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Abstract

Background/Objectives: Ventilator weaning imposes profound hemodynamic stress,
unmasking cardiopulmonary vulnerability. Since conventional predictors of post-
tracheostomy weaning failure remain elusive, biomarker-driven risk stratification offers
a translational approach. We evaluated the prognostic utility of admission N-terminal
pro-B-type natriuretic peptide (NT-proBNP) as an early triaging tool for weaning fail-
ure and explored its therapeutic implications alongside optimal tracheostomy timing.
Methods: In this large-scale retrospective cohort study, we analyzed 707 critically ill pa-
tients who underwent tracheostomy in a medical intensive care unit. We investigated
the association between baseline NT-proBNP levels—measured as a molecular surrogate
of cardiovascular stress at ICU admission; echocardiographic parameters; and weaning
outcomes. Multivariable logistic regression analysis was utilized to identify independent
pathophysiological predictors associated with weaning failure. Results: Patients experienc-
ing weaning failure exhibited significantly elevated admission NT-proBNP levels compared
to those successfully weaned (3077.0 vs. 1410.0 pg/mL, p < 0.001). High admission N'T-
proBNP (>3271 pg/mL) was independently associated with an increased risk of weaning
failure (adjusted odds ratio [aOR] 2.86, 95% confidence interval [CI] 1.81—4.53, p < 0.001).
Conversely, an early clinical intervention—tracheostomy performed within 10 days of me-
chanical ventilation initiation—was associated with a significantly lower risk of weaning
failure (aOR 0.55, 95% CI 0.35-0.87, p = 0.010). Furthermore, elevated biomarker levels
strongly correlated with prolonged intensive care unit stays and higher 90-day mortality.
Conclusions: Admission NT-proBNP serves as a powerful biomarker associated with
cardiopulmonary vulnerability from the earliest stages of critical illness. Integrating this
diagnostic biomarker with interventional strategies like optimal tracheostomy timing has
significant prognostic implications. This biomarker-guided approach facilitates personal-
ized risk stratification from ICU admission, potentially optimizing weaning pathways for
mechanically ventilated patients.
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1. Introduction

Tracheostomy is one of the most frequently performed procedures for patients re-
quiring prolonged mechanical ventilation in medical intensive care units (MICUs). This
surgical intervention offers a multitude of clinical advantages over endotracheal intubation,
including significantly improved patient comfort, easier oral hygiene, enhanced airway
security, and a potential reduction in the requirement for sedative agents [1-3]. Despite
these benefits, the transition from mechanical support to spontaneous breathing—the wean-
ing process—remains complex and challenging. Successful liberation from mechanical
ventilation following tracheostomy is not merely a procedural milestone but is a critical
determinant of long-term survival and overall clinical outcomes in critically ill patients [4,5].

The physiological demands of weaning impose profound hemodynamic stress on
both the respiratory and cardiovascular systems. While much focus has traditionally
been on respiratory mechanics, the transition to spontaneous breathing abruptly increases
venous return and left ventricular afterload, often culminating in weaning-induced cardiac
dysfunction (WICD)—a primary non-respiratory etiology of weaning failure [6-8]. In
this context, N-terminal pro-B-type natriuretic peptide (NT-proBNP), a biologically active
peptide secreted by ventricular myocytes in response to increased myocardial wall stress,
has emerged as a direct molecular surrogate for cardiopulmonary reserve and a promising
biomarker for predicting cardiac-related weaning difficulties [9-11]. However, prior studies
were limited by relatively small sample sizes and predominantly focused on patients
admitted to the ICU in a perioperative setting.

Furthermore, the “timing” of tracheostomy—categorized as early or late—continues
to be a subject of intense clinical debate. Although large-scale trials such as TracMAN have
investigated its impact, previous studies have not consistently demonstrated a significant
association between early tracheostomy and improved weaning outcomes, highlighting
the limitations of a “one-size-fits-all” approach that fails to account for pathophysiolog-
ical heterogeneity. Moreover, its relationship with cardiac biomarkers remains under-
researched [3,12].

Despite the clinical importance of these factors, studies specifically focusing on the
combined influence of cardiac biomarkers and tracheostomy timing on weaning out-
comes in a MICU population remain limited. Therefore, this study aimed to evaluate
the prognostic value of admission NT-proBNP as a predictive biomarker for ventilator
weaning failure and investigate its therapeutic implications in conjunction with optimal
tracheostomy timing.

2. Materials and Methods
2.1. Study Design and Population

This retrospective cohort study included adult patients who underwent tracheostomy
in the MICU of a tertiary referral hospital in South Korea between July 2016 and October
2024. In all cases, surgical tracheostomies were conducted at bedside by otolaryngologists.
During the study period, a total of 3257 patients were admitted to the ICU. Among them,
2485 patients who did not undergo tracheostomy during their ICU stay were excluded.
Consequently, 772 patients who underwent tracheostomy were initially identified for
further evaluation (Figure 1).
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Patients who were admitted to the ICU
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Included in this study
(n=708)

Weaning success Weaning failure
(n=196) (n=511)

Figure 1. Study flow diagram.

Patients who underwent lung transplantation during their MICU stay were excluded
(n = 65), given the distinct clinical course and ventilator weaning trajectory in this popu-
lation. After these exclusions, a total of 707 patients who underwent tracheostomy in the
medical ICU were included in the final analysis.

Patients were subsequently categorized according to ventilator weaning outcomes
into a weaning-success group (n = 196) and a weaning-failure group (n = 511). Ventilator
weaning outcomes were assessed following tracheostomy and during the ICU course, as
defined in Section 2.3.

2.2. Data Collection and Definitions

Baseline characteristics including age, sex, body mass index, and smoking history
were recorded. Severity of illness at the time of MICU admission was assessed using
the Acute Physiology and Chronic Health Evaluation (APACHE) II, Sequential Organ
Failure Assessment (SOFA), and Simplified Acute Physiology Score II. Comorbidities were
evaluated using the Charlson Comorbidity Index (CCI), along with specific histories of
diabetes mellitus, malignancy, chronic kidney disease, coronary artery disease, congestive
heart failure, chronic obstructive pulmonary disease, and asthma.

Clinical parameters related to tracheostomy and ventilation were also collected: reason
for intubation (categorized into pulmonary, cardiac, neurologic, neuromuscular, and other
causes) and tracheostomy timing (“early tracheostomy” was defined as a tracheostomy
performed within 10 days of initiating mechanical ventilation, a threshold selected based
on representative clinical trials [3,12] and institutional clinical protocols). For additional
sensitivity analysis to ensure the robustness of the findings, a 7-day cutoff was also utilized.
As this was a retrospective observational study, the exact timing of tracheostomy was not
strictly protocolized; instead, the decision to perform a tracheostomy and its specific timing
were determined on a case-by-case basis at the discretion of the attending intensivists. These
clinical decisions were guided by the patient’s overall trajectory, including the anticipated
need for prolonged mechanical ventilation, hemodynamic and respiratory stability, and
the timing of obtaining informed consent from surrogate decision-makers. Laboratory
findings at MICU admission as well as cardiac evaluation (baseline laboratory values
(albumin, lactate, C-reactive protein, and NT-proBNP) and echocardiographic findings
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(ejection fraction, ratio of early diastolic mitral inflow velocity to early diastolic mitral
annular tissue velocity [E/E’ ratio], and right ventricular systolic pressure)) were obtained.
Ventilator weaning failure after tracheostomy was defined as the inability to achieve
unassisted breathing for a minimum of 7 consecutive days during the ICU stay. This
included (1) death while receiving invasive mechanical ventilation, (2) the clinical necessity
to resume mechanical ventilation after a trial of spontaneous breathing, or (3) persistent
dependence on invasive ventilation at the time of ICU discharge or transfer to a general
ward or long-term care hospital (including conversion to home mechanical ventilation).
Regarding the reviewer’s inquiry on reintubation, as all patients in this cohort already had
an established surgical airway, weaning failure was characterized by the resumption of
mechanical support rather than tracheal re-intubation. Weaning success was defined as
successful liberation from mechanical ventilation, maintained for 7 consecutive days, or
discharge from the ICU with unassisted breathing, whichever occurred first.

2.3. Outcome Measures

The primary outcome was successful weaning from mechanical ventilation after
tracheostomy. Secondary outcomes included the length of stay in the ICU and hospital, as
well as 90-day and in-hospital mortality rates.

2.4. Statistical Analysis

For continuous variables, Shapiro-Wilk tests were performed to determine the normal-
ity of the data distribution. Normally distributed data are presented as the mean =+ standard
deviation, and Student’s t-test was used for comparison. Non-normally distributed data
are expressed as the median (25th—75th percentiles), and the Mann-Whitney U-test was
employed. Specifically, given the highly skewed distribution of NT-proBNP levels, this
variable was analyzed using non-parametric methods without log transformation.

Categorical variables are presented as frequencies and percentages and were compared
using the chi-squared test or Fisher’s exact test. To identify independent factors associated
with weaning failure, a binary multivariate logistic regression analysis was performed using
the enter method. To minimize the influence of potential confounders, the model was adjusted
for age, sex, BMI, disease severity (APACHE II and SOFA scores), and comorbidities (CCI,
which accounts for pre-existing cardiac and renal disease). Baseline laboratory markers of
systemic inflammation, such as lactate and CRP, were also considered in the initial screening
for the model. Multicollinearity among the independent variables was assessed using the
Variance Inflation Factor (VIF), with a VIF < 10 considered acceptable. Missing data were
handled using a complete-case analysis approach. For NT-proBND, a specific cutoff value of
3271 pg/mL was used to assess its association as a binary predictor. The optimal cutoff value
for NT-proBNP was determined using the Youden index from receiver operating characteristic
curve analysis. The cumulative probability of weaning success was estimated using the
Kaplan-Meier method and compared between subgroups using the log-rank test.

Subgroup analyses were conducted for 90-day survivors to minimize the confounding
influence of early mortality on weaning outcomes. These subgroup analyses were consid-
ered exploratory and hypothesis-generating; therefore, no formal adjustments for multiple
testing were applied, and the resulting p-values should be interpreted with caution. Statis-
tical significance was defined as a p-value < 0.05. All statistical analyses were performed
using SPSS software (version 28.0, IBM Corp., Armonk, NY, USA).

To evaluate the incremental predictive value of NT-proBNP beyond existing clinical
severity scores, we constructed two logistic regression models: a base model comprising
SOFA and APACHE II scores alone (Model 1), and an extended model additionally incor-
porating NT-proBNP > 3271 pg/mL (Model 2). The discriminative performance of each
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model was quantified by the area under the receiver operating characteristic curve (AUC),
and the statistical significance of the difference in AUC between models was assessed using
the DeLong test. The Integrated Discrimination Improvement (IDI) was also calculated to
quantify the net improvement in predicted probability discrimination attributable to the
addition of NT-proBNP.

3. Results
3.1. Baseline Patient Characteristics

A total of 707 patients who underwent tracheostomy in the MICU were included in
the analysis, of whom 196 (27.7%) achieved successful ventilator weaning and 511 (72.3%)
experienced weaning failure. Baseline characteristics according to weaning outcome are
summarized in Table 1.

Table 1. Baseline characteristics of weaning-success and -failure patients.

Weaning p-Value
Variables Success Failure
(N =196) (N =511)

Age (years) 66.2 +£14.4 67.0 £ 14.0 0.505
>65 years, n (%) 110 (56.1) 320 (62.6)
<65 years, n (%) 86 (43.9) 191 (37.4)

Sex 0.304
Male, n (%) 132 (67.3) 323 (63.2)

Female, n (%) 64 (32.7) 188 (36.8)

BMI (kg/m?) 27 +74 223 +5.1 0.331

Smoking history, n (%) 60 (30.6) 180 (35.3) 0.240

Comorbidities
CCI 29422 35+24 0.003
DM, n (%) 73 (37.2) 201 (39.3) 0.610
Malignancy, n (%) 50 (25.5) 189 (37.0) 0.004
CKD, n (%) 37 (18.9) 130 (25.4) 0.066
CAD, n (%) 22 (11.2) 107 (20.9) 0.003
CHEF, n (%) 17 (8.7) 70 (13.7) 0.074
COPD, n (%) 32 (16.3) 76 (14.9) 0.631
Asthma, n (%) 16 (8.2) 34 (6.7) 0.513

Primary reason for intubation 0.163
Pulmonary problems, n (%) 150 (76.5) 420 (82.2)

Cardiac problems, n (%) 15 (7.7) 30 (5.9)
Neurologic problems, n (%) 17 (9.7) 29 (5.7)
Neuromuscular problems, n (%) 0 7 (1.4)
Others, n (%) 14 (7.1) 24 (4.7)

MYV before tracheostomy (days) 12.0 (7.0-16.0) 14.0 (11.0-18.0) 0.048
Tracheostomy performed within 10 days, n (%) 63 (36.2) 107 (24.0) 0.002
Tracheostomy performed within 7 days, n (%) 40 (23.0) 68 (15.2) 0.022

Duration of MV prior to successful weaning (days) 25.0 (16.0-40.5)

SOFA score 82+35 92 +3.38 0.003

APACHE II score 251+73 275+ 8.1 <0.001

SAPSII 46.1 +16.1 502 £17.2 0.004

Echocardiographic findings
EF (%) 61.8 £12.1 59.8 + 14.1 0.078
E/E’ ratio 12.7 + 8.1 134 +5.7 0.265
RVSP (mmHg) 38.2 +£129 399 +14.1 0.189

Laboratory findings
Albumin (g/dL) 28 +05 28+04 0.782
Lactate (mmol/L) 1.7 (1.3-2.5) 2.1 (1.3-3.6) 0.267
CRP (mg/L) 126.6 + 106.2 108.8 + 89.8 0.114
NT-proBNP (pg/mL) 1410.0 3077.0 <0.001

(442.0-4742.0)  (686.3-9257.3)

Note: Continuous variables are presented as mean =+ standard deviation (SD) or median (interquartile range
[IQR]). Categorical variables are presented as number (%). Abbreviations: BMI, body mass index; CCI, Charlson
Comorbidity Index; DM, diabetes mellitus; CKD, chronic kidney disease; CAD, coronary artery disease; CHF,
congestive heart failure; COPD, chronic obstructive pulmonary disease; MV, mechanical ventilation; SOFA,
Sequential Organ Failure Assessment; APACHE, Acute Physiology and Chronic Health Evaluation; SAPS,
Simplified Acute Physiology Score; CRP, C-reactive protein; EF, ejection fraction; RVSP, right ventricular systolic
pressure; NT-proBNP, N-terminal pro-B-type natriuretic peptide.
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We observed several baseline imbalances between the two groups. There were no
significant differences between the two groups in terms of age, sex, body mass index,
smoking history, or major comorbidities such as diabetes mellitus, chronic kidney disease,
chronic obstructive pulmonary disease, or asthma. However, patients in the weaning-
failure group had a significantly higher CCI compared with those in the weaning-success
group (3.5 £ 24 vs. 2.9 £ 2.2, p = 0.003). Malignancy (37.0% vs. 25.5%, p = 0.004) and
coronary artery disease (20.9% vs. 11.2%, p = 0.003) were also more prevalent in the
weaning-failure group. Furthermore, severity of illness at the time of MICU admission was
significantly greater in the weaning-failure group, as reflected by higher scores for SOFA
(9.2 £3.8vs. 82+£35,p=0.003), APACHE II (27.5 £ 8.1 vs. 25.1 &+ 7.3, p < 0.001), and
Simplified Acute Physiology Score II (50.2 £ 17.2 vs. 46.1 £ 16.1, p = 0.004).

The reason for intubation did not differ significantly between groups. However,
the duration of mechanical ventilation before tracheostomy was longer in patients with
weaning failure than in those with weaning success (14.0 [11.0-18.0] days vs. 12.0 [7.0-16.0]
days, p = 0.048).

Early tracheostomy was more frequently performed in the weaning-success group,
both within 10 days (36.2% vs. 24.0%, p = 0.002) and within 7 days (23.0% vs. 15.2%,
p =0.022).

Severity of illness at the time of MICU admission was significantly greater in the
weaning-failure group, as reflected by higher SOFA (9.2 £ 3.8 vs. 8.2 £ 3.5, p = 0.003),
APACHEII (27.5 £ 8.1 vs. 25.1 £ 7.3, p < 0.001), and Simplified Acute Physiology Score
II scores (50.2 £ 17.2 vs. 46.1 £ 16.1, p = 0.004). Echocardiographic parameters, including
left ventricular ejection fraction, E/E’ ratio, and right ventricular systolic pressure, did
not differ significantly between the groups. Among laboratory findings, NT-proBNP
levels were significantly higher in the weaning-failure group (3077.0 [686.3-9257.3] pg/mL
vs. 1410.0 [442.0-4742.0] pg/mL, p < 0.001), whereas albumin, lactate, and C-reactive
protein levels were comparable. In the ROC curve analysis for predicting weaning failure,
admission NT-proBNP yielded an AUC of 0.596 (95% CI, 0.556-0.636). At the optimal cutoff
of 3271 pg/mL, the sensitivity and specificity were 48.1% and 72.4%, respectively.

3.2. Clinical Outcomes of Ventilator Weaning

Clinical outcomes according to weaning status are presented in Table 2. ICU length of
stay was significantly longer in patients with weaning failure compared with those who
achieved successful weaning (34.0 [22.0-50.0] vs. 21.0 [14.0-37.0] days, p = 0.001), whereas
the hospital length of stay was significantly longer in patients with weaning success than
in those with weaning failure (73.5 [49.0-117.3] vs. 66.0 [40.0-111.0] days, p < 0.001). Both
90-day mortality (54.5% vs. 3.1%, p < 0.001) and in-hospital mortality (67.7% vs. 7.1%,
p < 0.001) were markedly higher in the weaning-failure group.

Table 2. Clinical outcomes of weaning-success and -failure patients.

Weaning
Variables Success Failure p-Value
(N =196) (N =511)
Hospital LOS (days) 73.5 (49.0-117.3) 66.0 (40.0-111.0) <0.001
ICU LOS (days) 21.0 (14.0-37.0) 34.0 (22.0-50.0) 0.001
90-day mortality, n (%) 6 (3.1) 278 (54.5) <0.001
In-hospital mortality, n (%) 14 (7.1) 346 (67.7) <0.001

Note: Continuous variables are presented as median (interquartile range [IQR]). Categorical variables are pre-
sented as number (%). Abbreviations: ICU, intensive care unit; LOS, length of stay.
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3.3. Factors Associated with Weaning Failure

Multivariate logistic regression analysis, adjusting for demographics, severity of ill-
ness, and underlying comorbidities (including cardiac and renal disease via CCI), identified
several independent factors associated with weaning failure after tracheostomy (Table 3).
The presence of malignancy (adjusted odds ratio [OR] 1.82, 95% confidence interval [CI]
1.14-2.91, p = 0.012) and elevated NT-proBNP levels (>3271 pg/mL; adjusted OR 2.86,
95% CI 1.81-4.53, p < 0.001) was independently associated with an increased likelihood of
weaning failure. In contrast, early tracheostomy performed within 10 days of mechanical
ventilation initiation was independently linked to a lower likelihood of weaning failure
(adjusted OR 0.55, 95% CI 0.35-0.87, p = 0.010). Age, sex, body mass index, CCI, APACHE
II score, and SOFA score were not independently associated with weaning outcomes.

Table 3. Factors independently associated with weaning failure after tracheostomy.

. Adjusted
Variable
OR 95% CI p-Value
Age 0.99 0.98-1.01 0.374
Female sex 1.17 0.74-1.87 0.502
BMI (kg/m?) 0.97 0.94-1.01 0.115
CcI 0.99 0.88-1.11 0.835
Malignancy 1.82 1.14-291 0.012
CAD 1.67 0.94-2.96 0.079
APACHEII 1.01 0.98-1.04 0.470
SOFA 0.99 0.93-1.06 0.737
NT-proBNP > 3271 pg/mL 2.86 1.81-4.53 <0.001
Early tracheostomy (<10 days) 0.55 0.35-0.87 0.010

Note: Analysis was conducted using multivariate logistic regression, adjusted for age, sex, body mass index,
APACHE II score, SOFA score, and Charlson Comorbidity Index (which accounts for pre-existing cardiac and renal
diseases). Abbreviations: BMI, body-mass index; CCI, Charlson Comorbidity Index; CAD, coronary artery disease;
APACHE, the Acute Physiology and Chronic Health Evaluation; SOFA, Sequential Organ Failure Assessment;
NT-proBNP, N-terminal pro-B-type natriuretic peptide.

To formally assess the incremental predictive value of NT-proBNP beyond estab-
lished clinical severity scores, we compared the discriminative performance of two logistic
regression models in 522 patients with complete data. The base model incorporating
SOFA and APACHE II alone yielded an AUC of 0.582 (95% CI: 0.528-0.636). The ad-
dition of NT-proBNP > 3271 pg/mL significantly improved the AUC to 0.642 (95% CI:
0.591-0.693), representing a statistically significant increment of AAUC = +0.060 (DeLong
test: p = 0.011). The Integrated Discrimination Improvement (IDI) was 0.030, confirming
that NT-proBNP meaningfully enhanced the model’s ability to discriminate between pa-
tients with and without weaning failure beyond what is captured by severity-of-illness
scores alone (Supplementary Figure S1).

3.4. Cumulative Weaning Probability According to NT-proBNP Levels and Tracheostomy Timing

To examine the combined associations of cardiac stress markers and procedural timing,
patients were stratified into four groups based on the identified independent predictors
of NT-proBNP levels (cutoff: 3271 pg/mL) and tracheostomy timing (cutoff: 10 days).
Kaplan-Meier analysis revealed a significant difference in the cumulative probability of
weaning success among the four groups (log-rank p < 0.001; Figure 2). The highest wean-
ing success rate was observed in the group with both low NT-proBNP levels and early
tracheostomy (<10 days). Conversely, patients with both elevated NT-proBNP levels
(>3271 pg/mL) and tracheostomy timing (>10 days) showed the lowest probability of suc-
cessful weaning from mechanical ventilation. Patients meeting only one favorable criterion
(either early tracheostomy or low NT-proBNP) demonstrated intermediate weaning tra-
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jectories. These findings suggest that the integration of cardiovascular reserve assessment
and optimal timing of tracheostomy is clinically relevant for evaluating weaning outcomes
in the MICU.

10 Timing of tracheostomy
: J and NP-proBNP levels

Tracheostomy (< 10 days
—and NT-proBl\)l’Fg < 3271 yps)jlmL
Tracheostomy (> 10 days]
08 —and NT-proBl\)lng < 3271yp)g/mL
_ Tracheostomy (< 10 days)
and NT-proBNP > 3271 pg/mL
Tracheostomy (> 10 days) and
06 =i NT-proBNP > 3271 pg/mL

04

Weaning probability

02

00 P < 0.001

0 50 100 150 200 250 300

Time to weaning (days)

Figure 2. Cumulative probability of weaning success stratified by NT-proBNP levels and tra-
cheostomy timing. The Kaplan-Meier curves represent the cumulative incidence of successful
weaning. Group comparisons were performed using the log-rank test.

3.5. Analysis of the Time to Ventilator Weaning Among Patients with Successful Weaning

In this study, a total of 196 patients achieved successful ventilator weaning. Among
these patients, the duration from initiation of mechanical ventilation to successful weaning
was 25.0 (16.0-40.5) days. Among patients who achieved successful ventilator weaning,
the time from initiation of mechanical ventilation to successful weaning was significantly
longer in those with elevated NT-proBNP levels than in those without elevated NT-proBNP
levels (31.0 [22.0-62.3] vs. 24.0 [15.0-36.0] days, p = 0.007).

In addition, patients who underwent early tracheostomy (within 10 days) showed a
longer duration from mechanical ventilation initiation to successful weaning compared
with those who underwent late tracheostomy (30.0 [22.042.0] vs. 14.0 [9.0-29.8] days,
p <0.001).

3.6. Sensitivity Analyses

Subgroup analyses restricted to 90-day survivors (n = 421) yielded consistent find-
ings (Supplementary Tables S1-S3). In this subgroup, NT-proBNP levels (p = 0.033) and
early tracheostomy remained significantly associated with successful weaning (p = 0.007).
Multivariate analysis for this subgroup confirmed that NT-proBNP > 3271 pg/mL (OR
2.254, p = 0.001) and late tracheostomy (OR for early tracheostomy 0.474, p = 0.006) were
consistent independent predictors.

Among the 708 patients admitted to the MICU for mechanical ventilation, seven were
admitted for exacerbation of neuromuscular diseases; notably, all of them failed to be
weaned from mechanical ventilation. After excluding these seven individuals, a secondary
analysis was performed on the remaining 701 patients. The results regarding baseline char-
acteristics, clinical weaning outcomes, and risk factors for weaning failure showed no signif-
icant differences from the findings presented in Tables 1-3 (Supplementary Tables S4-56).
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4. Discussion

In this large cohort of critically ill patients who underwent tracheostomy in a MICU, we
identified several clinically relevant predictors associated with ventilator weaning failure.
The principal findings of this study are that admission NT-proBNP serves as a powerful
prognostic biomarker and that early tracheostomy is associated with a significantly higher
likelihood of successful weaning. These associations remained consistent across clinically
important subgroups, including 90-day survivors. Collectively, these findings highlight the
clinical utility of assessing cardiovascular stress at the molecular level and integrating it
with procedural timing to optimize weaning outcomes.

Weaning from mechanical ventilation represents a critical physiological transition
characterized by abrupt increases in respiratory and cardiovascular workload [6-8,13].
While respiratory mechanics have traditionally dominated the clinical assessment of wean-
ing readiness, accumulating evidence suggests that weaning-induced cardiac dysfunction
(WICD)—particularly left ventricular diastolic impairment and increased myocardial wall
stress— is a pivotal factor associated with weaning failure [6-8,13].

Our findings align with prior research demonstrating that elevated natriuretic pep-
tides reflect subclinical or overt cardiac dysfunction during spontaneous breathing trials
and are associated with weaning-induced cardiopulmonary decompensation. In small
observational cohorts, NT-proBNP levels at the end of SBT were significantly higher in
patients who were unsuccessful in weaning compared with those who succeeded, support-
ing the role of NT-proBNP as a marker of myocardial stress and a predictor of weaning
failure [11,14]. Moreover, a recent cohort study suggests that changes in NT-proBNP levels
may provide additional predictive value for weaning outcomes [10]. While most previous
studies focused on NT-proBNP levels measured during spontaneous breathing trials or
immediately before extubation, our study uniquely demonstrates the utility of baseline
NT-proBNP measured at the time of ICU admission. This highlights its value as an early
risk-stratification tool, allowing clinicians to identify “cardiopulmonary vulnerability”
from the very beginning of an ICU stay and plan long-term airway management weeks
before weaning begins. Although the standalone predictive performance of admission
NT-proBNP was modest (AUC 0.596, 95% CI 0.556-0.636), its clinical significance is un-
derscored by its role as a robust independent predictor (aOR 2.86) even after adjusting
for disease severity and comorbidities. Importantly, a formal comparative model analysis
demonstrated that NT-proBNP provides significant incremental predictive value beyond
SOFA and APACHE II scores: the addition of NT-proBNP > 3271 pg/mL to a base model
comprising these two severity scores significantly improved the AUC from 0.582 (95% CI:
0.528-0.636) to 0.642 (95% CI: 0.591-0.693) (AAUC + 0.060, DeLong test p = 0.011), with an
IDI of 0.030. Notably, SOFA and APACHE II themselves did not reach independent signifi-
cance in multivariable analysis (p = 0.737 and p = 0.470, respectively), whereas NT-proBNP
remained a highly significant predictor (p < 0.001), suggesting that it captures a dimension
of cardiopulmonary vulnerability not adequately reflected by general severity-of-illness
scores alone. Specifically, the relatively high specificity (72.4%) at the optimal cutoff of
3271 pg/mL suggests that elevated admission NT-proBNP effectively identifies a high-risk
phenotype predisposed to weaning failure. This allows for a longer clinical window to
optimize cardiovascular status before proceeding to tracheostomy and weaning.

Notably, echocardiographic variables such as LVEF, E/E’ ratio, and RVSP did not differ
significantly between the groups. This discrepancy likely reflects the inherent limitations of
resting echocardiography, which provides only a static morphological snapshot that may
fail to capture the dynamic cardiovascular stress induced by weaning. In contrast, NT-
proBNP serves as a sensitive molecular integrator of cumulative myocardial wall stress over
time. It may more effectively reflect subclinical diastolic dysfunction or impaired cardiovas-
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cular reserve—often termed ‘weaning-induced cardiac dysfunction’—that remains latent
during resting imaging but manifests during the physiological challenge of spontaneous
breathing. Furthermore, worsening pulmonary dynamics, such as hypoxia, can trigger
pulmonary vasoconstriction and elevate pulmonary artery pressure. This increased right
ventricular afterload, through ventricular interdependence, exacerbates myocardial wall
stress and contributes to elevated NT-proBNP levels, suggesting that the marker reflects
complex pulmonary—cardiac interactions during weaning. These findings support the
concept that biochemical markers can overcome the limitations of intermittent imaging,
providing a more continuous and objective molecular surrogate for cardiovascular reserve
in critically ill patients with evolving hemodynamics.

The timing of tracheostomy remains an area of ongoing debate. Research on patients
with coronavirus disease 2019 also showed no significant differences between the early and
late tracheostomy groups in terms of overall mortality or the time to successful liberation
from mechanical ventilation [15]. Furthermore, large randomized trials, including the
TracMan study, did not demonstrate a consistent survival or ventilator liberation benefit
associated with early tracheostomy [3]. In the TracMan study, early tracheostomy (<4 days)
versus late tracheostomy (>10 days) did not significantly reduce 30-day mortality or the
number of ventilator days. Similarly, systematic reviews and meta-analyses have reported
heterogeneous results regarding the impact of tracheostomy timing on ICU outcomes, sug-
gesting that optimal timing remains unclear [12]. We postulate that these conflicting results
in the previous literature may stem from a “one-size-fits-all” approach that fails to account
for the underlying pathophysiological heterogeneity of critically ill patients. However, most
of these studies enrolled mixed ICU populations or focused predominantly on surgical
or trauma patients, limiting their applicability to the MICU setting. Retrospective cohort
studies in mixed ICU cohorts have yielded conflicting findings, with some suggesting
that earlier tracheostomy may shorten ventilator duration but without consistent improve-
ments in mortality. In contrast, the present study specifically evaluated a MICU cohort
and demonstrated that tracheostomy performed within 10 days of mechanical ventilation
initiation was independently associated with improved weaning outcomes. This 10-day
threshold was selected as it represents a common clinical transition point for long-term
airway management and aligns with several influential trials and meta-analyses that delin-
eate early versus late intervention [3,12]. Furthermore, to ensure that our findings were not
dependent on an arbitrary cutoff, we performed sensitivity analyses using an alternative
7-day threshold, which yielded consistent and robust results. This stability across different
time points (7 and 10 days) suggests that the observed clinical trend reflects a genuine
physiological advantage rather than an artifact of the chosen definition. Crucially, this
study moves beyond mere prediction by integrating molecular biomarkers with procedu-
ral timing, representing a novel conceptual contribution that distinguishes it from prior
literature focused solely on NT-proBNP as a weaning predictor. Our data suggests that the
clinical benefit of early tracheostomy is not uniform but is closely linked to the patient’s
underlying cardiovascular reserve. Our findings suggest a conceptual shift away from a
“one-size-fits-all” approach toward a more individualized framework for evaluating phys-
iological readiness for tracheostomy. However, we strictly acknowledge that translating
this concept into clinical practice to actively guide procedural timing remains premature
and requires prospective validation.

Several mechanisms may explain the association between early tracheostomy and
weaning success observed in our cohort. Early tracheostomy is linked to potential reduc-
tions in sedation requirements, improved patient comfort, enhanced airway clearance, and
earlier initiation of active rehabilitation—all of which may contribute to more efficient
ventilator liberation. Importantly, when considered alongside NT-proBNP levels, our
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findings suggest that procedural timing alone may be insufficient to evaluate weaning
success; instead, the interaction between this therapeutic intervention and underlying
cardiovascular reserve appears to be crucial.

From a translational and interdisciplinary perspective, the combined assessment of
tracheostomy timing and cardiac biomarkers offers a more nuanced framework for individu-
alized weaning strategies. Specifically, we propose a clinical decision framework consisting
of: (1) identifying a ‘high-risk phenotype” using admission NT-proBNP (>3271 pg/mL);
(2) implementing targeted cardiovascular optimization; and (3) considering a proactive
tracheostomy strategy—ideally within 10 days—to enhance airway clearance and reduce
sedation. This integrated approach, combining molecular risk stratification with optimal
procedural timing, offers a more individualized pathway toward successful ventilator
liberation than a standard ‘one-size-fits-all” strategy. This study adds to the literature by
shifting the paradigm from simple prognosis to proactive clinical strategy. In contrast, in
patients with preserved cardiac reserve, earlier tracheostomy may be associated with mean-
ingful advantages in supporting ventilator liberation without imposing overwhelming
hemodynamic stress. Ultimately, these findings offer a hypothesis-generating step toward
“precision weaning” in the MICU. However, rigorous prospective validation is required
before molecular profiles can be routinely used to tailor the timing of invasive procedures.

This study possesses several distinct strengths. First, it is a large-scale investigation
involving more than 700 patients, providing robust data and statistical power to validate
the diagnostic and prognostic utility of this biomarker for analyzing weaning outcomes
and their associated risk factors in patients undergoing tracheostomy. Second, being a
single-center study allowed for a consistent weaning protocol to be applied by a dedi-
cated team of intensification and critical care specialists, ensuring standardized clinical
management. Furthermore, by focusing specifically on medical ICU patients and exclud-
ing lung transplant recipients, we were able to evaluate a more homogeneous patient
population compared to previous studies, thereby enhancing the internal validity of our
pathophysiological findings.

This study has several limitations. First, its retrospective design precludes causal infer-
ence, and residual confounding cannot be fully excluded despite multivariable adjustment.
Second, we acknowledge the presence of selection and survivorship bias, as our cohort
only included patients who survived long enough to undergo tracheostomy and excluded
those who were successfully extubated early. To mitigate the potential impact of these
biases, we performed a sensitivity analysis restricted to 90-day survivors, which yielded
consistent results and supports the robustness of our observations. Furthermore, the associ-
ation between early tracheostomy and weaning success persisted in older adult patients,
suggesting that the observed benefit was not merely driven by survivorship bias. Third,
our subgroup analyses may be underpowered due to the reduced sample sizes within
specific categories. Because we did not adjust for multiple comparisons, there is an inherent
risk of false-positive findings. Consequently, the results of the subgroup analyses should
be viewed as exploratory, and further large-scale studies are warranted to confirm these
specific associations. Fourth, the interpretation of NT-proBNP levels can be confounded
by renal dysfunction, as impaired renal clearance can lead to elevated circulating levels
independent of acute cardiovascular stress. Although there was no significant difference
in the baseline prevalence of chronic kidney disease between the two groups, and we
adjusted for baseline comorbidities utilizing the CCI, our retrospective design precluded a
detailed analysis of dynamic renal function changes, such as acute kidney injury, during
ICU stays. Fifth, specific ventilatory parameters such as PEEP at the time of tracheostomy
were unavailable. While high PEEP can theoretically increase myocardial wall stress and
confound NT-proBNP levels, baseline P/F ratios were comparable between groups, and
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all procedures followed a standardized protocol requiring respiratory stability (typically
PEEP < 10 cmH,0), likely minimizing this impact. Finally, NT-proBNP measurements
were obtained at baseline and may not have fully captured dynamic molecular changes
during the weaning process. Additionally, data were derived from a single tertiary center,
which may limit generalizability. This study was conducted at one of the largest tertiary
referral hospitals in Korea with a large number of dedicated intensivists; therefore, the high
severity of illness among patients in the ICU may have influenced the results. Nonetheless,
the large sample size, inclusion of a broad MICU population, and robust subgroup analyses
strengthen the validity of the observed associations.

5. Conclusions

In conclusion, this study demonstrated that elevated admission NT-proBNP levels and
delayed tracheostomy were independently associated with ventilator weaning failure in
MICU patients. While these findings highlight the potential value of integrating molecular
cardiovascular biomarkers with interdisciplinary procedural decision-making, utilizing
these markers to actively guide the timing of tracheostomy remains premature. The
results of this retrospective study should be interpreted as hypothesis-generating. Future
prospective cohort studies and randomized controlled trials are essential to validate these
results and to establish the true clinical applicability of biomarker-guided strategies for
personalized ventilator weaning in critically ill patients.
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