kingdom) in accordance with manufacturer
protocols.

In the NT-proBNP cohort, ventilator setting, arte-
rial blood gases, and individual elements of the cardio-
vascular SOFA score are presented at baseline and two
calendar days postrandomization.
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The primary outcome measure was difference
in NT-proBNP postrandomization. The secondary
outcome measure was change in NT-proBNP from
baseline.

Statistical Analysis

A sample of convenience was taken; therefore, no sample
size calculation was performed. Categorical data are pre-
sented as frequency (%). Normally distributed quantita-
tive data are presented as mean (sp), and non-normally
distributed quantitative data are presented as median
(interquartile range, IQR). Intraclass correlation co-
efficient for the primary outcome measure of TAPSE
was calculated using a two-way random-effects model.
Between group comparisons were made using t-test for
normally distributed continuous data, Mann-Whitney
U test for non-normally distributed continuous data and
chi-square for categorical data. Wilcoxon Signed-Rank
test was used for within group comparisons. p values of
less than 0.05 were considered statistically significant.
As an exploratory analysis, all results were considered
hypothesis-generating generating and no adjustment was
made for multiplicity.

TABLE 1.

We conducted a preplanned sensitivity analysis
comparing TAPSE in those in the ECCO,R group
who achieved a greater than or equal to 2mL/kg
PBW reduction in tidal volume to those managed
with usual care.

RESULTS
Echocardiography Cohort

Six centers provided baseline and postrandomization
echocardiograms for 21 patients (ECCO,R, n = 13;
usual care, n = 8). Baseline patient demographics and
clinical outcomes are presented in Table 1. The two
groups were similar at baseline. Respiratory pathology
was the most common reason for admission to ICU
(Supplementary Table 2, http://links.lww.com/CCX/
B293). Ninety-day mortality was 15.4% and 25% in the
ECCO,R and usual care groups, respectively.

Respiratory and Cardiovascular Characteristics

Respiratory and cardiovascular characteristics
were similar at baseline, Table 2. In the ECCO,R
group, median (IQR) tidal volume reduced from 6.4

Echocardiography Cohort: Baseline Characteristicsa

Characteristic

ECCO,R Group (n = 13)

Usual Care Group (n = 8)

Age, mean (sb), yr
Sex, n (%)
Male
Female
Dependency before hospital admission, n (%)
Able to live without assistance in daily
activities
Minor assistance with some daily activities

Acute Physiology and Chronic Health Evaluation
Il score at ICU admission, mean (sp)®

Sequential Organ Failure Assessment score,
mean (sD)°®

28-d mortality, n (%)
90-d mortality, n (%)

52.7 (10.4) 56.0 (9.2)
7 (53.8) 6 (75.0)
6 (46.2) 2 (25.0
12 (92.3) 8 (100.0)
1(7.7) 0 (0.0)
17.2 (7.4) 20.6 (4.6)
9.1 (2.3) 11.4 (4.0)
(15.4) 2 (25.0)
15.4) 2 (25.0)

2Baseline clinical data were collected in the 24 hours before randomization unless stated otherwise. If more than 1 value was available
for this 24-hour period, the value closest, but prior, to the time of randomization was recorded.
®Scores on the Acute Physiology and Chronic Health Evaluation Il range from O to 71, with higher scores indicating greater severity of

illness.

cScores on the Sequential Organ Failure Assessment scale range from O to 24, with higher scores indicating greater severity of disease.
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Echocardiography Cohort: Ventilatory and Cardiovascular Characteristics at Baseline and Postrandomization

TABLE 2. (Continued)

(-]

Postrandomization

Baseline

Usual care Group
(n=8)

(n=13)

ECCO,R Group

Usual care Group
(n=8)

www.ccejournal.org

1(12.5)
7 (87.5)

Qo
3
-~
o2 S
x S 8
s e =
o °© o
w
2
s
<
£
)]
7]
(0]
8 o
o o 2
g > Z
>

Milrinone, n (%)

1(12.5)

7 (87.5)

0 (0.0)

Yes
No

13 (100.0)

interquartile range.

IOR =

sSecond qualifying Pao,/Fio, ratio.

®Driving pressure = plateau pressure—positive end-expiratory pressure.

p values from t-test where mean (sp) presented or Mann-Whitney U test where median (IQR) presented or chi-square for categorical data.

(5.9-6.8) mL/kg PBW at baseline to 3.6 (3.1-4.2)
mL/kg PBW (p = 0.007) by the time of the post-
randomization echocardiogram. In contrast, in the
usual care group, there was no difference in median
(IQR) tidal volume between baseline and postran-
domization echocardiogram; 5.7 (5.4-5.8) mL/kg
PBW versus 5.2 (4.9-5.7) mL/kg PBW (p = 0.23). At
the time of the postrandomization echocardiogram,
median (IQR) tidal volumes were significantly lower
in the ECCO,R group than the usual care group; 3.6
(3.1-4.2) mL/kg PBW versus 5.2 (4.9-5.7) mL/kg
PBW (p = 0.01).

There was no difference in plateau pressure, driving
pressure, Paco,, or pH between the two groups at the
time of the postrandomization echocardiogram.

All patients were in sinus rhythm at the time of ech-
ocardiogram. Noradrenaline was the most commonly
used vasoactive agent.

Primary and Secondary Echocardiography
Outcome Measures

Echocardiography findings are presented in Table 3.
and Supplementary Table 3 (http://links.lww.com/
CCX/B293). At baseline, measures of RV systolic func-
tion, size, and afterload were similar between groups.
Postrandomization echocardiography was conducted
with a median (IQR) of 1 (1-2) and 1 (1-1) days fol-
lowing randomization in the ECCO,R and usual care
groups, respectively.

RV Systolic Function

The intraclass correlation (95% CI) for TAPSE between
two observers was 0.93 (0.79-0.98), indicating good to
excellent reliability. At baseline, mean (sp) TAPSE was
21.3 (3.7) mm and 19.5 (3.4) mm in the ECCO,R and
usual care groups, respectively. There was no difference
in the primary outcome measure of TAPSE on post-
randomization echocardiogram; 21.3 (5.4) mm versus
20.1 (3.2) mm in the ECCO,R and usual care groups
(p = 0.60). There was no difference in change from
baseline in mean (sp) TAPSE; 0.58 (4.1) versus 0.61
(5.4) (p = 0.99) in the ECCO,R and usual care groups,
respectively.

There was no difference in RV, _ or right ventricular
Tissue Doppler Imaging systolic excursion velocity (RV
TDI §’) on postrandomization echocardiogram. Right
ventricular outflow tract velocity time integral (RVOT
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VTI) was low at baseline in both groups. RVOT VTI
was significantly lower in the usual care group on post-
randomization echocardiogram. However, RVOT VTI
could only be obtained in three patients on postran-
domization echocardiogram in the usual care group.

Right ventricular dysfunction (RVD) was pre-
sent in four patients (19.0%) at baseline and seven
(33.3%) on postrandomization echocardiogram. Three
patients (14.3%) had ACP at baseline (Supplementary
Table 4, http://links.lww.com/CCX/B293). In the two
patients with ACP at baseline in the ECCO,R group,
ACP persisted in both postrandomization echocardio-
grams. Two further patients (one in each group) devel-
oped ACP between baseline and postrandomization
echocardiogram.

RV Size

There was no between group difference in mean (sp)
RVEDA/LVEDA ratio on postrandomization echocar-
diogram; 0.60 (0.17) versus 0.57 (0.16) in the ECCO,R
and usual care groups, respectively (p = 0.78).

RV Afterload

Tricuspid regurgitation was either absent or mild in the
majority of patients, limiting the ability to record max-
imum tricuspid valve regurgitation velocity (TRVmax).
There was no difference in mean (sp) TRVmax between
the two groups on postrandomization echocardiogram.
There was no difference in right ventricular outflow tract
acceleration time (RVOT AT), presence of RVOT notch-
ing, or right atrial area between the two groups.

Patients with pulmonary hypertension are shown
in Supplementary Table 5 (http://links.lww.com/
CCX/B293). Criteria for intermediate probability of
pulmonary hypertension were met by two patients at
baseline, both in the ECCO,R group. In one, ECCO,R
did not reverse pulmonary hypertension, in the other
there was insufficient data on the postrandomization
echocardiogram. One patient in the ECCO_R group
met criteria for high probability of pulmonary hyper-
tension at baseline, on postrandomization echocardi-
ogram they met criteria for intermediate probability
of pulmonary hypertension. A further three patients
progressed from low to intermediate probability of
pulmonary hypertension on the postrandomization
echocardiogram (two in the ECCO,R group and one
in the usual care group).

Critical Care Explorations

Sensitivity Analysis

A sensitivity analysis comparing those in the ECCO,R
group (n = 9) who achieved a greater than or equal to
2mL/kg PBW reduction in tidal volume to the usual
care group produced similar results to the main anal-
ysis; mean (sp) TAPSE on postrandomization echo-
cardiogram was 20.9 (6.0) mm versus 20.1 (3.2) mm,
respectively (p = 0.75).

NT-proBNP Cohort

NT-proBNP results were available for 75 patients
from nine centers (ECCO,R, n = 36; usual care,
n = 39). Baseline patient demographics and clin-
ical outcomes are presented in Supplementary
Table 6 (http://links.lww.com/CCX/B293). The two
groups were similar at baseline. Ninety-day mor-
tality was 33.3% and 37.8% in the ECCO,R and
usual care groups, respectively. Respiratory and
cardiovascular characteristics were similar at base-
line (Supplementary Table 7, http://links.lww.com/
CCX/B293). Postrandomization, median (IQR) tidal
volumes were lower in the ECCO,R group than the
usual care group; 3.8 (3.3-4.2) mL/kg PBW versus
6.7 (5.8-8.1) mL/kg PBW, respectively (p < 0.0001).
Driving pressure was lower in the ECCO,R com-
pared with the usual care group; mean (sp) driving
pressure was 10.0 (4.1) cm H,O versus 16.2 (5.7) cm
H, O, respectively (p < 0.0001). Plateau pressure was
also lower in the ECCO,R compared with the usual
care group; mean (sp) plateau pressure was 19.8
(4.9) cm H,O versus 25.0 (5.7) cm H,O, respectively
(p = 0.0002). There was no difference in Paco, or
pH between the two groups postrandomization. In
the ECCO,R group, 34 (94.4%) patients were still re-
ceiving ECCO,R support on the day of postrandom-
ization NT-proBNP.

At baseline, median (IQR) NT-proBNP was 1328
(326-4524) pg/mL and 1030 (338-3320) pg/mL in
the ECCO_R and usual care groups, respectively (p =
0.93). There was no difference in NT-proBNP post-
randomization; 1121 (241-5370) pg/mL versus 1393
(723-4332) pg/ml in the ECCOR and usual care
groups, respectively (p = 0.30). There was no difference
in change from baseline in median (IQR) NT-proBNP;
-15 (=902 to 1532) pg/mL versus 278 (-315 to 1210)
in the ECCO,R and usual care groups, respectively
(p=0.32).
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DISCUSSION

This study reports the effect of lower tidal volume ven-
tilation facilitated by ECCO,R on cardiac function in
patients included in the REST trial who underwent
serial echocardiography and NT-proBNP measure-
ment. Despite achieving a reduction in tidal volume
with ECCO,R, we found no statistically significant dif-
ference in the primary outcome measures of TAPSE
or NT-proBNP postrandomization, in comparison
to usual care. The secondary echocardiography and
NT-proBNP outcome measures were consistent with
these findings.

In a nonrandomized study by Goursaud et al (18),
patients with ARDS managed with ECCO,R under-
went serial echocardiograms over 24 hours such that
they acted as their own controls. Improvements in
TAPSE and RV TDI S’ wave velocity were seen with
ventilation at 4 mL/kg PBW and ECCO_R (18). In our
randomized sample, we found no statistically signifi-
cant differences in TAPSE or RV TDI S’ Notably, driv-
ing pressure and Paco, were higher, and use of prone
positioning (which is associated with improved RV
function) was lower in our cohort (11, 18, 29). In both
our study and that by Goursard e al (18), TAPSE and
TDI S’ were normal at baseline.

The prevalence of RVD, ACP, or pulmonary hyper-
tension in our cohort was less than that seen in other
studies (8). RV injury which includes both RVD and
ACP occurs in 21-50% of patients with ARDS (8).
A Pao /F10, ratio less than 150 mm Hg (20 kPa) and
Paco, greater than or equal to 48 mm Hg (6.4 kPa) are
predictors of ACP (12). Despite the presence of these
risk factors in our cohort, RVD (19.0%), ACP (14.3%)
and pulmonary hypertension (14.3%) were infre-
quent at baseline. We found no evidence that ECCO,R
reversed ACP or pulmonary hypertension when pre-
sent at baseline, or prevented patients developing ACP
or pulmonary hypertension (30). It is possible that
we were underpowered to detect a difference given
the relatively small sample size in the echocardiog-
raphy cohort. However, in the larger NT-proBNP co-
hort, there was similarly no difference in NT-proBNP
postrandomization between the two groups, although
NT-proBNP is not specific for RV impairment.

NT-proBNP is frequently elevated in patients with
respiratory failure and is an independent predictor
of 90-day mortality (23, 31). NT-proBNP values in

10 www.ccejournal.org

our cohort were lower to that seen in other studies of
AHREF patients (20, 22, 23, 31). In patients with normal
renal function, NT-proBNP is highly correlated with
mPAP and pulmonary artery occlusion pressure (22).
Therefore, the lower NT-proBNP levels seen in our co-
hort may reflect a lower incidence of RV and LV dys-
function. In our study, a reduction in tidal volume
facilitated by ECCO,R did not result in a difference in
postrandomization NT-proBNP between groups. Our
findings are consistent with previous research, which
demonstrated no difference in NT-proBNP in patients
ventilated with 6 mL/kg PBW versus 10 mL/kg PBW
(20). The reduction in tidal volume achieved in our pa-
tient cohort may have been insufficient to reduce my-
ocardial stretch.

It has been postulated ECCO,R may benefit RV
function through “metabolic control” of hypercapnia
and acidosis (18). In the REST study, where the primary
aim of the intervention was to limit injurious ventila-
tion, the absence of a reduction in Paco, may explain
our neutral result. The role of “mechanical offloading”
should be considered. In our study, ECCO,R facilitated
the use of lower tidal volumes. Reducing driving pres-
sure has an important role in offloading the RV and is
a primary mediator of survival benefits in lung protec-
tive ventilation (32). In our study, ECCO,R may have
failed to sufficiently mechanically offload the RV.

Our study has a number of strengths. In comparison
to usual care, the ECCO_R group achieved a statisti-
cally significant reduction in tidal volume in both the
echocardiography and NT-proBNP cohorts. In a re-
cent scoping review of RV-specific therapies in ARDS,
the largest study of extracorporeal therapies included
only 18 patients, and there were no randomized con-
trolled trials (11). The presentation of baseline and
postrandomization echocardiogram and NT-proBNP
results provide additional information on temporal
changes in cardiac, and in particular, RV function
with ECCO,R. Echocardiograms were independently
assessed by blinded experienced critical care echocar-
diography clinicians.

Our study has several limitations. Patients included
in the echocardiography substudy may not be rep-
resentative of all patients in the REST trial. This is
supported by the finding that the mortality in the ech-
ocardiography cohort was approximately half that of
the main REST cohort(4). In contrast, the mortality
in the NT-proBNP cohort was comparable to that seen
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in the REST trial. The echocardiography cohort was
a small sample of convenience of patients who had a
baseline echocardiogram, some of which may have
been clinically directed; this may have resulted in a bi-
ased cohort. Our study is likely to be underpowered
to detect small changes in TAPSE. In addition, echo-
cardiography has a sensitivity of only 60% (95% CI,
41-77%) in diagnosing RVD (33). Furthermore, the
angle of interrogation may have impacted the accuracy
of M-mode measurement of TAPSE in some patients.
Indeed, 2D measurements of TAPSE were required in
three studies (34). However, the NT-proBNP results
give greater confidence the neutral result was not due
to a type II error. Echocardiograms were performed at
a median of 1 day, and NT-proBNP collected 2 days
postrandomization; we cannot exclude that we missed
transient changes in cardiac function at other time
points. The technical challenges of critical care ech-
ocardiography meant our dataset was incomplete for
some patients (10). However, the primary outcome
measure (TAPSE) was obtained in all but two patients,
and we present a number of measures of RV systolic
function, size, and afterload, along with NT-proBNP
results.((

Finally, we were unable to report levels of cardio-
vascular support at the time of the postrandomization
echocardiogram as recommended in the Preferred
Reporting Items for Critical Care Echocardiography
statement, although detailed ventilator data were
available, which is of greater importance in right heart
studies (35). However, we report levels of cardiovas-
cular support at baseline and postrandomization in the
NT-proBNP cohort.

CONCLUSIONS

In a cohort of patients managed with lower tidal
volume ventilation facilitated by ECCO,R, we found
no difference in our primary outcome measures of
TAPSE or NT-proBNP, or secondary outcome meas-
ures of cardiac function. Our findings do not support
the use of ECCO,R in RVD, ACP, or pulmonary hyper-
tension due to AHRE.
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