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Assessing Safety of Mechanical Ventilation Weaning in Patients Receiving Continuous

Vasopressors: An Emulated Target Trial

Authors: TBD

TAKE HOME MESSAGE

- In an emulated target trial, including 6557 medical critically ill patients, weaning mechanical
ventilation while receiving low-dose (5 pg/min or less) vasopressors reduced the duration of
mechanical ventilation along with an estimated excess number of cases of weaning failure of 30
(95%Cl, 4 to 57) per 1000 patients compared to a delayed strategy where vasopressors were
discontinued for more than 24 hours.

- Weaning while receiving a dose of vasopressor higher than 5 pg/min increased risk of weaning
failure with an estimated excess number of cases of 70 (95%Cl, 29 to 111).

- Future randomized trials may evaluate weaning in critically ill patients while receiving low-

dose vasopressor strategy.
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ABSTRACT

Purpose: Safety of weaning critically ill patients from mechanical ventilation while receiving
vasopressor is uncertain. The present emulated trial compares four a priori vasopressor
discontinuation strategies in critically ill adult medical patients undergoing weaning from
mechanical ventilation.

Methods: We performed an emulated trial with consecutive observational data from patients
admitted to the intensive care units at Beth Israel Deaconess Medical Center from January 2011
to June 2022. We compared the risk of death or reintubation within 7 days of weaning among
four a priori defined weaning strategies: delayed weaning after vasopressor discontinuation,
early weaning, low-dose, and high-dose vasopressor infusion.

Results: The estimated excess of deaths or reintubations for the early strategy, compared to the
delayed strategy, if every patient had followed the early strategy, was 35 (95%Cl, 14,8 to 55) per
1000 patients (Risk Difference [RD] = 0.035, 95%CI, 0.015 to 0.055). The estimated excess
cases were 30 (95%Cl, 4 to 56) per 1000 patients (RD = 0.030, 95%ClI, 0.004 to 0.056) for the
low-dose strategy in comparison with the delayed strategy. The highest estimated excess case
number was in the high-dose vasopressor strategy, with excess cases of 95 (95%Cl, 60 to 130)
per 1000 patients (RD = 0.095, 95%Cl, 0.060 to 0.130).

Conclusions:

In medical critically ill patients, the safest strategy to limit death or reintubation by day 7 was to
discontinue vasopressors at least 24h before weaning. Weaning medical critically ill patients with
a low-dose of vasopressors was associated with a shorter overall duration of mechanical
ventilation and had a modestly increased risk of weaning failure, while the high-dose strategy

had the highest risk of weaning failure.

KEYWORDS

Causal Inference, Weaning, Vasopressors, Emulated Target Trial, Causal Forest
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INTRODUCTION

Weaning from mechanical ventilation (MV) is an essential component of strategies aimed at
optimizing patient outcomes in the intensive care unit (ICU) under mechanical ventilation.
Prolonged mechanical ventilation due to delayed weaning can result in complications and
prolonged stay in the intensive care unit [1-3].

In contrast, early extubation and potentially resulting weaning failure is commonly associated
with a high mortality risk [4,5].

Weaning from MV is a significant area of research [6], resulting in the widespread use of
protocols to guide clinical practice [7]. Various protocols recommend weaning patients from MV
on minimal or no doses of vasopressors [8]. However, this practice may lead to inadequate or
harmful prolongation of MV.

A previous retrospective study reported that weaning MV while receiving high-doses, but not
low-doses, was associated with an increased risk of reintubation [9]. Additionally, weaning MV
on low-dose vasopressors (defined as a dose lower than 0.1 pg/kg/min) was found to be
associated with lower mortality and a shorter length of ICU stay. However, this study was
conducted in a mixed surgical and medical population without data on the escalation or
resolution phase of septic shock.

To date, there is no consensus on the optimal timing of discontinuing vasopressors and weaning
MV, and the safety of weaning medical patients off mechanical ventilation while receiving
vasopressor infusions in the ICU remains unclear [10]. Moreover, the safety of weaning right
after discontinuing vasopressors infusion has not been studied.

To identify the optimal strategy of vasopressor discontinuation at the time of weaning in adult
critically ill medical patients, we conducted an emulated target trial to investigate the total causal
effect of four different treatment strategies on the risk of weaning failure by day 7. We
hypothesized that weaning while receiving a low-dose of vasopressor would be the strategy with

the lowest risk of weaning failure.
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METHODS

Study population and data collection

We analyzed consecutive patient cases admitted to the ICUs (80 beds) of Beth Israel Deaconess
Medical Center (BIDMC), a tertiary healthcare network in Boston, Massachusetts, USA, from
January 2011 to June 2022. Deidentified data were extracted from the electronic healthcare
records. Patients with full code order, admitted to the ICU, undergoing MV for more than 12 h,
receiving vasopressors at any point during MV, and having a spontaneous mode of ventilation
before weaning were eligible for inclusion. Patients with do not reintubate order during their
stay, who died the day of end of MV or with an history of surgery in the 7 days prior or after the
end of MV were excluded from the analysis.

To better assess the patient transition from lung protective ventilation to a support mode of
ventilation [11], the mechanical ventilation period was divided into two phases: an initial phase
of ventilation, in which both controlled modes or assisted modes of ventilation were used, and a
weaning phase of ventilation, defined as the first period of continuous assisted ventilation mode
that ended with the extubation of the patient (E-Figurel). Respiratory parameters were extracted
for both periods.

This study was approved by the Institutional Review Board of Beth Israel Deaconess Medical
Center (protocol number: 2023P000649) and the requirement for informed consent was waived.
This study is compliant with the STROBE guidelines for reporting observational studies [12], as

guidelines for reporting emulated target trials are under development [13].
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Study design

Target Trial Framework

We used the target trial emulation framework [14,15], which involves specifying the protocol for
a hypothetical randomized controlled trial and then emulating this target trial using the available
observational data. The components of the target trial and its emulation are summarized in E-

Table 1, as described by Dickerman et al [16].

Eligibility Criteria and Treatment Strategies

The emulated trial employs the same inclusion and exclusion criteria as the target trial. The
BIDMC weaning ventilation protocol precludes weaning in case of an active uptitration of
vasopressors, but weaning is at providers discretion in any other situation regarding the
vasopressors dose (E-Table 2).

In this trial, we compared four a priori strategies based on time from vasopressor discontinuation
to weaning or dose of vasopressors at the time of weaning: (1) the delayed strategy: weaning at
any time if vasopressors have been discontinued for more than 24h; (2) the early strategy:
weaning at any time if vasopressors have been discontinued for 24h or less, (3) the low-dose
strategy: weaning at any time while patients are receiving a vasopressor dose of 5 pg/min or less;
and (4) the high-dose strategy: weaning at any time while patients are receiving a vasopressor

dose greater than 5 pg/min.

Time Zero

For the emulated trial, we set time zero as the time point at which mechanical ventilation was
weaned following a continuous period of only assisted mode ventilation. To allocate patients to
each treatment strategy, we considered whether they received vasopressor infusions at that time,
as well as the total vasopressor dose in the norepinephrine-equivalent dose [17] or the time since

their last infusion was discontinued.
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Outcomes

The outcomes were defined a priori. The primary outcome was weaning failure by day 7 after
weaning, defined as reintubation or death. [18]

Secondary outcomes included in-hospital mortality, 30-day mortality, 28-day ventilator-free days
[19], length of ICU stay, length of hospital stay, and total mechanical ventilation duration after

the first episode.

Causal model and data analysis

Primary analysis

To assess the causal effect of each of the four treatment strategies for an individual, we need to
estimate the contrast of the counterfactual outcomes of each treatment strategy, i.e., what would
have been the outcome of that individual if they had received the treatment versus if they had not
received the treatment.

Typically, we cannot estimate individual causal effects because for each individual, only one of
the counterfactual outcomes is observed. Nonetheless, we can estimate the average causal effects
here as a causal risk difference; the difference in the mean outcome had everyone been treated
with one strategy minus the mean outcome had everyone been treated with another strategy.

As no relevant randomized trial is available to answer our question of interest, we need to
analyze observational data.

To use real-world data to make inferences, we must satisfy three main assumptions as the
treatment assignment is not randomized. [20]

1) Positivity: the probability of receiving every treatment value for each individual must be
positive; that is, greater than zero. Consequently, observational data cannot be used to emulate

treatment strategies that do not exist in the real word: the target trial must be a pragmatic trial.
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2) Consistency: the values of treatment strategies under comparison correspond to well-defined
interventions that, in turn, correspond to the versions of treatment in the data.

3) Exchangeability: for an observational study to be seen as a conditionally randomized
experimental study, we must assume exchangeability in our population. In a randomized
controlled study, distribution of covariates in each treatment group are identical, which is not
true in an observational study. To address these confounding issues, we identified a sufficient
adjustment set of covariates related to both the treatment and the outcome, based on a priori
knowledge and clinical expertise by constructing a causal direct acyclic graph (E-Figure 2,

www.dagitty.net [21] ), and collected the variables according to our proposed hypothesis of the

data-generating mechanism.

To estimate the causal effect and adjust for confounding, we used a double robust machine-
learning algorithm introduced by Athey et al. [14], called the causal forest.

This algorithm is derived from the random forest algorithm, an ensemble machine learning
method [15], which uses a combination of predictions made by individual trees, built on a
random subset of data.

Causal trees use different criteria than those usually employed, such as the mean square error, to
maximize the heterogeneity of the treatment effect at each split.

The causal forest is grown to estimate weights, for each observation integrating the difference
between the observed outcome and its predicted effect and the propensity score while optimizing
an objective function called R-learner [16].

Finally, this specific approach to growing the forest and the type of sample splitting used, called
honesty [17], allows for an unbiased estimation of the conditional average treatment effect
(CATE), or the expected difference in potential outcomes for individuals with the same covariate

values if they were to receive a specific treatment strategy versus receiving another.
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The average treatment effect, or the treatment effect over the entire population, is estimated with
the standard error through augmented inverse propensity weighting (AIPW), a double robust
estimator [18].

In summary, the CATE allows us to explore the heterogeneity of the treatment with respect to the
covariate, while the ATE gives the average treatment effect for the entire population and can be

used if one wants to apply one unique treatment strategy.

Secondary analyses

Heterogeneity of treatment effect

To summarize the output of complex algorithms, such as causal forest, we created three
subpopulations of patients based on the tercile of the predicted conditional treatment effect, as
previously described by Wager et al. [22]

We estimated the ATE for each group and tested whether the three subgroups had different
average covariate levels across the terciles of estimated CATE.

This approach allowed us to compare the ten most important covariates to represent the

heterogeneity between individuals with a high and low treatment effect.

Sensitivity analyses and missing data

Several methods of confounding adjustment were used in this emulated trial to compare the
different approaches for estimating the average causal effect of treatment in terms of risk
differences: inverse probability of treatment weighting with entropy balancing, g-formula, and
double robust methods. The details are provided in the supplementary material.

Primary analysis used the causal forest algorithm which directly incorporate a way to handle
missing values through the missing incorporated attribute criterion. This method has been
showed to generally performs at least as well as multiple imputation and it is designed for forest

based methods [23].
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As a sensitivity analysis, missing data for the selected covariates were imputed with a single
imputation algorithm, using an iterative Factorial Analysis for Mixed Data model, which allows
imputation to consider similarities between both individuals and relationships between variables

[24,25], and the methods were applied to the imputed dataset.

The bootstrap method with 1000 samples was used to estimate the 95% confidence intervals for
relevant estimates. Analyses were performed using Stata (version MP 16.0, StataCorp LLC,
College Station, TX, USA) and R Statistical Software (version 4.2.2, R Foundation for Statistical

Computing, Vienna, Austria) with the grf package [26].

RESULTS
Study population

A total of 6657 patients were included in this analysis after excluding those who underwent
surgery within 7 days prior to or after intubation (Figure 1). The analysis excluded patients who
had a code status of "Do Not Resuscitate,” "Do Not Intubate,” or "Comfort Measures Only"
before weaning, or who died on the day of the end of MV.

Patient characteristics at baseline are summarized in Table 1.

Of the 6657 included patients, 2745 (41.2%) followed the delayed strategy, with an average
duration of initial and weaning phases of MV of 211 h, whereas 2257 (33.9%) followed the early
strategy, with an average duration of early and weaning phases of MV of 73 h. For the strategies
involving continuous administration of vasopressors, 1036 (15.6%) patients received a low-dose
of vasopressors at weaning, with an average duration of initial and weaning phases mechanical
ventilation of 80 h. Additionally, 619 (9.3%) patients were extubated while receiving a high-dose
of vasopressors, with an average duration of initial and weaning phases MV of 78 h. The
overlap and positivity assumption were respected, with no probability of being treated too close

to zero or one, ensuring that we can meaningfully compare patients in each treatment strategy as
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each patient has a non-null probability of being in every strategy (E-Figure 3). An acceptable
balance between the main covariates included in the model was obtained after weighting by the

causal forest (E-Figure 4).

Primary analysis

The delayed ventilation weaning strategy presented the lowest risk of the primary composite
outcome of weaning failure defined as death or reintubation by day 7, compared to the other
strategies, all of which exhibited a positive risk difference (RD). (Figure 2)

The estimated excess cases of death or reintubation for the early strategy had every patient
followed this strategy compared to had everyone followed the delayed strategy was 35 (95%Cl,
14.8 to 55) per 1000 patients (RD = 0.035, 95% ClI, 0.0148 to 0.055).

For the low-dose strategy, the estimated excess cases were 30 (95% CI, 4 to 56) per 1000
patients (RD = 0.030, 95% CI, 0.004 to 0.056). The highest estimated excess cases of death or
reintubation by day 7 was in the high-dose vasopressor strategy, with a number of excess cases
of 95 (95% Cl, 60 to 130) per 1000 patients (RD =0.095, 95% CI, 0.060 to 0.130).

For the early and low-dose vasopressor strategies, this elevated risk was moderated through the
risk of reintubation, but not through the risk of death. The estimated excess cases of reintubation
by day 7 had every patient followed the early or low-dose vasopressor strategies compared to
had everyone followed the delayed strategy was 23 (95% CI, 5 to 41) and 28 (95% ClI, 3 to 53)
per 1000 patients, respectively (Figure 2). The excess risk for these two strategies compared to
the delayed strategy was not statistically significant for the risk of death, with an estimated
number of cases of 12 (95% ClI, -3 to 25) and 8 (95% ClI, -8 to 24).

The estimated excess cases of reintubation and death had every patient followed the high-dose of
vasopressor strategy compared to everyone had followed the delayed strategy was 70 (95% CI,
29 to 111) and 64 (95% ClI, 39 to 90) per 1000 patients, respectively.

Table 2 presents the weighted averages of the secondary outcomes for each strategy, with the

weights estimated with the primary outcome model.
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The mortality rate both in-hospital and by day 30 after weaning remained consistent across all
four treatment strategies (Table 2). Similarly, there was no disparity in the total duration of
mechanical ventilation, number of ventilator-free days by day 28, length of ICU or hospital stay

among the four strategies.

Secondary analyses

Conditional Average Treatment Effect (CATE) estimates

Three data-driven groups of patients, defined by their ranking in terms of predicted CATE, were
generated according to the terciles. Group Q1 was defined by a non-statistically significant risk
difference (ATE = -0.008, 95%ClI, -0.037 to 0.021). Group Q2 was defined as low excess risk
(ATE=0.040, 95%CI, 0.003 to 0.077), and group Q3 was defined as high excess risk
(ATE=0.067, 95%Cl, 0.026 to 0.108). (E-Figure 5)

The average values of the covariates for each group for the ten most important covariates in
terms of variance are shown in Figure 3.

The group of patients Q1, without increased risk for the primary outcome, was defined by a
younger age, a higher PaO2 and FiO2 set during the weaning period of ventilation, a lower dose
of vasopressor at the time of weaning, and a shorter duration of the initial phase of mechanical

ventilation.

Sensitivity analysis

The average treatment effect of each strategy compared to the delayed discontinuation strategy
(vasopressors discontinued for more than 24 h at the time of weaning) for the primary outcome
as estimated by different parametric methods as multivariable logistic regression and double
robust machine learning methods is available in Supplemental (E-Figure 6). The estimated risk
differences were consistent across all methods used, with an average low risk difference for the

early weaning strategy and a high risk difference for the high-dose strategy.
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For the low-dose strategy, most of the methods used showed a risk difference close to zero.

DISCUSSION

Contrary to our main hypothesis, the present emulated trial shows that the weaning strategy with
the lowest risk of weaning failure in a medical critically ill population is the delayed
discontinuation strategy in which vasopressors are discontinued for more than 24h before
weaning. The highest risk strategy is the high-dose strategy, in which vasopressors are
administered at doses greater than 5 pg/min, which carries an increased risk of reintubation or
death, with an estimated number of excess cases of 10 per 1000 patients (95%CI, 6 to 13)

compared to the delayed strategy.

Our results are concordant with a previous study by Zarrabian et al. [9], who showed a higher
risk of reintubation and death with a vasopressor dose greater than 0.1 pg/kg/min, which may
probably preclude the use of this strategy in a medical population.

Our study adds to this by demonstrating that the excess risk in the early discontinuation strategy
(in which vasopressors are discontinued for less than 24 h before weaning) and the low-dose
strategy (in which vasopressors are administered at dose less than 5 pg/min) is mainly driven by
the excess risk of reintubation and not death with a modest effect size (Figure 2), and no
significant effect on longer-term exploratory outcomes (Table 2).

In an effort to explore the heterogeneity of the treatment effect, this emulated trial shows that
there is no excess risk of weaning failure and a shorter duration of MV in younger patients with
higher values of arterial pressure in oxygen, lower doses of vasopressors, and shorter duration of
MV in the initial phase of ventilation. We found an increased risk of weaning failure across all
causal inference methods (Figure 2, E-Figure 6) in patients in whom vasopressors were
discontinued less than 24h before weaning (“early strategy”). In the present emulated trial, we

enrolled high risk medical patients with a high Elixhauser comorbidity score and with a 40% rate
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of congestive heart failure and chronic respiratory disease (Table 1). Extubating these patients
shortly after having discontinued the vasopressors may have exposed them to a suboptimal
weaning process including weaning induced pulmonary edema due to concomitant switch from

positive to negative pressure ventilation and cardiovascular changes. [10,27,28]

We observed that patients within the highest risk of weaning failure group received higher doses
of vasopressors during the first four days of MV. (Figure 3)

Although there is a lower risk of weaning failure in the delayed vasopressor discontinuation
strategy, it is associated with a longer duration of MV (Table 1), potentially balancing the overall
benefit relevance of that strategy (Figure 3).

Every factor that can shorten the initiation of weaning, such as early weaning with low-dose
vasopressors, might improve weaning success in selected patients. In a prospective observational
multicenter study for instance, Pham et al. showed that only 65% of patients were successfully
weaned from ventilation on day 90 and that delayed initiation of weaning was associated with
weaning failure. [31] Future randomized controlled trials may focus on the safety of weaning
patients with low-dose vasopressors at the time of weaning and its effect on the total duration of

MV.

The present emulated trial has several limitations. First, our results to infer causation are only as
robust as the unconfoundness assumption that we made, despite our efforts to include and control
for every potential confounder available. We used double robust machine learning methods to
gain robustness against misspecification of one of the two models, the propensity model, or the
outcome model. The target trial emulation allows us to get as close as possible to a randomized
controlled study by avoiding several pitfalls of observational studies [32], and the machine
learning method used can better capture complex patterns or relationships in the large space of
available covariates [33]. Second, our emulated trial was specifically designed to answer the

question on the causal treatment effect of the four strategies on the primary composite outcome
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of reintubation or death by day 7. Therefore, the interpretation of secondary outcomes is
exploratory.

Third, although the patients were admitted to different ICUs in the same hospital, this emulated
trial was conducted in a single large academic hospital and may lack generalizability.

We believe that our findings provide important insights, as this is the largest available cohort of
medical critically ill patients, with access to most of the variables in our confounder model with
high granularity of data and a study design aimed at estimating a causal treatment effect.

Our findings have implications for future randomized controlled trials to ensure a good
equipoise. Despite a small effect on the risk of reintubation, the low vasopressor dose strategy
may be considered as a potential best deal strategy since it was associated with a much shorter
duration of mechanical ventilation than the delayed vasopressor discontinuation strategy. These
future trials may focus on strategies in which the dose of vasopressors at the time of weaning is
minimal and avoid a short delay between the discontinuation of vasopressors and weaning.
Identifying optimal management of vasopressors during the period of weaning from mechanical
ventilation should be seen as a global effort to personalize care, as this could provide tools to

select patients who are eligible for early weaning of MV, to reduce harm of prolonged MV [34].

CONCLUSION

In conclusion, the present emulated trial shows that the weaning strategy with the lowest risk of
weaning failure is the delayed discontinuation strategy in which vasopressors are discontinued
for more than 24h before weaning, and not the low-dose strategy.

Nonetheless, there is heterogeneity in the effect of the low-dose strategy, which may be safe in
selected patients. The high-dose strategy should be avoided as it may lead to an increased risk of
weaning failure.

This emulated trial may inform future randomized trials, that could assess the potential reduction

in the duration of mechanical ventilation with the low-dose vasopressor strategy.
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FIGURES

Figure 1. Flowchart

14601 adult patients admitted to ICU at Beth Israel Deaconess Hospital from
2008 to 2022 receiving vasopressors at some point during mechanical ventilation

for more than 12h

9148 patients having a continuous weaning period before extubation

2491 patients excluded:

——®| 246 patients: Death on the day of extubation
96 patients: DNI or DNR at some poimnt during their stay
2149 patients: Surgery occurred 7 days before/after intubation

¥

6657 patients included in the primary analysis
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Figure 2. Comparison of the three vasopressors discontinuation strategies to the delayed
strategy (baseline) in term of risk difference, with 95% confidence interval

Average treatment effect of the three strategies compared to the delayed strategy (baseline) on

the primary composite outcome (weaning failure defined as death or reintubation by day 7):

Delayed strategy (baseline): vasopressors discontinued for more than 24 hours at the time of

weaning

Early strategy: vasopressors discontinued for 24 hours or less at the time of weaning

Low-dose strategy: vasopressors at a dose of 5 pg/min or less at the time of weaning

High-dose strategy: vasopressors at a dose greater than 5 ug/min at the time of weaning

Strategy compared  Primary Outcome

Early —
Low Dose -
High Dose .
I 1 T
-0.05 0.05 0.1

<+ >

Favours strategy Favours baseline

Reintubation

I I
-0.05 0.05 0.1

<+ >

Favours strategy Favours baseline

Death

I I
-0.05 0.05 0.1

<+ >

Favours strategy Favours baseline
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Figure 3. Heatmap of average value of covariates according to tercile of conditional

average treatment effect (CATE) group

The ten most important variables in term of their variation are shown. The variation of a
covariate reflects how much the average value of a covariate changes relative to its overall
variation in the data.

Colors are assigned according to where the subgroup’s mean value lands on the standardized

empirical distribution of its variable: (x - mean(x))/sd(x)

Tidal Volume for weaning phase of ventilation, mL
Duration of early phase of ventilation, h
Pa0O2, mmHg

FiO2 for weaning phase of ventilation, % scaling

Age, years 0.7

) o 0.5
Tidal Volume for early phase of ventilation, mL

0.3

RSBI (Median)
Average vasopressor dose, pg/h

FiO2 for early phase of ventilation, %

RSBI (Last Reading) :I::_; (4(.)546) -

Qi Q2 Q3
CATE estimate ranking

43



Table 1. Demographic and physiologic characteristics of the patients

Age, years
Sex

Female
Male

Body Mass
Index, kg/m?

Total Elixhauser
Score
Congestive Heart
Failure

Chronic
Pulmonary
Disease

Obstructive Sleep
Apnea Syndrome

Obstructive Lung
Disease

Restrictive Lung
Disease

Smoking Status

64 £ 15

2707 1 6657
(41)
3950 / 6657
(59)
29+8

21+13

2709/ 6643
(41)
2363 /6643
(36)

1097 / 6657
(16)
2072 / 6657
(31)
381/ 6657 (6)

3178/ 6657
(48)

62 £ 16 65 £ 15

1157/ 2745 (42) 911/ 2257 (40)

1588 / 2745 (58) 1346 / 2257 (60)
30+9 29+7
21+13 20+13
942 /2740 (34) 936/ 2253 (42)
954 /2740 (35) 798/ 2253 (35)
4532745 (17) 353 /2257 (16)
852/2745 (31) 704 /2257 (31)
166 /2745 (6) 124/ 2257 (6)

1207 / 2745 (44) 1127 / 2257 (50)

65 £ 15

424 11036 (41)
612 / 1036 (59)
28+7
23+13
507 / 1032 (49)

375 /1032 (36)

170/ 1036 (16)
319/1036 (31)
57 /1036 (6)

507 / 1036 (49)

65+ 14

215/ 619 (35)
404/ 619 (65)
30+8
24 +13
324618 (52)

236/ 618 (38)

121/ 619 (20)
197 /619 (32)
341619 (6)

3371619 (54)

Total Sequential
Organ Failure
Assessment
(SOFA) Score

Overall APACHE
Score

Fluid balance for
the first 4 days of
MV, mL

Average
vasopressor dose
in NED for the
first 4 days of
MV, pg/min

11+3

25%7

-1164 + 6303

3.72£6.03

11+3 11+3
267 25+6
-1562 £ 6731 -1024 = 5700
3.55+6.13 2.93+5.08

11+3

24+6

-1060 + 6024

3.92+5.78

12+3

26+ 6

-16 £ 6721

7.07 £7.82
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Initial Phase 91 +142 147 + 184 51+79 55+ 90 52 +81
Ventilation
Duration, hours
Median
Pa0,/FiO, Ratio
> 400 1108 / 4895 386 /2024 (19) 429/1684 (25) 184/741(25) 109/ 446 (24)
(23)
300-399 908 /4895 (19) 336/2024 (17) 329/1684 (20) 150/ 741 (20) 93/ 446 (21)
200-299 1364 / 4895 548 /2024 (27) 470/1684(28) 210/741(28) 136/ 446 (30)
(28)
100-199 1164 / 4895 543 /2024 (27) 374/1684 (22) 155/741 (21) 92 / 446 (21)
(24)
<100 351/4895(7) 211/2024 (10) 82 /1684 (5) 42 /741 (6) 16 /446 (4)
Median Positive
End-Expiratory
Pressure (PEEP), 6.8 +2.7 73+3 6.4+2.4 6.3+2.3 6.4+2.3
cmH20
Median Driving 11.8+32 121+32 11.6+32 116+3.1 11.6+3.0
Pressure, cmH20
ieler e 429 + 66 423 + 67 434 + 66 430 + 67 438 + 61
Volume, mL
Median
Respiratory Rate, 19+45 195+48 186+4.4 18.4+4.2 19.1+41
breaths/min
Median Fraction
of Inspired 45 +11 45 +10 46 +£11 46 +£11 47 £12
Oxygen (FiO2)
Total SOFA 10+4 10+ 3 10+ 3 11+3 12+3
Score
Weaning Phase
Ventilation 40 +£59 64 + 76 22 +31 25 + 39 26 + 40
Duration, hours
Median
Pa0,/FiO, Ratio
> 400 586 /4023 (15) 221/1559(14) 195/1391(14) 104/653 (16) 66 / 420 (16)
300-399 1065 / 4023 374 /1559 (24) 366/1391 (26) 202/653 (31) 123/420 (29)
(26)
200-299 1517 / 4023 591/1559 (38) 531/1391(38) 228/653(35) 167/420 (40)
(38)
100-199 803 /4023 (20) 344/1559 (22) 285/1391(20) 112/653(17) 62 /420 (15)
<100 52 /4023 (1) 29 /1559 (2) 1471391 (1) 71653 (1) 21420 (1)
Median Positive 5.3+1.8 56+19 51+17 51+1.6 52+1.7
End-Expiratory
Pressure (PEEP),
cmH20
Median Tidal 471 +131 461 + 126 480 + 135 462 + 127 496 + 139
Volume, mL
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Median Fraction
of Inspired
Oxygen (FiOy)

Median
Richmond
Agitation-
Sedation Scale
(RASS) Score

407

-1+1

Median Lactate,
mmol/L

Median Arterial
Blood pH

Median Partial
Pressure of
Oxygen (PaOy),
mmHg

Median Partial
Pressure of
Carbon Dioxide
(PaCO;), mmHg

1.7+0.95

7.40 +£0.06

126 + 46

417

1.46 +£0.74

7.41+0.06

114 + 35

1.76 £ 0.99

7.39+£0.06

131 +50

1.89 + 0.96

7.39+0.05

137 £ 55

2.03+1.19

7.37 £0.05

131 +48

407

IMean +SD; n/
N (%)



Table 2. Secondary outcomes adjusted through inverse probability of treatment weighting

Day 30 mortality 13.4 14.5 13.1 12
(12.2-14.6) (13.4-15.7) (12-14.3) (10.8-13.3)
In hospital mortality 11.7 13 11.7 10.5
(10.6-12.9) (12-14.1) (10.7-12.9) (9.4-11.8)
Length of ICU stay, days 4.9 5.4 5.2 5
(4.7-5.2) (5.1-5.7) (4.9-5.4) (4.7-5.3)
Length of hospital stay, days 135 14.7 144 14
(13.0-14.1) (14.1-15.4)  (13.7-15.2)  (13.3-14.8)
Duration of post weaning 1.1 1.4 1.4 1.3
mechanical ventilation, (0.9-1.2) (1.3-1.6) (1.2-1.5) (1.2-15)
days
Day 28 Post weaning 184 18.3 18.8 19.2
ventilator-free days (17.9-18.9) (17.8-18.7)  (18.3-19.3) (18.7-19.7)
Mean + SD; n/ N (%) (95%
(95%Cl)
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E-Figure 1: Definition of the initial and weaning phases of mechanical ventilation.

Each mode of ventilation was assessed and categorized into a controlled mode of ventilation or
an assisted mode of ventilation according to the type of ventilation.

The weaning phase of mechanical ventilation was characterized by the first period of continuous
assisted ventilation ending with weaning. For each phase, respiratory parameters were collected,
and the median value was computed for every patient. The median value and last value recorded

were retrieved for the Rapid Shallow Breathing Index (RSBI).
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E-Figure 2: Directed cyclic graph (DAG) of the confounder model. (Made with DAGitty V3.0)

Blue is the outcome: weaning failure defined as reintubation by day 7 or death. Green is the
exposure. Red are confounders variables, related to the exposure and the outcome and that

should be controlled for in the analysis. Grey are unmeasured variables.
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E-Figure 3: Overlap assumption and density of propensity scores

To estimate the treatment effect for a person with specific values for the set of covariates, we
need to ensure that we are able to observe treated and untreated people with those same
characteristics so that we can compare their outcomes. The overlap assumption states that at
every point of the covariate space we can always find treated and control individuals. In other
words, the probability of being treated, the propensity scores, should not be too close to zero or
too close to one for the majority of patients. This is fundamental to estimate the causal effect of a
treatment strategy, to have been observed in comparable settings, i.e., comparable values of

covariates.

Estimated propensity scores (causal forest)
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E-Figure 4: Love plot of covariates balance for selected covariates

Absolute standardized mean differences for the main covariates of the confounder model are
shown for the four studies strategies, before and after weighting with stabilized weights,
computed as the inverse of the propensity score estimated through the causal forest model. A
vertical dashed line represents a standardized mean difference of 0,10.

1. Delayed vasopressors discontinuation strategy (discontinuation for at least 24h before
weaning)

2: Early vasopressors discontinuation strategy (discontinuation for 24h or less before weaning)

3: Low-dose vasopressors strategy (patients receiving vasopressors at a dose less than 5ug/min at
the time of weaning)

4: High-dose vasopressors strategy (patients receiving vasopressors at least a dose of 5ug/min at

the time of weaning)
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E-Figure 5: Average Treatment Effect (ATE) according to terciles of the Conditional Average

Treatment Effect (CATE)

To assess heterogeneity across subgroups, we split the data into groups based on terciles of the
predicted treatment effect. We then compute the average treatment effect through averaging
double robust scores to obtain the Augmented Inverse Propensity Weighted (AIPW) Average
Treatment Effect. Asymptotically, the average estimates of the treatment effect should be

monotonic for a large enough sample size.

Average CATE within each ranking (as defined by predicted CATE)

0.08

0.04 [ ]

-0.04 S S

Ql Q2 Q3
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E-Figure 6: Risk differences as estimated by several causal inference methods compared to

baseline (delayed strategy) for early, low-dose and high-dose strategy

As a sensitivity analysis, several methods of confounding adjustment were used in this emulated
trial to estimate the average causal effect of treatment in terms of risk differences.

First, we used inverse probability weighting to create a pseudo-population by weighting each
individual using the inverse of the conditional probability of receiving the treatment strategy that
they actually received.

By computing the difference in IP weighted averages of the outcomes in the treated and
untreated populations, we can consistently estimate the average causal effect.

This allowed us to adjust for confounding factors by balancing the covariates between the treated

and untreated populations. [1]

We used entropy balancing [2] to achieve a good balance for each treatment strategy, as this
allowed us to adjust the different moments of the covariate distribution in each group: mean,
standard deviation, and skewness.

The next step in estimating the average causal effect was to use the g-formula [3] to avoid a
biased estimate built only on the treatment assignment model.

This involves specifying a model for the outcome as a function of treatment, covariates, and
previously calculated weights. Then, for each individual, we compute their predicted values of
the outcome setting their treatment status to treated, and then again for control, leaving us with
two predicted outcome values for each unit, which are estimates of the potential outcomes under
each treatment level. [4] The difference between the average of each prediction in each
population, treated and untreated, is the estimate of the treatment effect, shown here as a causal
risk difference.

Several models were compared for the outcome model: a logistic regression model, with and

without interaction between the treatment and the covariates.
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The pitfalls of this IPW and G-formula approach are the high variance of the estimates and
possible model misspecification that can lead to a biased estimate. New methods were developed
to address these concerns, as proposed by Robins et al [5] with augmented IPW or doubly robust
methods.

The doubly robust methods, by considering a model for the treatment assignment and the
outcome, dispose of better statistical characteristics, and are proven to be robust to either a
treatment assignment model misspecification or to an outcome model misspecification.

Doubly robust methods are also more flexible from a modelling point of view, as they allow the
use of modern machine learning methods that are able to capture non-linear relationships in the
data.

Finally, we used the Augmented Inverse Propensity Weighted (AIPW) estimator through
estimates of the causal forest model, with and without imputation of the dataset. To assess the
robustness of the weights generated through the inverse of the propensity score, we used the

causal forest model with the entropy balancing weights.
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Abbreviations list

DR-GLM: Double Robust Method with Generalized Linear Model (Logistic Regression)
DR-GLM-Int: Double Robust Method with Generalized Linear Model (Logistic Regression)
AIPW-RF: Augmented Inverse Propensity Weighted — Random Forest (For treatment and
outcome models)

CausalForest: Causal Forest model and AIPW estimator with FAMD imputation
CausalForestNolmp: Causal Forest model without imputation of the dataset

IPW-CausalForest: Causal Forest model with entropy balancing weights for the treatment model
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ETable 1: Target trial and emulated trial components
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Eligibility Inclusion criteria: Same as for the target trial
criteria
- Adult patients admitted to ICU, mechanically
ventilated during their stay for more than 12
hours and receiving vasopressors at any point
during mechanical ventilation
Exclusion criteria:
- DNI/DNR/CMO code status at any point during
ICU stay
- Surgery occurred a week before or a week after
ICU intubation
- Death occurred the same day as weaning
Treatment 1. Weaning at any time if patients have been Same as for the target trial
Strategies weaned from vasopressors for more than 24
hours.
2. Weaning at any time if patients have been
weaned from vasopressors for 24 hours or less.
3. Weaning at any time while patients are receiving
a vasopressor dose of 5 pg/min or less.
4. Weaning at any time while patients are receiving
a vasopressor dose greater than 5 pg/min.
Assignment Participants are randomly assigned to a strategy and We assume randomization
physicians are aware of their assigned strategy. conditional on the pre-specified
baseline covariates adjustment
via double robust methods
Follow-up For each eligible individual, follow-up begins at Same as for the target trial
assignment (weaning time) and continues until
development of the outcome of interest (including
death), discharge from hospital, or end of study at 7
days, whichever occurs first.
Outcome Reintubation or death in the 7 days following Same as for the target trial
weaning
Causal contrasts Intention-to-treat effect Observational analogue of the
Per-protocol effect per-protocol effect
Data analysis Intention-to-treat analysis Same as for the target trial per-
Per-protocol analysis protocol analysis
We use Augmented Inverse
Propensity Weighting (AIPW)
to estimate the average
treatment effect.

DNI: Do Not Intubate, DNR: Do Not Resuscitate, CMO: Comfort Measure Only
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E-Table 2: Extract from BIDMC Weaning Protocol Guidelines

The use of sedatives and vasopressors does not specifically contraindicate weaning attempts.

If the patient meets the above criteria, a spontaneous breathing trial (SBT) is performed.

All failed and deferred SBTs should be re-screened and repeated later in the day.

The SBT should be continued for a maximum of 30 min unless ordered otherwise.

PEEP less than or equal to 10 cmH20

Successful completion of SBT

SpO2 greater than 90% at FiO2 less than 0.60

Effective clearance of secretions

pH greater than or equal to 7.35

Adequate airway protection

No active ectopy/ischemic changes have occurred.

Confirmed with MD and POE order in place

MD: Medical Doctor. POE: Physician’s Order Entry.
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» En présence des Maitres de cette école, de mes chers condisciples et
devant [effigie d’Hippocrate, je promets et je jure, au nom de ['Etre
supréme, d'étre fidele aux lois de [honneur et de la probité dans
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> Respectueux_ (se) et reconnaissant (e) envers mes Maitres, je rendrai a
leurs enfants ['instruction que jai recue de leurs péres.

» Que les hommes m'accordent leur estime si je suis fidéle a mes
promesses. Que je sois couvert (e) d’opprobre et méprisé (e) de mes
confréres sij'y manque.
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RESUME

Introduction :

Le sevrage de la ventilation mécanique des patients est un moment clé du séjour en
réanimation. Dans une population mixte de patients médicaux et chirurgicaux, une étude
rétrospective a montré que I'extubation avec une faible dose de vasopresseurs (définie comme
une dose inférieure a 0.1 pg/kg/min) était associée a une mortalité diminuée et a une durée de
séjour en service de réanimation plus courte en comparaison avec des patients extubés hors
traitement vasopresseur. Nous avons réalisé un essai clinique émulé visant a comparer quatre
stratégies de sevrage des vasopresseurs chez des patients médicaux adultes admis en
réanimation et bénéficiant d'un sevrage de la ventilation mécanique. Notre hypothése principale
était que la stratégie de sevrage de la ventilation mécanique avec une faible dose de
vasopresseurs dans une population de patients médicaux était a plus faible risque d'échec
d’extubation.

Méthodes : Nous avons réalisé un essai émulé avec des données de patients admis dans les
unités de réanimation du Beth Israel Deaconess Medical Center, Harvard Medical School,
Boston, USA de Janvier 2011 a Juin 2022. Nous avons comparé quatre stratégies d'arrét des
vasopresseurs pendant le sevrage de la ventilation mécanique : sevrage tardif (vasopresseurs
arrétés depuis 24 heures ou plus au moment de I'extubation), sevrage précoce (vasopresseurs
arrétés depuis moins de 24 heures au moment de I'extubation), sevrage avec faible dose de
vasopresseurs (a une dose de 5 pg/min ou moins), et sevrage avec forte dose de vasopresseurs
(2 une dose supérieure a 5 pg/min). L'échec d’extubation était défini comme le déces ou la
réintubation avant le 7°™ jour post extubation et constituait le critére de jugement principal.

Résultats :

La stratégie de sevrage précoce générait un nombre de cas excédentaires d’échec d’extubation
de 35 (IC95%, 14,8 a 55) pour 1000 patients (Différence de Risque (DR) = 0,035, IC a 95%,
0,0148 a 0,055), comparativement a la stratégie de sevrage tardive. Pour la stratégie
d’extubation avec une faible dose de vasopresseurs, les cas excédentaires d’échec d’extubation
étaient estimés a 30 (IC a 95%, 4 a 56) pour 1000 patients (DR = 0,030, IC95%, 0,004 a
0,056). Le nombre de cas excédentaires estimés le plus élevé d'échec d’extubation se trouvait
dans la stratégie d’extubation avec haute dose de vasopresseur, avec un nombre de cas
excédentaires estimé a 95 (IC95%, 60 a 130) pour 1000 patients (RD = 0,095, IC95%, 0,060 a
0,130).

Conclusion : Cet essai émulé montre que la stratégie la plus slre pour limiter le déceés ou la
réintubation a J7 est d'attendre au moins 24h aprés l'arrét du vasopresseur pour procéder a
I'extubation. Dans une population de patients médicaux, la stratégie de sevrage de la ventilation
mécanique avec une faible dose de vasopresseurs a montré un modeste surrisque d’échec
d’extubation, mais est associé a une durée globale plus courte de ventilation mécanique. Cet
essai émulé pourrait guider la conception de futurs essais randomisés, lesquels pourraient
évaluer la réduction potentielle de la durée de la ventilation mécanique grace a la stratégie de
sevrage de la ventilation mécanique avec une faible dose de vasopresseurs.

SPECIALITE : Médecine intensive-réanimation
MOTS-CLES

Inférence causale, Ventilation mécanique, Sevrage, Vasopresseurs, Essai ciblé
émulé
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