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Background: Extubating from mechanical ventilation is crucial in acute respiratory distress syndrome (ARDS). Heparin-binding
protein (HBP) has been closely linked to ARDS development. We aimed to evaluate the association between HBP trajectories and
extubation outcomes in ARDS patients.

Patients and Methods: This was a retrospective study of ARDS patients who were ready for extubation. Group-based trajectory
modeling was applied to identify subgroups with similar HBP trajectories in this cohort. Logistic regression was used to elucidate the
relationship between different trajectories and extubation success.

Results: Overall, this study enrolled 267 patients from September 2023 to March 2025. Five HBP trajectories were identified
including trajl (HBP stable at extremely low level), traj2 (HBP stable at low level), traj3 (HBP descending from a high level to a low
level), traj4 (HBP stable at moderate level), and traj5 (HBP stable at high level). The rates of successful extubation were 86.27%,
61.91%, 71.11%, 50.00%, and 40.98% respectively (P < 0.001). In addition, Logistic regression indicated that patients in traj2, traj3,
traj4, and traj5 was associated with significantly decreased extubation success compared to those in trajl group (odd ratio [OR] =
0.239, 95% confidence interval [CI]: 0.091-0.630; OR = 0.195, 95% CI: 0.054—0.706; OR = 0.143, 95% CI: 0.056—0.368; OR = 0.081,
95% CI: 0.030-0.220, respectively).

Conclusion: In mechanically ventilated ARDS patients, distinct HBP trajectories demonstrate significant associations with extubation
outcomes, suggesting their potential utility in refining extubation protocols in critical care settings.
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Introduction

Acute respiratory distress syndrome (ARDS) is an acute respiratory illness characterized by bilateral chest radiographical
opacities with severe hypoxemia due to non-cardiogenic pulmonary oedema. It represents a critical condition in intensive
care unit (ICU) with mortality rates as high as 43%.' Mechanical ventilation is a critical lifesaving intervention for
ARDS;* however, 10-20% of patients experience difficult extubation,” and extubation failure is strongly associated with
adverse clinical outcomes.® Accurate prediction of extubation success in ARDS patients is therefore paramount.’

The pathophysiology of ARDS is complex and is characterized by injury to pulmonary vascular endothelial cells and
alveolar epithelia.® This pathological process leads to increased capillary permeability, facilitating the leakage of fluid
and proteins into the alveolar and interstitial spaces, which ultimately impairs pulmonary function.” In conclusion,
pulmonary vascular permeability constitutes the pivotal mechanism underlying the severity of pulmonary injury in
ARDS, serving as a critical determinant of both disease progression and clinical prognosis.'® Consequently, it is essential

to evaluate the dynamics of pulmonary vascular permeability before extubation for ARDS.
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Heparin-binding protein (HBP), a neutrophil-derived granular protein, is stored within secretory vesicles and
azurophilic granules (primary granules) and is rapidly released upon cellular activation.'' HBP is an emerging clinical
biomarker which plays a pivotal role in the vascular leakage and pulmonary edema characteristic of ARDS by mediating
proinflammatory cytokine release, immune cell chemotaxis, and endothelial damage.'>'* Clinical investigations have
validated that ARDS exhibit significantly elevated HBP, with this biomarker elevation demonstrating strong correlations
with both the development and pathophysiological severity of the disorder.'> However, research investigating the
relationship between the dynamic changes in the HBP and extubation outcome among ARDS patients remain limited.'®

In summary, our study will conduct longitudinal HBP monitoring and leveraged group-based trajectory modeling
(GBTM) to investigate associations between different HBP trajectories and extubation outcomes in ARDS patients. The
findings aim to establish a predictive tool to guide ventilator weaning strategies and optimize clinical decision-making.

Material and Methods

Study Design and Participants

In this study, ARDS patients who were admitted to the ICU of Ningbo Medical Center Lihuli Hospital between
September 2023 to March 2025 were enrolled. The diagnosis of ARDS was established in accordance with the new
global criteria.!” The details of diagnostic criteria for ARDS are shown in the Supplementary Material. This study was
approved by the ethics of Ningbo Medical Center Lihuli Hospital (KY2025SL228-01). Informed consent was waived for
this retrospective study in accordance with institutional/ethics committee guidelines.

We hypothesized that different patterns of change in HBP were associated with the extubation outcomes of ARDS.
The inclusion criteria were as follow: (a) stayed in ICU for more than six days; (b) complete clinical data; (c) age > 18
years. The exclusion criteria were as follow: (a) extubation within 6 days after enrolled; (b) patients with tracheostomy;
(c) patients requesting discharge during treatment.

Date Collection

All data were extracted from the critical care electronic database. The baseline characteristics including age, gender, body
mass index (BMI), chronic disease, Acute Physiology and Chronic Health Evaluation I (APACHE 1II) score,'® Sequential
Organ Failure Assessment (SOFA) score,'® PaO,/FiO, at enrolled, and primary disease of ARDS. HBP levels were
measured daily from 1-6 days after enrolled.

Clinical Outcomes

The primary outcome was extubation success, which was defined as sustained spontaneous breathing for more than
48 h following extubation without mechanical ventilation (invasive or noninvasive). The secondary outcomes included
ventilator-free days through 28 days, length of ICU stays, length of hospital stays, and ICU mortality.

Statistical Analysis

The Kolmogorov—Smirnov test examined the normality of continuous variables. For normally distributed, continuous
variables, data are expressed as the means + standard deviations and were compared with the ¢ test. For non-normally
distributed, continuous variables, data are presented as [M (P25, P75)] medians (interquartile ranges) and were compared
using the Mann—Whitney U-test. For categorical variables, data are presented as numbers (%), and the Chi-square test
was used for comparisons.

Trajectories of HBP were categorized using GBTM, implemented in R (version 4.3.3) with the “gbmt” package.
GBTM predicted trajectories for each group, estimated each individual’s probability of group membership, and assigned
individuals to groups based on their highest probabilities, which were modeled by a finite set of different polynomial time
functions. Then, we identified the optimal number of trajectory classes using Bayesian Information Criterion (BIC)
values and Akaike Information Criterion (AIC), average posterior probability of assignment (AvePP) (> 70%), odds of
correct classification (OCC) (> 5), minimal class sizes (> 5% of sample size) and clinical experience.zo
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We conducted a two-step regression analysis to identify factors associated with extubation success. First, we con-
ducted univariate logistic regression for different patterns of change in HBP and other clinical variables (including age,
gender, BMI, SOFA score, primary disease of ARDS, PaO,/FiO, at enrolled, and number of chronic diseases) to screen
for potential associations with extubation success. We then introduced potential confounders (P < 0.1) into the multi-
variate logistic regression model to assess the relationship between the relationships between HBP trajectories and the
extubation success. We performed a prespecified subgroup analysis for extubation success by the age and SOFA score,
using the median values of the cohort ([Median] years for age and [Median] points for SOFA score) as the cut-offs.

Statistical tests were two-sided, and a P value < 0.05 was considered significant. The analysis was performed using
R (version 4.3.3) software and GraphPad Prism 9.3 software.

Results

Characteristics of the Study Population

Between September 2023 to March 2025, 267 patients were included in the analysis. A total of 156 patients were
ultimately successfully extubated. The flowchart is shown in Figure 1. The cohort is predominately male (73.78%), with
a median age of 72 years old [interquartile range (IQR): 63-80] and a median APACHE II score of 21
(IQR:16.00-24.00). The primary disease of ARDS was pulmonary disease. The baseline characteristics of the patients
are summarized in Table 1. The HBP of first day was lower in patients who were successfully extubated compared with
those with extubation failure (P < 0.05). No statistically significant differences were observed in other indicators between
the successful and failed groups (all P > 0.05).

Group-Based Trajectory Modeling

With the polynomial order fixed at three, we explored group-based trajectory models with 1 to 6 subgroups. Model fit
indices are detailed in Table 2. The results demonstrated that both BIC and AIC values progressively decreased with an
increasing number of subgroups. After comprehensive consideration of clinical relevance and model parsimony,
a 5-subgroup trajectory configuration was ultimately determined to be optimal for this study. After setting the number
of trajectory groups to five, parameter estimation results for different polynomial orders in each trajectory group are
presented in Table S1. The results demonstrated that when the polynomial order was set to 3 in all trajectory groups, the
associated P-values were consistently less than 0.05. For internal validation, all HBP trajectory groups demonstrated

616 patients with ARDS in intensive care unit
of Ningbo medical center Lihuili hospital
from September 2023 to March 2025

195 patients do not meet inclusion criteria
Stayed in icu less than six days (n=99)
Missing clinical data (n=95)

Age < 18 years (n=1)

A 4

421 patients
met inclusion criteria

154 patients do not meet inclusion criteria
Extubation within 6 days after enrolled (n=136)

| Patients with tracheostomy (n=9)

Requesting discharge during treatment (n=9)

A 4

267 patients were finally
included in the study analysis

Figure | Flowchart of the study.
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Table | Baseline Characteristics of the Study Subjects

Characteristics Total (N=267) Successful Group (n = 156) | Failed Group (n=111)
Gender, n (%)

Male 197 (73.78) 117 (75.00) 80 (72.07)

Female 70 (26.22) 39 (25.00) 31 (27.93)
Age, median (IQR), y 72.00 (63.00, 80.00) 73.00 (64.25, 81.00) 63.00 (43.80, 80.00)
BMI, median (IQR), kg/m? 22.49 (20.20, 24.22) 22.49 (20.60, 24.22) 22.04 (19.53, 24.49)
APACHE Il score, median (IQR) | 21.00 (16.00, 24.00) 21.00 (16.00, 24.00) 21.00 (17.00, 25.00)
SOFA score, median (IQR) 7.00 (5.00, 9.00) 7.00 (5.00, 9.00) 7.00 (5.00, 9.00)
PaO,/FiO; at enrolled, n (%)

200-300 mmHg 108 (40.45) 66 (42.31) 42 (37.84)

100-200 mmHg 111 (41.57) 64 (41.03) 47 (42.34)

< 100 mmHg 48 (17.98) 26 (16.67) 22 (19.82)
Primary disease of ARDS, n (%)

Intrapulmonary factors 219 (82.02) 127 (81.41) 95 (85.59)

Extrapulmonary factors 48 (17.98) 29 (18.59) 16 (14.41)
Chronic disease, n (%)

Chronic Pulmonary Disease 34 (12.73) 22 (14.10) 12 ()10.81

Immunosuppression Disease 76 (28.46) 41 (26.28) 35 (31.53)

Cerebrovascular Disease 55 (20.60) 29 (28.59) 26 (23.42)

Diabetes 76 (28.46) 47 (30.13) 29 (26.13)

Hypertension 121 (45.69) 75 (48.08) 46 (41.44)
HBP, median (IQR), ng/mL 80.20 (36.96, 160.51) 68.71 (30.90, 154.95) 91.50 (55.88, 186.35)

Abbreviations: BMI, body mass index; APACHE I, Acute Physiology and Chronic Health Evaluation Il; SOFA, Sequential Organ Failure
Assessment; HBP, heparin-binding protein; IQR, interquartile range.

Table 2 Objective Criteria for Determining the Number of HBP Trajectory Groups
Using GBTM in ARDS Patients

Number of Groups BIC AIC Size of Smallest Subgroup (% of Total)
| 18,651.71 | 18,635.57 100.00

2 17,348.22 | 17,289.057 47.19

3 16,861.02 | 16,769.58 22.85

4 16,695.64 | 16,582.68 20.97

5 16,642.27 | 16,491.66 6.74

6 16,613.86 | 16,436.35 9.36

Abbreviations: ARDS, acute respiratory distress syndrome; HBP, Heparin-binding protein; GBTM, Group-based
trajectory modeling; BIC, Bayesian Information Criterion; AIC, Akaike Information Criterion.

robust classification accuracy with AvePP > 70%, OCC > 5, and strong concordance between posterior probabilities of
group membership (Pj) and estimated prior probabilities (mj), indicating satisfactory model fit as detailed in Table S2.

Characteristics and Clinical Outcomes of Various HBP Trajectories
Based on the HBP trajectory, ARDS patients were classified into five distinct groups, including trajl (persistently
extremely low HBP, n = 51), traj2 (persistently low HBP, n = 63), traj3 (high-to-low transitional HBP, n = 18), traj4
(persistently moderate HBP, n = 74), and traj5 (persistently high HBP, n = 61). All trajectories were shown in Figure 2,
and the daily HBP of five groups are detailed in Table S3.

The extubation success rate progressively decreased from group trajl to traj5, with statistically significant differences
observed between groups (P < 0.001). Moreover, ventilator-free days through 28 days and ICU mortality showed statistically
significant differences among the five groups (all P < 0.05). Detailed comparative data are presented in Table 3.
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Figure 2 Identification of heparin-binding protein trajectories.
Notes: trajl, stable at extremely low level; traj2, stable at low level; traj3, descending from a high level to a low level; traj4, stable at moderate level; traj5, stable at high level.
Abbreviation: HBP, Heparin-binding protein.

Association Between HBP Trajectories and Extubation Success

Logistic regression analysis illustrated that extubation success was significantly different among the five groups. The
relationship of different HBP trajectories with extubation success is presented in Table 4. The traj2, traj3, trje4, and traj5
was associated with decreased extubation success rate when compared with the trajl (odd ratio [OR] = 0.239, 95% confidence
interval [CI]: 0.091-0.630; OR = 0.195, 95% CI: 0.054-0.706; OR = 0.143, 95% CI: 0.056-0.368, OR = 0.081, 95% CI:
0.030-0.220, respectively). The observed associations persisted after adjustment for potential confounders, including age,
gender, BMI, SOFA score, primary disease of ARDS, Pa0,/FiO, at enrolled, and number of chronic diseases.

Subgroup Analysis

The prespecified subgroup analysis by age and SOFA score revealed non-significant interaction effects (all P > 0.05)
between these variables and HBP trajectories. However, robust associations between distinct HBP trajectories and
extubation outcomes were observed in patients aged > 72 years, and SOFA scores < 7 or > 7 (Figure 3).

Table 3 Clinical Outcomes Among the Five Trajectory Groups

Clinical Outcomes trajl (n =51) traj2 (n = 63) traj3 (n = 18) traj4 (n = 74) traj5 (n = 61) P

Extubation success rate, n (%) 86.27 61.91 6l1.11 50.00 40.98 < 0.001

Ventilator-free days through 21.00 (15.00, 24.00) 19.00 (0.00, 23.00) 18.50 (0.00, 22.25) 18.50 (0.00, 23.00) 23.00 (0.00, 23.00) 0.008
28 days, median (IQR), d

Length of ICU stays, 13.00 (9.00, 20.00) 18.00 (11.00, 28.00) 13.00 (9.00, 21.50) 12.00 (9.00, 17.25) 14.00 (9.00, 25.50) 0.112
median (IQR), d
Length of hospital stays, 23.00 (17.00, 39.00) | 28.00 (18.00, 48.00) | 29.00 (18.75, 46.00) | 21.00 (14.00, 36.00) | 25.00 (18.00, 38.00) 0.225
median (IQR), d
ICU mortality, n (%) 27.45 39.68 33.33 44.59 57.38 0.024

Notes: trajl, stable at extremely low level; traj2, stable at low level; traj3, descending from a high level to a low level; traj4, stable at moderate level; traj5,
stable at high level.
Abbreviations: ICU, intensive care unit; IQR, interquartile range.
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Discussion

Table 4 Relationship of HBP Trajectories and Extubation Success

Group Unadjusted Analysis Adjusted Analysis®
OR (95% CI) P OR (95% CI) P

trajl Reference Reference

traj2 0.259 (0.100-0.666) | 0.005 | 0.239 (0.091-0.630) | 0.004

traj3 0.250 (0.072-0.863) | 0.028 | 0.195 (0.054-0.706) | 0.013

traj4 0.159 (0.063-0.399) | < 0.001 | 0.143 (0.056-0.368) | < 0.001

traj5 0.110 (0.043-0.285) | < 0.001 | 0.081 (0.030-0.220) | < 0.001

Notes: * Adjusted for age, gender, BMI, SOFA score, primary disease of ARDS, PaO,/FiO,
at enrolled, and number of chronic diseases. trajl, stable at extremely low level; traj2,
stable at low level; traj3, descending from a high level to a low level; traj4, stable at
moderate level; traj5, stable at high level.
Abbreviations: HBP, heparin-binding protein; OR, odd ratio; Cl, confidence interval.

In this study, five distinct HBP trajectories were identified in a cohort of ARDS patients. Those patients with higher HBP
were associated with a higher risk of failed extubation compared with patients whose HBP stained at a lower level. This

association remained significant after adjusting potential confounding factors. These findings may assist clinicians in

identifying high-risk populations for extubation failure and provide clinical guidelines for extubation decision.
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0.949 (0.266-3.380)
1.342 (0.273-6.610)
0.903 (0.284-2.870)
0.695 (0.207-2.333)

0.349 (0.113-1.079)
0.490 (0.071-3.385)
0.254 (0.080-0.804)
0.136 (0.041-0.450)

0.370 (0.120-1.143)
0.532 (0.077-3.652)
0.270 (0.086-0.847)
0.139 (0.042-0.456)

0.268 (0.084-0.858)
0.224 (0.041-1.208)
0.212 (0.069-0.648)
0.132 (0.042-0.415)

P P for interaction
0.810

0.936
0.717
0.863
0.556

0.068
0.469
0.020
0.001
0.455

0.084
0.521
0.025
0.001

0.026
0.082
0.006
0.001

Figure 3 Subgroup analysis of the association between heparin-binding protein trajectories and extubation success.
Notes: trajl, stable at extremely low level; traj2, stable at low level; traj3, descending from a high level to a low level; traj4, stable at moderate level; traj5, stable at high level.
Abbreviations: SOFA, Sequential Organ Failure Assessment; OR, odd ratio; Cl, confidence interval.
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Although the pathophysiology of ARDS is complex and not fully elucidated, it is widely accepted that ARDS
represents a severe pulmonary manifestation of systemic inflammatory response syndrome (SIRS).?' The activation of
inflammatory cells (particularly polymorphonuclear leukocytes, PMNs), arachidonic acid metabolic byproducts, and
other inflammatory mediators have been identified as pivotal drivers in the progression of SIRS and ARDS.?*?* This
cellular mechanism predominantly manifests through PMN-induced structural damage to the alveolar-capillary mem-
brane via pro-inflammatory cytokine release, facilitates the leakage of fluid and protein into the interstitial spaces and
alveoli, culminating in ARDS.>*?* Thus, PMNs play a central role in the pathogenesis of ARDS.

HBP, a key component of granules in PMNs, plays a pivotal role in initiating the cascade of inflammation and
enhancing vascular permeability.’®?” Bentzer et al demonstrated that HBP binds to glycosaminoglycans on endothelial
cell surfaces, subsequently activating protein kinase C and Rho kinase pathways. This cascade triggers Ca’+ influx,
induces cytoskeletal rearrangement and endothelial cell contraction, and disrupts intercellular junctions between pul-
monary capillary endothelial cells, collectively leading to increased vascular permeability.'>*® Furthermore, HBP
exhibits chemoattractant activity, promoting the recruitment of monocytes, macrophages, and other inflammatory cells
to pulmonary inflammatory sites. Upon accumulation in the lungs, these cells release proinflammatory mediators that
exacerbate local inflammation and further amplify pulmonary capillary hyperpermeability.”® Collectively, these mechan-
isms underscore the pivotal role of HBP in modulating the permeability of pulmonary microvascular endothelial barriers.

Recent evidence demonstrates significantly elevated plasma HBP levels in ARDS patients compared to those with
cardiogenic pulmonary edema, with a strong correlation observed between HBP and the severity of lung injury.*
Furthermore, Xue et al validated the utility of HBP as a predictive biomarker for clinical deterioration in respiratory failure
patients.®' Notably, our findings revealed that successful extubation group exhibited significantly lower HBP levels of first day
than failed group. These collective data support the role of HBP as a robust indicator for evaluating alteration in pulmonary
microvascular permeability and stratifying lung injury severity in ARDS. Nevertheless, a critical knowledge gap remains
regarding the longitudinal dynamicsof HBP and their relationship with extubation outcomes of ARDS.

In this study, we identified five groups of HBP trajectory groups based on GBTM. We observed that patients in the
persistent moderate or high level HBP trajectory groups exhibited significantly lower extubation success rates compared
to the persistent extremely low level HBP group. Logistic regression analyses confirmed that this inverse association
remained significant after adjusting for confounding variables. These findings suggest that sustained moderate or high
HBP levels in ARDS patients may perpetuate alveolar-capillary barrier dysfunction, driving progressive pulmonary
edema, unresolved inflammatory infiltration, and consequently more severe lung injury. Clinically, this biological
persistence correlates with prolonged mechanical ventilation dependence, higher risks of extubation failure and ICU
mortality, and serve as an indicator of critical disease progression requiring vigilant monitoring. Notably, patients
demonstrating a descending HBP trajectory (from a high level to a low level) achieved superior extubation outcomes
and lower ICU mortality compared to those with static elevated HBP levels, which is a critical distinction unattainable
through single-point HBP assessments. Although these preliminary observations are consistent with Sun et al, who
reported that rapid HBP reduction was associated with improved survival in multiorgan dysfunction syndrome, large-
scale prospective studies are needed for validation.®? Collectively, dynamic HBP trajectory monitoring provides
enhanced prognostic utility over static measurements for guiding extubation decision-making in ARDS management.

Subgroup analyses stratified by age and SOFA scores demonstrated persistent associations between HBP trajectory
patterns and extubation outcomes, with particularly robust correlations observed in patients aged > 72 years and across
SOFA score subpopulations. These findings align with Wang et al’s cohort study, which showed that patients exhibiting
extreme HBP elevation typically present with advanced age, compromised immunity, multiple comorbidities, and
elevated mortality risk.'® Clinically, these data suggest that ARDS patients aged >72 years with sustained moderate-to-
high HBP levels warrant prioritized clinical attention and early targeted therapeutic interventions.

HBP trajectories could help clinicians stratify patients at high risk for extubation failure, enabling closer monitoring
and timely interventions. Future research should focus on establishing specific HBP cut-off values to guide clinical

decision-making.
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This study has several limitations. Firstly, the sample size of our study was moderate, and all participants were
recruited from a single center. Secondly, as a retrospective study, we cannot verify a causal relationship between HBP
trajectories and extubation outcomes. Therefore, a larger, multi-centre study is needed to further validate our results.

Conclusion

In conclusion, our study identifies distinct HBP trajectories that are strongly associated with extubation success in ARDS,
providing a potential tool for risk stratification. This suggests that monitoring HBP dynamics could help clinicians
identify patients at high risk for extubation failure, who may benefit from more vigilant monitoring and tailored weaning
protocols. Future research should focus on validating these trajectories prospectively and establishing specific HBP cut-
off values to guide clinical decision-making.

Abbreviations

ARDS, acute respiratory distress syndrome; HBP, heparin-binding protein; ICU, intensive care unit; GBTM, group-based
trajectory modeling; BMI, body mass index; APACHE II, acute physiology and chronic health evaluation II; SOFA,
sequential organ failure assessment; BIC, Bayesian Information Criterion; AIC, Akaike Information Criterion; AvePP,
average posterior probability of assignment; OCC, odds of correct classification; SIRS, systemic inflammatory response
syndrome; PMNSs, polymorphonuclear leukocytes; IQR, interquartile range; OR, odd ratio; CI, confidence interval.
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