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1. Introduction

Invasive mechanical ventilation is a cornerstone of

but

contemporary critical care,

translaryngeal intubation carries a well-recognized

burden of complications, including laryngotracheal

injury, sinusitis, patient

sedation requirements and an increased risk of

discomfort,

ABSTRACT

Background: Tracheostomy is among the most frequently performed
procedures in the intensive care unit (ICU), yet the optimal timing relative to
the onset of invasive mechanical ventilation remains contested. This study
aimed to provide an updated quantitative synthesis of randomized controlled
trials (RCTs) comparing early versus late tracheostomy in critically ill adults,
incorporating the two most recent landmark trials.

Methods: PubMed was systematically searched, supplemented by reference-
list screening, for RCTs comparing early with late tracheostomy in
mechanically ventilated adults. Study selection and data extraction were
performed independently and in duplicate. Risk of bias was appraised with
the Cochrane RoB 2 tool and the certainty of evidence with the GRADE
framework. Dichotomous outcomes (all-cause mortality, ventilator-associated
pneumonia [VAP]) were pooled as risk ratios (RR); continuous outcomes
(duration of mechanical ventilation, ventilator-free days) as standardized
mean differences (SMD, Hedges’ g), using a DerSimonian-Laird random-
effects model.

Results: Nine RCTs enrolling 2,500 critically ill adults were included. Early
tracheostomy was not associated with reduced all-cause mortality (RR 0.88,
95% CI 0.70-1.09; p=0.24; 1>=58.9%; prediction interval 0.48-1.59; seven
trials; moderate certainty). A non-significant trend towards fewer VAP episodes
was observed (RR 0.67, 95% CI 0.42-1.05; p=0.08; 1?=71.0%; four trials; low
certainty). Early tracheostomy showed non-significant tendencies towards a
shorter duration of mechanical ventilation (SMD -1.38, 95% CI —-3.44 to 0.68;
12=97.2%) and more ventilator-free days (SMD 0.20, 95% CI -0.07 to 0.47).
Leave-one-out and Hartung-Knapp-Sidik-Jonkman analyses confirmed the
robustness of the neutral mortality finding.

Conclusion: In critically ill adults requiring prolonged mechanical ventilation,
early tracheostomy did not significantly reduce mortality and conferred, at
most, modest and uncertain benefits on VAP and ventilation-related resource
use. Timing should remain an individualized clinical decision rather than a
uniform protocol.

ventilator-associated pneumonia (VAP). Tracheostomy
was developed, in part, to mitigate these hazards by
prolonged providing a more secure and comfortable airway,
facilitating pulmonary toilet, reducing dead space and
anatomical resistance, and enabling earlier liberation
heightened from sedation.! As a consequence, tracheostomy has
become one of the most commonly performed surgical
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procedures among ventilated patients in the ICU;
approximately one in ten patients who require
mechanical ventilation, and a far higher proportion of
those who require it for more than one week, ultimately
undergo tracheostomy.! The percutaneous dilatational
technique has progressively supplanted the open
surgical approach at the bedside owing to its speed,
lower cost and comparable safety profile, and its
widespread adoption has made the question of timing
more pressing still, because the procedure can now be

performed rapidly and early in the ICU course.!

Despite the ubiquity of the procedure, the question
of when a tracheostomy should be performed has
remained one of the most enduring controversies in
intensive care medicine. Proponents of an early
strategy argue that performing tracheostomy within
the first few days of ventilation shortens the cumulative
exposure to the endotracheal tube, thereby reducing
airway trauma, sedation load and, potentially, the
incidence of VAP, while accelerating weaning and ICU
discharge. Advocates of a more conservative, late
strategy counter that a substantial proportion of
patients recover and are extubated before a
tracheostomy would ever become necessary, so that an
early policy inevitably exposes a number of patients—
and a sizeable number, in practice—to an invasive
procedure and its attendant bleeding, stomal infection

and tracheal stenosis, from which they would not have

benefited.

Over the past two decades, a series of RCTs has
attempted to resolve this question, ranging from small
single-center studies in selected populations to large
pragmatic multicenter trials in general critical care.
These trials have produced strikingly heterogeneous
results: whereas some early single-center studies
reported dramatic reductions in mortality and
pneumonia with an early approach,? the larger and
more rigorously conducted multicenter trials have
generally failed to demonstrate a survival benefit.34
This discordance has, in turn, generated a crowded
landscape of systematic reviews and meta-analyses,
several of which reached conflicting conclusions and at
least one of which was retracted and subsequently
republished with materially different, and attenuated,

effect estimates.5

Two recent landmark trials have meaningfully
changed the evidence base. A large randomized trial in
patients with severe stroke compared an early
tracheostomy strategy with a standard approach and
assessed functional outcome at six months,® while a
multicenter trial in patients with coronavirus disease
2019 (COVID-19) examined the timing of tracheotomy
during the pandemic surge.? Both trials post-date the
majority of earlier pooled analyses, and their inclusion
is essential for any contemporary appraisal of the
question. The continued emergence of new data, the
persistent clinical equipoise and the methodological
limitations of previous syntheses together justify an

updated, RCT-restricted quantitative synthesis.

The novelty of this study lies in providing an
updated, randomized-evidence-only meta-analysis of
tracheostomy timing in critically ill adults that, for the
first time, integrates the two most recent landmark
trials—in severe stroke and in COVID-19—within a
single coherent random-effects framework; that
appraises dichotomous and continuous outcomes in
parallel; that incorporates a pre-specified subgroup
analysis according to the percutaneous dilatational
technique; and that explicitly quantifies the residual
uncertainty through a prediction interval, leave-one-
out and alternative-variance sensitivity analyses, and
a structured GRADE certainty assessment. The
specific incremental contribution of this work, beyond
the confirmation of earlier syntheses, is therefore the
formal incorporation of the contemporary trials
together with a transparent characterization of how
much, and why, uncertainty persists. The aim of this
study was to determine whether early tracheostomy,
compared with late tracheostomy, reduces all-cause
mortality and ventilator-associated pneumonia and
shortens the duration of mechanical ventilation in
critically ill adults requiring prolonged mechanical

ventilation.

2. Methods

2.1. Protocol and reporting

This systematic review and meta-analysis was
conducted and reported in accordance with the
Preferred Reporting Items for Systematic Reviews and

Meta-Analyses (PRISMA) 2020 statement.8 The review
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question was framed using the Population-
Intervention—-Comparator—-Outcome (PICO) structure:
in critically ill adults requiring prolonged invasive
mechanical ventilation (P), does early tracheostomy (),
compared with late tracheostomy or prolonged
intubation (C), improve mortality, VAP and ventilation-
related outcomes (O). Only RCTs were considered
eligible. The eligibility criteria, outcomes and analysis
plan were defined a priori and fixed before data

extraction commenced.

2.2. Search strategy
The PubMed/MEDLINE

systematically searched from inception. The search

database was

combined controlled vocabulary and free-text terms for

the intervention, the population and the study design.

The core Boolean string was:
("tracheostomy"[MeSH Terms] OR "tracheotomy"[MeSH
Terms] OR tracheostomy(tiab] OR tracheotomy/tiab]) AND
(earlyftiab] AND (late[tiab] OR delayed|tiab] OR
prolongedftiab] OR timing[tiab])) AND ("critical illness"[MeSH
Terms] OR "critically ill"[tiab] OR "intensive care"[tiab] OR
"mechanical ventilation'[tiab] OR "respiration,
artificial"[MeSH Terms]) AND ("randomized controlled
trial"[Publication Type] OR randomized|tiab] OR
randomised|tiab)).

To mitigate the limitation inherent in relying on a
single bibliographic database, the reference lists of all
retrieved trials and of every previous systematic review
and meta-analysis on the topic were screened
manually to identify additional eligible studies; this
backward-citation approach captured the full set of
major randomized trials in the field, and no eligible
RCT identified in any prior synthesis was missing from
our set. No language restriction was applied at the
screening stage, although all finally included trials
were reported in English. We acknowledge that a multi-
database search would be preferable for a definitive

synthesis, and this point is revisited in the limitations.
2.3. Eligibility criteria

Studies were eligible if they: (1) were RCTs; (2)
enrolled critically ill adults (218 years) receiving, or
anticipated to require, prolonged invasive mechanical
ventilation; (3) compared a clearly defined early

tracheostomy strategy with a late tracheostomy or

prolonged intubation strategy; and (4) reported at least

one outcome of interest. Studies were excluded if they

were non-randomized or observational, were
systematic reviews, meta-analyses, narrative reviews,
editorials or conference abstracts; compared
tracheostomy techniques or airway devices rather than
timing; or were conducted exclusively in paediatric or
neonatal populations. Conference abstracts were

excluded because they typically lack sufficient
methodological detail for risk-of-bias appraisal and for
verifiable data extraction, and because their results are

frequently revised before full publication.

2.4. Study selection and data extraction

Records identified by the search were screened by
title and abstract, and potentially eligible reports were
assessed in full against the eligibility criteria. Study
selection and data extraction were performed
independently and in duplicate by the reviewers, with
disagreements resolved by discussion and consensus.
For each included trial, the following data were
extracted into a standardized spreadsheet: first author,
year of publication, country, clinical setting and
population, definitions of the early and late strategies,
the technique of tracheostomy, the number of
participants randomized to each arm, the proportion of
each arm that actually received a tracheostomy, the
precise definition and timepoint of each outcome, and
the outcome data themselves. Dichotomous outcomes
were recorded as the number of events and the number
of participants in each arm; continuous outcomes were
recorded as the mean, standard deviation and number
of participants in each arm. Where a value was not
reported in the primary publication, it was sought from
the published data tables of high-quality prior
systematic reviews, and the provenance of every such
value was documented; where a value remained
unavailable, the corresponding study did not
contribute to that particular pooled estimate. All
extracted numerical values were cross-checked against

the source records by a second reviewer.

2.5. Outcome definitions and harmonization

The primary outcome was all-cause mortality. We
recognized at the outset that the timepoint of mortality
ascertainment differed across trials—ranging from ICU
or 28-day mortality in the general critical-care and

head-injury trials, through 30-day mortality in the
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largest pragmatic trial,3 to 6-month mortality in the

severe-stroke trials-—and that mortality was a
secondary rather than a primary endpoint in the two
most recent trials, which were designed around
functional outcome and ventilation duration
respectively.6.7 The exact timepoint extracted from each
trial is reported in Table 1, and the implications of
pooling mortality measured over heterogeneous
horizons are addressed explicitly in the discussion.
Secondary outcomes comprised VAP, the duration of
mechanical ventilation and ventilator-free days; the
diagnostic criteria for VAP varied across trials and eras,
in the

a limitation that is given due weight

interpretation.
2.6. Risk of bias and certainty of evidence

The methodological quality of each included trial
was appraised with the Cochrane RoB 2 tool across its
five domains: bias arising from the randomization
process, bias due to deviations from intended
interventions, bias due to missing outcome data, bias
in measurement of the outcome and bias in selection
of the reported result. Each domain, and the overall
judgement, was rated as low risk, some concerns, or
high risk of bias. Because tracheostomy is an overt
procedure, blinding of participants and clinicians was
not feasible in any trial; the impact of this unavoidable
lack of blinding was therefore considered domain by
domain, with particular attention to the measurement
of subjective outcomes such as VAP, for which
unblinded ascertainment is a recognized source of
detection bias. The certainty of the evidence for each
outcome was additionally rated using the Grading of
Recommendations, Assessment, Development and
Evaluations (GRADE) framework, considering risk of
bias, inconsistency, indirectness, imprecision and the
possibility of publication bias, and was summarized as

high, moderate, low or very low.10

2.7. Statistical analysis

All  analyses were performed using a
DerSimonian-Laird random-effects model, chosen a
priori because clinical and methodological diversity
across populations, timing thresholds and eras was
anticipated.!! For dichotomous outcomes, effect sizes
were expressed as risk ratios (RR) with 95% ClIs;

corresponding absolute risk differences were derived

from the trial-level event data to convey the practical
magnitude of any effect. For continuous outcomes, the
standardized mean difference was computed as
Hedges’ g, which incorporates a correction for small-
sample bias, with 95% Cls. Statistical heterogeneity
was quantified using the I? statistic and the Cochran Q
test, with I? values of approximately 25%, 50% and
and high

heterogeneity, respectively.12 For the primary outcome,

75% interpreted as low, moderate
a prediction interval was derived to convey the likely
range of true effects in future settings, and this
interval—rather than the confidence interval alone—

was treated as the principal expression of uncertainty.

A pre-specified subgroup analysis compared trials
using the percutaneous dilatational technique with
those using a surgical or mixed technique; in view of
the small number of trials per subgroup, this analysis
was regarded as hypothesis-generating. The
robustness of the primary outcome was examined
through leave-one-out sensitivity analysis and by re-
estimating the pooled effect with the Hartung-Knapp-
Sidik—-Jonkman (HKSJ) variance correction.!3 Because
the continuous outcomes were informed by only two
trials each, these analyses were pre-specified as
exploratory. Small-study effects and potential
publication bias were explored solely by qualitative
visual inspection of a contour-enhanced funnel plot; no
numerical asymmetry statistic was computed, because
formal testing is unreliable when fewer than ten trials
are available.1* A two-sided p-value below 0.05 was

considered statistically significant.

3. Results

3.1. Study selection
The database search yielded 2,401 records. After

title and abstract screening, 11 randomized records on
tracheostomy timing were assessed in full, of which
two were excluded as off-topic trials comparing
tracheostomy techniques or airway devices rather than
timing. Nine RCTs, enrolling 2,500 critically ill adults,
met all eligibility criteria and were included in the
quantitative synthesis. The complete selection process
is presented in the PRISMA flow diagram in Figure 1;

as Figure 1 shows, the totals reconcile exactly with the
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nine included trials and the patient counts reported

below.

3.2. Characteristics of included studies

The characteristics of the nine included trials are
detailed in Table 1.2.3.4.6,7,15-18 Asg Table 1 shows, the
trials were heterogeneous with respect to population
and setting, spanning general medical and surgical
ICUs,

isolated severe head post-cardiac

injury,
surgery, severe stroke and COVID-19. Definitions of

the early strategy ranged from within 48 hours to

within eight days of intubation, whereas the late or
control strategy ranged from day 10 to day 16, or
comprised prolonged intubation with tracheostomy
only if still indicated. Importantly, the comparison
embodied in these trials is not strictly one procedure
against another but one management strategy against
another: in several trials a substantial proportion of
patients allocated to the late or control arm never
underwent tracheostomy at all, because they were

extubated or died beforehand.

Records identified through
database searching: n = 2,401

c
=
-]
®
=
=
-
£
[}
=

Records screened (title/abstract) and
restricted to early-vs-late tracheostomy
timing randomized trials

Records excluded: n = 2,390
(non-randomized, reviews/
meta-analyses, non-human, off-topic

Screening

Randomized records assessed
for eligibility: n = 11

Records excluded: n = 2
(off-topic trials: technique-only /
non-timing comparison)

Studies included in synthesis
n = 9 randomized trials (2,500 patients)

.

Quantitative synthesis: mortality (7 trials),
VAP (4 trials), MV duration (2 trials),
ventilator-free days (2 trials)

Figure 1. PRISMA flow diagram of study identification, screening and inclusion.

As recorded in Table 1, the proportion of the
control arm that actually received a tracheostomy was
44.9% in the largest pragmatic trial, 56.7% in the
largest pneumonia-focused trial, and 67.0% in the
severe-stroke trial, underscoring that an early policy
commits to the procedure a number of patients who
would otherwise have avoided it. Four trials used the
percutaneous dilatational technique exclusively or
predominantly, and the remainder used a surgical or
mixed approach. Sample sizes ranged from 62 to 909

participants.

3.3. Risk of bias

The risk-of-bias appraisal is displayed in Figure 2.
As Figure 2 illustrates, the two largest and most recent
multicenter trials (TracMan and SETPOINT2) were
judged to be at low overall risk of bias, reflecting
registered protocols, intention-to-treat analyses and
objective primary outcomes. Three further multicenter
trials (Blot, Terragni and Trouillet) were judged to be at
low risk in most domains but raised some concerns in
the domain of deviations from intended interventions
or selective reporting, principally because the open
influence the

nature of the intervention could
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unblinded ascertainment of softer outcomes such as
VAP. The older single-center trials (Bouderka, Rumbak
and Zheng), although randomized, raised some
concerns across several domains owing to the absence
of trial registration, limited allocation-concealment
detail and single-center conduct. No domain was rated
as conferring an unequivocally high risk of bias. A

central and unavoidable consideration, evident across

the outcome-measurement domain in Figure 2, was
that because the intervention is an overt surgical
procedure no trial could blind clinicians or outcome
assessors; this is of particular consequence for VAP,
the diagnosis of which is partly subjective, and the
possibility that the apparent reduction in VAP is at
least partly an artifact of detection bias cannot be

excluded.

Table 1. Characteristics of the nine included randomized controlled trials.

Population
/ setting

Mortality
timepoint

Control
received
trach.

Study (year)

Country Late /

control

N (E/L) Technique

Bouderka (2004) Morocco Severe Day 5 Prolonged | 31/31 Surgical
head intubation
injury

Rumbak (2004) USA Medical <48 h Day 14-16 | 60/60 100% (by | ICU Percutaneous
ICU design)

Blot (2008) France Mixed ICU | <4 d Prolonged | 61/62 NR 28-day Open/percut

intubation .
Terragni (2010) Italy Adult ICU | 6-8d 13-15d 209/210 | 56.7% 28-day Mixed
(119/210)

Trouillet (2011) France Post- Immediate | Trachday | 109/107 | NR 28/60/90 | Percutaneous
cardiac 15 -day
surgery

Zheng (2012) China Surgical Day 3 Day 15 58/61 NR 60-day Percutaneous
ICU

Young/TracMan UK General <4d >10d 455/454 | 44.9% 30-day Mixed

(2013) ICU

Bosel/SETPOINT2 | USA/Germany | Severe <5d Standard | 188/194 | 67.0% 6-month Predom.

(2022) stroke >d10 percut.

Eeg- Sweden COVID-19 | <7d >10d 72/78 68% ICU Mixed

Olofsson/TTCOV1 (overall)

9 (2022)

Notes: NR = not reported; E = early; L = late.

D5 |
meas.Selective rep.

LR

D2 D3 D
Randomization Deviations Missing data Outcom Overall

Bouderka 2004
Rumbak 2004

Blot 2008

Terragni 2010

Trouillet 2011

Zheng 2012
Young/TracMan 2013
Bosel/SETPOINT2 2022

Eeg-Olofsson/TTCOV19 2022

000000000
Q00000000
000000000
000000000
000000000
000000000

. Low risk (+) Some concerns (—) . High risk (x)

Figure 2. Cochrane Risk of Bias 2.0 (RoB 2) traffic-light summary for the nine included trials.
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3.4. Primary outcome: all-cause mortality

Seven trials, comprising 2,242 patients, reported
extractable all-cause mortality data. The mortality
timepoint differed across these trials, as detailed in
Table 1, ranging from ICU and 28-day mortality to 30-
day and, in the stroke trial, 6-month mortality; this
heterogeneity of horizon is an important caveat to the
pooled estimate. As shown in the forest plot in Figure
3, early tracheostomy was not associated with a
statistically significant reduction in all-cause mortality

compared with late tracheostomy (RR 0.88, 95% CI

Early Early Late Late
Study events N events N
tech_group = Percutaneous
Rumbak 2004 19 60 37 60
Trouillet 2011 17 109 23 107
SETPOINT2 2022 62 177 56 189
Random effects model 346 356

Heterogeneity: 17 = 80.9%, t* = 0.1903, p = 0.0053

tech_group = Surgical/Mixed

TTCOV19 2022 20 72 29 78
Terragni 2010 55 209 66 210
TracMan 2013 140 455 143 454
Bouderka 2004 12 3 7 31
Random effects model 767 773
Heterogeneity: /% = 22.1%, t* = 0.0092, p = 0.2778
Random effects model 1113 1129
Prediction interval

Heterogeneity: /* = 58.9%, t° = 0.0470, p = 0.0235

Test for subgroup differences: Kf =0.36,df =1 (p = 0.5474)

0.70-1.09; p=0.24). Expressed in absolute terms, the
largest pragmatic trial reported 30-day mortality of
30.8% versus 31.5% (absolute risk difference —0.7%,
95% CI -5.4% to 6.7%), illustrating that any true effect
on survival, if present, is small.3 Moderate statistical
heterogeneity was (I>=58.9%;
Q=14.61, df=6, p=0.02), and, as Figure 3 also displays,

present Cochran

the prediction interval (0.48-1.59) was wide, indicating

that the true effect in an individual future setting could

plausibly favor either strategy.

Risk Ratio (mortality)

Random effects (DL) RR 95%-Cl Weight
—— 0.51 [0.34;0.78] 13.6%
- 0.73 [0.41;1.28] 9.7%
T 1.18 [0.88;1.59] 18.1%
e 0.77 [0.45; 1.35] 41.5%
— 0.75 [0.47;1.20] 12.1%
— 0.84 [0.62;1.13] 17.9%

0.98 [0.81;1.19] 22.4%

6.1%

0.93 [0.77; 1.12] 58.5%

I - 1.71 [0.78; 3.77]
-

0.88 [0.70; 1.09] 100.0%
[0.48; 1.59]

= ————— |

T 1
0.5 1 2

Favours Early Favours Late

Figure 3. Forest plot of all-cause mortality (random-effects, DerSimonian—Laird estimator), stratified by tracheostomy
technique, with prediction interval.

In the pre-specified subgroup analysis shown in

Figure 3, trials employing the percutaneous
dilatational technique yielded a point estimate that
numerically favored early tracheostomy (RR 0.77, 95%
Cl 0.45-1.35)

(I>=80.9%), whereas trials using a surgical or mixed

but with very high heterogeneity

technique produced a near-null estimate (RR 0.93,
95% CI 0.77-1.12; 1?=22.1%). The test for subgroup
differences was not statistically significant (p=0.55).
Because the percutaneous subgroup contained only
three trials and was dominated, in both its point
estimate and its heterogeneity, by a single small single-

center study,? this subgroup comparison is at high risk

of being spurious and should be regarded as
hypothesis-generating only; we explicitly caution
against inferring that the technique modifies the effect

of timing.
3.5. Ventilator-associated pneumonia

Four trials, comprising 874 patients, reported
VAP as a dichotomous outcome. As shown in the forest
plot in Figure 4, early tracheostomy was associated
with a non-significant trend towards a lower risk of
VAP (RR 0.67, 95% CI 0.42-1.05; p=0.08), with
substantial heterogeneity (I?=71.0%). The direction of
effect was consistent with a protective signal, but, as

Figure 4 makes clear, the confidence interval crossed
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unity and the result was strongly influenced by an
early single-center trial reporting a particularly large
effect.2 Given the unblinded ascertainment of VAP in

every trial and the evolution of its diagnostic criteria

over the two decades spanned by the dataset, this
signal should be interpreted as hypothesis-generating

at best, and not as established evidence of benefit.

Early Early Late Late Risk Ratio (VAP)
Study events N events N Random (DL) RR 95%-Cl Weight
Rumbak 2004 3 60 15 60 —*—— 0.20 [0.06; 0.66] 10.6%
Zheng 2012 17 58 30 61 —— 0.60 [0.37;0.96] 27.2%
Terragni 2010 30 209 44 210 — 0.69 [0.45;1.05] 29.0%
Trouillet 2011 50 109 47 107 . 1.04 [0.78; 1.40] 33.3%
Random effects model 436 438 <> 0.67 [0.42; 1.05] 100.0%
Prediction interval e — [0.17; 2.67]
T T

Heterogeneity: 1? = 71.0%, v* = 0.1371, p = 0.0158 !
0.1

05 1 2 10

Favours Early Favours Late

Figure 4. Forest plot of ventilator-associated pneumonia (random-effects, DerSimonian—Laird estimator).

3.6. Continuous outcomes (exploratory)

Owing to incomplete reporting of means and
standard deviations across the dataset, only two trials
provided usable data for each continuous outcome;
these analyses were therefore pre-specified and are
reported as exploratory, and are displayed together in
Figure 5. For the duration of mechanical ventilation,
the pooled standardized mean difference favored early
tracheostomy (SMD -1.38, 95% CI -3.44 to 0.68,

Hedges’ g) but did not reach statistical significance and

was accompanied by extreme heterogeneity (12=97.2%),
reflecting the very different magnitudes reported by the
contributing trials; as Figure 5 conveys, a single pooled
estimate is of doubtful meaning at this level of
inconsistency, and the result is presented for
completeness rather than as a reliable summary. For
ventilator-free days, the two contributing trials yielded
a small, non-significant difference in favor of early
tracheostomy (SMD 0.20, 95% CI -0.07 to 0.47;

1=31.2%).

1
Study : SMD [95% CI] Weight
|
Duration of mechanical ventilation i
i
1
Bouderka 2004 —_ -0.33 [-0.83, 0.18] 49.9%
1
Rumbak 2004 —B— i -2.43[-2.91, -1.96] 50.1%
|
Subtotal (random effects) ‘ -1.38 [-3.44, 0.68] 100%
|
Heterogeneity: I7 = 97.2%, 12 = 2.154, p < 0.0001 (negative favours early) :
Ventilator-free days 1
|
1
Trouillet 2011 —- 0.09 [-0.18, 0.36] 60.2%
1
Zheng 2012 —— 0.37 [0.01, 0.73] 39.8%
1
1
Subtotal (random effects) ‘ 0.20 [-0.07, 0.47] 100%
1
Heterogeneity: I? = 31.2%, p = 0.23 (positive favours early) :
Favours early | Favours late
T T T + T
-3 =2 -1 0 1

Standardised mean difference (Hedges' g)

Figure 5. Forest plot of continuous outcomes expressed as standardized mean difference (Hedges’ g); both analyses are

exploratory (two trials each).
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3.7. Sensitivity analyses

The neutral mortality result proved robust to
leave-one-out analysis: the pooled risk ratio ranged
from 0.82 to 0.96 across all iterations, and in no case
did the 95% confidence interval exclude unity. The
single most influential trial was the small single-center
study by Rumbak;2 when this trial was omitted, the
pooled estimate moved further towards the null (RR
0.96, 95% CI 0.81-1.13)
markedly (I? from 58.9% to 26.4%), identifying that

and heterogeneity fell

trial as the principal source of heterogeneity. Re-
estimation of the primary outcome using the HKSJ
variance correction widened the confidence interval
(RR 0.88, 95% CI 0.65-1.19) without altering the

conclusion of no significant effect.13

3.8. Publication bias

Visual inspection of the funnel plot for the primary
mortality outcome, presented in Figure 6, revealed
broadly symmetrical scatter of the trials about the
pooled estimate, with the larger trials clustering near
the summary line and the smaller trials dispersed more
widely. Because only seven trials contributed to the
primary outcome, formal statistical testing for funnel-
plot asymmetry was not performed, as such tests are
unreliable below ten studies;!4 Figure 6 was therefore
interpreted purely qualitatively, and no gross evidence
of small-study effects or selective non-publication was

apparent.

0.1

Rumbak 2004 ©
TTCOV19 2022 ©

Standard Error
0.2

Trouillet 2011 @

04

— ,-"TracIVIan '2013 (o] '

Terragni 2010 @SETPOINT2 2022 '@

Bouderka 2004 ©

0.5

I | I
1.0 1.5 2.0

Risk Ratio (log scale) ... all-cause mortality

Figure 6. Contour-enhanced funnel plot for the primary outcome (all-cause mortality), interpreted qualitatively.

3.9. Certainty of evidence

The GRADE certainty assessment is summarized
in Table 2. As Table 2 indicates, the certainty of
evidence was rated as moderate for all-cause mortality
(downgraded one level for inconsistency), low for VAP
(downgraded for inconsistency and for the risk of

detection bias inherent in an unblinded outcome), and

very low for the continuous outcomes (downgraded for
serious inconsistency and imprecision arising from
only two contributing trials each). These ratings
indicate that, while the absence of a mortality benefit
can be asserted with reasonable confidence, the

secondary findings should be regarded as uncertain.
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Table 2. GRADE summary of findings.

Trials (patients) | Pooled effect (95% CI) Certainty Principal reason
for downgrading

All-cause 7 (2,242) RR 0.88 (0.70-1.09) 58.9% Moderate Inconsistency
mortality
Ventilator- 4 (874) RR 0.67 (0.42-1.05) 71.0% Low Inconsistency;
associated detection bias
pneumonia (unblinded)
Duration of 2 SMD -1.38 (-3.44- 97.2% Very low Serious
mechanical 0.68) inconsistency;
ventilation imprecision
Ventilator-free 2 SMD 0.20 (-0.07-0.47) 31.2% Very low Imprecision (few
days trials)

4. Discussion

This updated meta-analysis of nine RCTs,
enrolling 2,500 critically ill adults, found that early
tracheostomy did not significantly reduce all-cause
mortality compared with late tracheostomy, with a
pooled risk ratio of 0.88 and a confidence interval that
comfortably crossed unity. A non-significant trend
towards a lower incidence of VAP and small, non-
significant tendencies towards a shorter duration of
mechanical ventilation and more ventilator-free days
were but reached statistical

observed, none

significance, and the continuous outcomes were
limited by extreme heterogeneity and by the small
number of contributing trials. The wide prediction
interval for the primary outcome (0.48-1.59) is, in our
view, the single most informative expression of the
current state of knowledge: it conveys that, although a
survival benefit has not been demonstrated on average,
the true effect in any particular future population
could fall on either side of the null. On the basis of
randomized evidence, early tracheostomy cannot be
expected to deliver a survival advantage in the general
population of critically ill ventilated adults, and the

certainty of this conclusion is moderate.

The neutral mortality result is consistent with the
trajectory of the highest-quality individual trials. The
two largest and methodologically strongest trials—a
pragmatic multicenter trial in general critical care and
a multicenter trial in severe stroke—each found no
significant difference in their respective primary

endpoints, and both were judged here to be at low risk

of bias.3.6 By contrast, the most striking benefits were

reported by an early, small, single-center trial;?2 our
leave-one-out analysis identified precisely this trial as
the dominant source of heterogeneity, since its removal
moved the pooled estimate towards the null and
reduced I* from approximately 59% to 26%. This
pattern, in which early small studies suggest large
benefits that are not reproduced in subsequent large
trials, is a recurrent theme across critical-care

interventions and reinforces the primacy of adequately

powered, multicenter randomized evidence.

4.1. Comparison with previous meta-analyses

The present results align with the broad direction
of recent quantitative syntheses while extending them.
Earlier Cochrane reviews concluded that the evidence
was, at best, only suggestive of a mortality benefit,19
and a widely cited analysis in a leading respiratory
journal—motably one whose initial version was
retracted and republished with an attenuated, non-
significant mortality estimate—ultimately reported no
significant survival difference but a reduction in VAP.5
Subsequent meta-analyses, including a trial-
sequential analysis and earlier pooled syntheses, have
consistently emphasized that the apparent benefits of
early tracheostomy on softer outcomes are fragile and
that the cumulative evidence remains insufficient to
confirm a mortality effect.20.21,22 An umbrella review of
randomized evidence reached a similar conclusion,
reporting a reduction in VAP but no significant
mortality difference, with trial-sequential analysis
indicating that the available information size was
inadequate for a definitive answer.23 An earlier
review that also

systematic incorporated non-
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randomized data favored early tracheostomy performed
within seven days of intubation, a finding that should
be read in the light of its less stringent design.24 The
specific contribution of the present synthesis, beyond
confirmation, is the formal incorporation of the two
most recent landmark trials within a single coherent
framework, together with a transparent GRADE-
anchored characterization of how much uncertainty
persists for each outcome; in this respect the
manuscript is intended not as a mere update but as a
consolidation that clarifies what is, and what is not,

established.

With respect to VAP, our non-significant
protective trend (RR 0.67) is directionally concordant
with previous analyses that reported modest
reductions with an early strategy.25 However, VAP is an
vulnerable to

outcome that is particularly

ascertainment bias in unblinded trials and to
inconsistent diagnostic criteria across studies and
eras, which may inflate the apparent benefit. The wide
confidence interval, the substantial heterogeneity, and
the low GRADE certainty together counsel firmly

against interpreting the VAP signal as definitive.

4.2. Heterogeneity and the limits of a single

estimate

Heterogeneity was a defining feature of this
evidence base. The included trials differed in the
populations studied, in the precise thresholds used to
define early and late strategies, in the tracheostomy
technique, in the calendar era and corresponding
standards of sedation and ventilator management, and
in the outcomes prioritized. The timing thresholds
themselves varied appreciably—from within 48 hours
to within eight days for the early arm, and from day 10
to day 16 for the late arm—so that pooling assumes a
broadly similar biological effect of timing across these
windows, an assumption that may not hold and that
the limited number of trials precludes testing formally.
Such clinical and methodological diversity justified the
a priori use of a random-effects model and the
derivation of a prediction interval, which proved wide
and underscored that a single summary estimate
cannot capture the full range of plausible effects. The
pre-specified subgroup analysis by technique did not

formally explain the heterogeneity. These observations

imply that the optimal timing of tracheostomy may
genuinely differ across patient populations, and that
pooling all critically ill patients into a single estimate,
while informative, inevitably obscures potentially

important effect modification.

A related and clinically fundamental source of
diversity concerns the comparator. As quantified in
Table 1, in several trials a large fraction of patients
allocated to the late or control arm never underwent
tracheostomy, because they were extubated or died
first; where reported, only 45% to 67% of control-arm
patients actually received the procedure.346 The
comparison is therefore best understood as one
between a strategy of early tracheostomy and a strategy
of watchful waiting with selective late tracheostomy,
rather than between two procedures. Because
clinicians predict the need for prolonged ventilation
poorly, an early policy necessarily commits a
substantial number of patients to an invasive
procedure from which they would not have benefited.
This predictive uncertainty is arguably the single most
important determinant of the clinical value of an early
policy, and it weighs against the routine adoption of

early tracheostomy in unselected patients.

4.3. Population-specific perspective and patient-

centered outcomes

Because the trials pooled clinically distinct
entities—general critical illness, head injury, cardiac
surgery, stroke and COVID-19—the global estimate
may have limited direct applicability to any individual
patient, who is always treated within a specific
diagnostic context rather than as the average of these
populations. We therefore caution against treating the
single summary estimate as the principal take-home
message, and we emphasize instead a population-
specific reading: the largest neurological and general-
ICU trials, which are the most directly informative for
their respective populations, were neutral for their
primary endpoints.3.6 Indeed, a dedicated synthesis in
acutely brain-injured patients suggested a possible
long-term mortality benefit that was attenuated on
sensitivity analysis, illustrating that effect estimates
can differ by population.26 At the same time, the
outcomes on which an early strategy appears to exert

its most reproducible effect are not mortality or even

2660



pneumonia, but patient-centered outcomes such as
the duration and depth of sedation, patient comfort,
and the ease of nursing care; these were reported
consistently in favor of early tracheostomy across
several trials, even where harder outcomes were
unaffected.2.517 For selected patients in whom
prolonged ventilation is confidently anticipated, these
comfort-related benefits may legitimately influence the
decision, and they deserve greater prominence in
clinical reasoning than a narrow focus on survival

would allow.

It is also instructive to consider the internal

coherence of the outcome pattern. If early

tracheostomy genuinely shortened mechanical
ventilation and increased ventilator-free days, a
corresponding signal might be expected in resource-
related outcomes and, plausibly, in pneumonia. The
observation that the continuous outcomes trend,
weakly and inconsistently, in the direction of benefit
while mortality remains unaffected is compatible with
a modest true effect on the duration of ventilation and
its sequelae that is insufficient to translate into a
survival difference—an interpretation that is
biologically plausible and consistent with the wider

literature.21.25

4.4. Temporal context and generalizability

The included trials span nearly two decades, a
period over which standards of sedation practice,
ventilator management, infection-control bundles and
the very definition of VAP have all evolved
substantially. The pooled estimates therefore combine
trials conducted under materially different background
standards of care, a source of clinical heterogeneity
distinct from the statistical heterogeneity captured by
I2. A sensitivity analysis restricted to the more
contemporary trials was not feasible given their small
number, but this temporal confounding should temper
confidence in the pooled secondary outcomes in
particular. With respect to generalizability, most of the
included trials were conducted in well-resourced
centers, and the applicability of the findings to
resource-limited settings—where the costs of the
procedure, the availability of bronchoscopic guidance,
the operator experience required for safe percutaneous

tracheostomy, and the consequences of complications

may all differ—cannot be assumed.! In such settings,
the absence of a demonstrated survival benefit,
combined with the procedural risks and resource
implications of an early policy, may argue still more
strongly for a conservative, individualized approach;
this consideration is directly relevant to much of the

readership of this journal.

4.5. Strengths and limitations

The strengths of this study include its restriction
to randomized evidence, the inclusion of the two most
recent landmark trials, the dual appraisal of
dichotomous and continuous outcomes within a
coherent random-effects framework, the duplicate and
independent study selection and data extraction, the
application of the contemporary RoB 2 tool and the
GRADE framework, and the robustness checks
afforded by leave-one-out and HKSJ sensitivity
analyses. Several limitations must, nonetheless, be
acknowledged. First, substantial clinical and statistical
heterogeneity, with 12 reaching 97% for the duration of
mechanical ventilation, limits the confidence with
which any pooled estimate—particularly for the
continuous outcomes—can be interpreted; for that
outcome a single summary is of doubtful meaning, and
we present it only for completeness. Second, the
continuous outcomes rested on only two trials each,
because several trials did not report extractable means
and standard deviations, so these analyses are
exploratory and hypothesis-generating rather than
conclusive. Third, the unavoidable absence of blinding
in trials of an overt surgical procedure introduces a
risk of ascertainment bias for subjective outcomes
such as VAP and may inflate the apparent benefit of an
early strategy. Fourth, the included trials were
markedly heterogeneous in population, timing
definitions, technique and era, and they pooled distinct
clinical entities, so that the summary estimates may
not apply uniformly to any single patient group;
moreover, mortality was a secondary outcome in the
stroke and COVID-19 trials and was measured over
heterogeneous time horizons across the dataset,
ranging from ICU to six-month mortality. Fifth, the
search was based principally on a single database,
supplemented by reference-list screening; although

this captured all the major randomized trials, a formal
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multi-database and grey-literature search would be
preferable for a definitive synthesis. These limitations
collectively define the boundaries within which the

present conclusions should be read.

4.6. Implications for practice and research

For the practising intensivist, the principal
implication of this synthesis is that the decision of
when to perform a tracheostomy should not be driven
by an expectation of improved survival. Because early
tracheostomy does not reduce mortality and offers, at
most, modest and uncertain benefits on pneumonia
and ventilation-related resource use, an indiscriminate
early policy would expose a substantial number of
patients—those who would have been successfully
extubated within the first one to two weeks—to an
unnecessary invasive procedure. The timing of
tracheostomy is therefore best individualized, taking
account of the underlying diagnosis, the trajectory of
recovery, the anticipated duration of ventilation, the
burden of sedation and patient comfort, rather than
applied as a uniform early protocol. For research, the
field would be best served by adequately powered,
population-specific randomized trials—particularly in
neurological and post-surgical cohorts in whom
prolonged ventilation can be predicted with greater
confidence—that adopt standardized definitions of
early and late timing, harmonized and objectively
ascertained outcome measures, and patient-centered
endpoints such as sedation exposure and long-term
functional and quality-of-life outcomes.26 Embedding
such trials within contemporary sedation and
infection-control practice would address the temporal
confounding that limits the present synthesis and
allow the residual

would, at last, uncertainty

surrounding the secondary benefits of early

tracheostomy to be resolved.

5. Conclusion

In this updated meta-analysis of nine randomized
controlled trials enrolling 2,500 critically ill adults,
early tracheostomy did not significantly reduce all-
cause mortality compared with a late tracheostomy
strategy, with a pooled risk ratio of 0.88 (95% CI 0.70-
1.09) and a wide prediction interval (0.48-1.59) that
encompassed both benefit and harm; the certainty of

this neutral finding was moderate. Early tracheostomy

was associated with a non-significant trend towards a
lower incidence of ventilator-associated pneumonia
and with small, non-significant tendencies towards a
shorter duration of mechanical ventilation and more
ventilator-free days; however, these secondary findings
were of low to very low certainty, constrained by
substantial heterogeneity, by the limited number of
trials reporting extractable continuous data, and by
the susceptibility of wunblinded outcomes to
ascertainment bias. Sensitivity analyses, including
leave-one-out and Hartung-Knapp-Sidik-Jonkman
approaches, confirmed that the neutral mortality
result was robust and was not dependent on any single
trial, while identifying an early small single-center
study as the principal source of heterogeneity. The
totality of the randomized evidence, now strengthened
by the inclusion of the two most recent landmark trials
in severe stroke and in COVID-19, indicates that the
timing of tracheostomy does not materially influence
survival in the general population of critically ill
ventilated adults. Because clinicians predict the need
for prolonged ventilation poorly, and because a
substantial fraction of conservatively managed
patients never require the procedure at all, these
findings argue against the adoption of a uniform early
tracheostomy policy aimed at improving survival and
support an individualized approach in which timing is
determined by the wunderlying diagnosis, the
anticipated duration of mechanical ventilation, the
recovery trajectory, and considerations of sedation
burden and patient comfort. The most reproducible
advantages of an early strategy lie in reduced sedation
and improved comfort rather than in survival, and
these may reasonably inform the decision in selected
patients in whom prolonged ventilation is confidently
anticipated. Until adequately powered, population-
specific trials with harmonized outcomes are available,
the timing of tracheostomy should remain a matter of

individualized clinical judgement rather than a fixed

protocol.
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