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APPROVED GALLEY PROOF

Background: Liver transplantation in critically ill patients with advanced cirrhosis frequently leads to prolonged ventilation.
Percutaneous dilatational tracheostomy is widely used to facilitate weaning, yet the optimal timing after liver
transplantation remains uncertain.

Material/Methods: This retrospective single-center study analyzed 83 of 1352 liver transplant recipients (6.1%) who underwent
percutaneous dilatational tracheostomy between December 2010 and June 2024. Patients were retrospective-
ly categorized as early (<7 days) or late (>8 days) according to the interval from liver transplantation to trache-
ostomy. Clinical and laboratory parameters were assessed using group comparisons, multivariable linear re-
gression (with and without log-transformed outcomes), Cox regression, and Kaplan-Meier survival analysis.

Results: Patients who underwent early percutaneous dilatational tracheostomy had lower platelet counts (57 vs 97x10°/L;
P=0.047) and higher aspartate aminotransferase (72 vs 46 U/L; P=0.022), alanine aminotransferase (249 vs
67 U/L; P<0.001), and creatinine levels (175 vs 141 pmol/L; P=0.033). Early percutaneous dilatational tracheos-
tomy was independently associated with a shorter intensive care unit stay ($=-0.651; 95% Cl, -1.087 to -0.214;
P=0.004; 47.8% reduction) and shorter mechanical ventilation duration ($=-0.560; 95% Cl, -1.027 to -0.093;
P=0.020; 42.9% reduction). No significant survival difference was found between early and late percutaneous
dilatational tracheostomy (Cox hazard ratio, 0.76; 95% Cl, 0.41-1.40; P=0.37).

Conclusions: Early percutaneous dilatational tracheostomy was associated with reduced intensive care unit and ventilation
times but did not confer a survival benefit. These findings should be interpreted cautiously, given the retro-
spective single-center design.

Keywords: Critical Care e Liver Transplantation ¢ Retrospective Studies ¢ Time Factors ¢ Tracheostomy e
Transplantation

Abbreviations: ALT - alanine aminotransferase; AST — aspartate aminotransferase; FiO, - fraction of inspired oxygen;
ICU - intensive care unit; LT - liver transplantation; MELD — Model for End Stage Liver Disease;
Pa0, - arterial partial pressure of oxygen; Pa0,/FiO, - arterial oxygen partial pressure to inspired oxy-
gen fraction ratio (P/F ratio); PDT — percutaneous dilatational tracheostomy; SAPS Il — Simplified Acute
Physiology Score Il
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Introduction

Liver transplantation (LT) is a well-established surgical proce-
dure for treating patients with acute liver failure or end-stage
liver cirrhosis. Within the Eurotransplant region, Germany had
the highest rate of patients either dying or becoming unfit
while waitlisted (26%) [1,2].

Amid the ongoing shortage of donor organs, LT is increasing-
ly performed in patients with more advanced stages of cirrho-
sis. These patients often experience a complex postoperative
course, frequently marked by respiratory insufficiency and pul-
monary complications. Up to 50% of patients develop pulmo-
nary complications following LT [3,4].

LT recipients are particularly susceptible to pulmonary compli-
cations, due to their poor clinical condition resulting from liver
cirrhosis and pre-existing pulmonary alterations, especially in
patients with high Model for End-Stage Liver Disease (MELD)
scores. Common comorbidities include hepatic hydrothorax,
hepatopulmonary syndrome, a-1 antitrypsin deficiency em-
physema, and portopulmonary hypertension. These pre-exist-
ing conditions significantly contribute to the development of
pneumonia and other respiratory complications. Furthermore,
intraoperative factors such as massive transfusions, fluid over-
load, hemodynamic instability, renal failure, reperfusion syn-
drome, and coagulopathies play a crucial role in the develop-
ment of postoperative respiratory insufficiency, often leading
to prolonged postoperative invasive mechanical ventilation [5].

Prolonged mechanical ventilation is the predominant context
in which percutaneous dilatational tracheostomy (PDT) is con-
sidered; however, the risk of laryngotracheal injury increases
with the duration of translaryngeal intubation [6,7]. On the
one hand, modern ventilators with improved weaning func-
tions, such as automatic tube compensation and endotrache-
al tubes with subglottic suction, allow prolonged ventilation
via endotracheal tubes. On the other hand, PDT is significant-
ly simpler, more accessible, safer, and can be performed bed-
side in the intensive care unit (ICU) [6,8-10]. This highlights
the need to identify which patients undergoing LT are most
likely to benefit from PDT and to define the optimal timing
for its implementation.

Although many studies and meta-analyses have examined
whether earlier tracheostomy confers advantages over lat-
er tracheostomy or continued endotracheal intubation, the
evidence is mixed. Most studies in patients undergoing LT
and PDT are retrospective, small, and often rely on unadjust-
ed analyses; many emphasize predictors of prolonged venti-
lation and procedural complications rather than the effect of
timing itself. Definitions of “early” and “late” vary widely, fur-
ther limiting comparability. Consequently, the optimal timing
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of tracheostomy in critically ill patients—particularly after LT
- remains uncertain.

Given the heterogeneity of published LT timing definitions and
the absence of a universally accepted cutoff, we used a prag-
matic threshold of 7 days to distinguish PDT performed within
the first postoperative week from later procedures, informed
by German ICU practice, in which tracheostomy is commonly
performed within the first 14 days of mechanical ventilation
and most often during the second week [11].

This study aims to assess the clinical impact of early (<7 days)

vs late (>8 days) PDT after LT on ICU length of stay, mechan-
ical ventilation duration, and short- and long-term survival.

Material and Methods

Study Population

We conducted a retrospective analysis of LT recipients who un-
derwent PDT between December 2010 and June 2024 at the
University Hospital Essen, Germany. Only patients treated in
the general surgical ICU were included in the study. Patients
under 18 years of age were excluded from the study. Out of
1352 LT recipients treated during the study period, 83 (6.1%)
underwent PDT and were included in the analysis.

The indication and timing of PDT were determined on a case-
by-case basis by the attending ICU consultant, based on the
patient’s current clinical status, respiratory course, and antic-
ipated need for prolonged mechanical ventilation, without a
standardized institutional protocol or prespecified criteria for
early vs late PDT. During the study period, all tracheostomies
in the analyzed cohort were performed as bedside PDTs; no
surgical tracheostomies were performed.

Clinical and laboratory data were collected retrospectively from
electronic medical records and archived paper-based charts.

Ethics Approval and Consent to Participate

The study protocol was approved by the Ethics Committee of
the University of Duisburg-Essen (approval No. 23-11497-BO;
October 30, 2023). The study was conducted in accordance with
the Declaration of Helsinki and applicable institutional/nation-
al regulations. Due to the retrospective design and use of de-
identified data, the committee waived the requirement for writ-
ten informed consent. Patient confidentiality and anonymity
were preserved throughout; no identifiable images or person-
al data are included. All organs used for the index transplants
in this cohort were obtained through legally authorized dona-
tion processes; no organs from executed prisoners were used.
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Parameters

The following clinical and laboratory parameters were record-
ed and analyzed for each patient (Table 1): demographic data:
sex, age, and body mass index; primary indication for LT: al-
cohol-related cirrhosis, metabolic-associated steatohepatitis,
viral hepatitis, cholestatic liver disease, and other etiologies;
type of surgery: primary LT, primary re-transplantation, and
other procedures (eg, second re-transplantation, combined
liver-kidney transplantation); comorbidities: atrial fibrillation,
coronary artery disease, diabetes mellitus, chronic obstruc-
tive pulmonary disease, peripheral arterial occlusive disease,
stroke, nicotine use, and hepatocellular carcinoma; causes of
respiratory insufficiency and indications for PDT: pneumonia,
liver graft dysfunction, abdominal sepsis, and weaning failure;
cause of death: septic shock, liver failure, acute hemorrhage,
cardiogenic shock, and intracerebral haemorrhage; postoper-
ative data: length of ICU stay, total hospital stay, duration of
mechanical ventilation, need for renal replacement therapy,
whether patients underwent initial postoperative extubation
after LT before subsequent PDT, the time from LT to first post-
operative extubation among those patients, and the interval
from LT to PDT; and laboratory parameters: hemoglobin, in-
ternational normalized ratio, activated partial thromboplastin
time, fibrinogen, platelet count, aspartate aminotransferase
(AST), alanine aminotransferase (ALT), bilirubin, and creatinine.

In addition, severity and organ function scores were mea-
sured using the Simplified Acute Physiology Score Il (SAPS I1),
Horowitz index (arterial oxygen partial pressure to inspired ox-
ygen fraction ratio [Pa0,/Fi0,]), and a postoperative Model for
End-Stage Liver Disease (MELD) score recalculated on the day
of PDT. The recalculated MELD score was used as a marker of
disease severity rather than for organ allocation, consistent
with previous reports that postoperative MELD-based scores
may be prognostic after LT [12].

Statistical Analysis

Continuous variables were assessed for normality using the
Shapiro-Wilk and Kolmogorov-Smirnov tests, with the Shapiro-
Wilk test prioritized. Normally distributed variables were re-
ported as meansstandard deviation, and non-normally distrib-
uted variables as median with range (minimum-maximum).

For the purposes of this analysis, patients were retrospective-
ly categorized as having undergone early PDT (<7 days) or late
PDT (=8 days) according to the interval from LT to PDT. The
7-day threshold was chosen as a pragmatic study-specific cut-
off, reflecting heterogeneity in published LT timing definitions
and common German ICU practice, whereby tracheostomy is
often performed within the first 14 days of prolonged mechan-
ical ventilation and most often during the second week [11].
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Homogeneity of variances was evaluated using the Levene and
Brown-Forsythe tests. For group comparisons, the Wilcoxon
rank-sum test was used for continuous variables, and the
Pearson chi-square or Fisher exact test were used for cate-
gorical variables, as appropriate.

Variables found to be statistically significant in univariate group
comparisons, as well as clinically relevant variables, were includ-
ed in multivariable linear regression models to assess associa-
tions between PDT timing and clinical outcomes. Outcome vari-
ables (ICU length of stay and mechanical ventilation duration)
were log-transformed to improve model fit and facilitate inter-
pretation in terms of relative percentage change. Because PDT
timing was not randomized, the multivariable models were used
to estimate adjusted associations rather than causal effects.

Survival was analyzed using Kaplan-Meier curves, with group
comparisons performed by the log-rank test. Additionally, a
multivariable Cox proportional hazards model was used to
evaluate the association between PDT timing and survival out-
comes. A Pvalue <0.05 was considered statistically significant.

All statistical analyses were performed using jamovi (version
2.5.6.0; The jamovi project, Sydney, Australia) and R (version
4.4.2; R Foundation for Statistical Computing, Vienna, Austria)
within RStudio (Posit PBC, Boston, MA, USA). The following R
packages were employed for data processing, modeling, and
visualization: readxl, dplyr, survival, broom, ggplot2, gt, gtsum-
mary, survminer, forcats, and tidyr.

Results

Overall Cohort

During the study period, 1352 patients underwent LT, of whom
83 (6.1%) required PDT. Patient characteristics and procedural
parameters are summarized in Table 1. Patients ranged in age
from 18 to 70 years (median: 55 years). The cohort included
31 female (37.3%) and 52 male (62.7%) patients. The mean
body mass index was 25.5+5.0 kg/m?.

The most common comorbidities were nicotine use (n=22,
26.5%) and diabetes mellitus (n=21, 25.3%), followed by cor-
onary artery disease (n=14, 16.9%), atrial fibrillation (n=13,
15.7%), hepatocellular carcinoma (n=16, 19.3%), stroke (n=4,
4.8%), chronic obstructive pulmonary disease (n=4, 4.8%), and
peripheral arterial occlusive disease (n=2, 2.4%).

On the day of PDT, the median recalculated postoperative MELD
score — calculated from laboratory values obtained on the day
of tracheostomy and used here as a marker of disease severity
—was 22.5 (range, 6-37), and the mean SAPS Il was 34.1+11.8.
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Table 1. Baseline characteristics of liver transplant recipients undergoing percutaneous dilatational tracheostomy (N=83). Values are
mean+SD or median [min-max] as appropriate. Categorical variables are n (%) of the total cohort (N=83).

Category/variable Value
Demographics
 Maleffemale 52 (627%/31 37.3%)
CAgeGeas) . s ps]
CeMiGgmd . smso

Recalculated postoperative MELD on PDT day (points) 225 [6-37]

APPROVED GALLEY PROOF

Weaning failure 11 (13.3%)
lvergraft dysfuncton 1 4%
Nosocomial preumonia 9 G
© Abdominalsepss . 10w
CUnknown o a
Ccomorbidities
©awialfibrillation 13 asm)
 Hepatocellular carcinoma 16 @93%)
. Coronaryartery disease 14 a6
 Diabetes mellitus 21 @s3%)
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Table 1 continued. Baseline characteristics of liver transplant recipients undergoing percutaneous dilatational tracheostomy (N=83).
Values are mean+SD or median [min-max] as appropriate. Categorical variables are n (%) of the total cohort

(N=83).
Category/variable Value
Stroke 4 (4.8%)
COPD 4 (4.8%)
PAOD 2 (2.4%)

Creatinine (umol/L)

1.07 [0.91-2.43]

30 [21-79]

150 [42-447]

Units: hemoglobin (g/L), fibrinogen (g/L), bilirubin (umol/L), creatinine (umol/L), AST/ALT (U/L), INR (ratio), aPTT (s), platelets (x10°/L).
Pa0,/FiO, (mmHg/kPa; 1 mmHg=0.133 kPa). ALT - alanine aminotransferase; AST — aspartate aminotransferase; aPTT — activated
partial thromboplastin time; BMI — body mass index; COPD — chronic obstructive pulmonary disease; CRRT — continuous renal
replacement therapy; ICU — intensive care unit; INR — international normalized ratio; LT — liver transplantation; MELD — Model for End-
Stage Liver Disease; MASH — metabolic dysfunction-associated steatohepatitis; PaO,/FiO, - ratio of arterial oxygen partial pressure to
inspired oxygen fraction; PAOD — peripheral arterial occlusive disease; PDT — percutaneous dilatational tracheostomy;

SAPS |l - Simplified Acute Physiology Score II.

The median length of stay in the ICU was 34.5 days (range,
4-161), and the median total hospital stay was 63 days (range,
4-493). Upon ICU admission, the mean SAPS Il was 36.6+12.0.
The median duration of mechanical ventilation was 591 hours
(range, 25-3810). During the ICU stay, 62 patients (74.7%) re-
quired continuous renal replacement therapy.

This work is licensed under Creative Commons Attribution-
NonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND 4.0)

Timing and Clinical Sequence Before PDT

The median time from LT to PDT was 11 days (range, 4-150)
for the entire cohort, and the earliest PDT was performed
on postoperative day 4. Of the 83 patients, 41 (49.4%) were
never successfully extubated after LT and proceeded direct-
ly from endotracheal intubation to PDT. The remaining 42 pa-
tients (50.6%) were initially extubated after a median of 4 days
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Table 2. Comparative analysis of early (<7 days) vs late (>8 days) percutaneous dilatational tracheostomy after liver transplantation.
Values are mean+SD or median [min-max] as appropriate. Categorical variables are n (%).

Variable Early (<7 days) (N=22) Late (>8 days) (N=61) P value

Demographics and scores on tracheostomy day

APPROVED GALLEY PROOF

Creatinine (umol/L) 175 [89-350] 141 [42-447) 0.033*

* P<0.05. Units: Pa0,/Fi0, (mmHg)/(kPa) (1 mmHg 0.133 kPa); ALT/AST (U/L); hemoglobin (g/L); fibrinogen (g/L); bilirubin (umol/L);
creatinine (umol/L); platelets (x10°/L). Statistical tests used: Pearson chi-square or Fisher exact test (categorical);

Wilcoxon rank-sum/Mann-Whitney (continuous). Global test compares the distribution of leading indications (4-category chi-square
test). aPTT — activated partial thromboplastin time; ALT — alanine aminotransferase; AST — aspartate aminotransferase;

BMI — body mass index; CRRT — continuous renal replacement therapy; ICU — intensive care unit; INR — international normalized ratio;
MELD - Model for End-Stage Liver Disease; PaO,/FiO, — ratio of arterial oxygen partial pressure to inspired oxygen fraction;

PDT - percutaneous dilatational tracheostomy; SAPS Il — Simplified Acute Physiology Score II.
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(range, 1-19) following LT; however, all 42 were subsequent-
ly re-intubated due to respiratory deterioration (eg, pneumo-
nia, sepsis, or weaning failure) and ultimately required PDT.

The most frequent indication for PDT was prolonged respirato-
ry insufficiency due to nosocomial pneumonia, observed in 49
patients (59%). Other indications included liver graft dysfunc-
tion in 12 patients (14.5%), abdominal sepsis in 10 patients
(12%), and weaning failure in 11 patients (13.3%). In one addi-
tional patient (1.2%), the leading indication for PDT could not
be clearly determined because of incomplete documentation.

A

SAPSII 1

Recalculated postoperative MELD -

ICU stay length

Mechanical ventilation |

Early PDT -

WIT (min)

AST (U/L)
ALT (U/D)
Platelets (10°/L)

Recalculated postoperative MELD

Early PDT 4

WIT (min)

AST (U/L)

ALT (UL)

Platelets (10°/L)

Recalculated postoperative MELD

Early PDT
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Comparative Analysis: Early vs Late PDT

Of the 83 patients, 22 underwent early PDT (<7 days) and 61
underwent late PDT (>8 days). The comparative findings be-
tween the early and late PDT groups are summarized in Table 2.

Nosocomial pneumonia was more frequently documented as
the leading indication for PDT in the late-PDT group than in the
early-PDT group (68.9% vs 31.8%; P=0.005). In contrast, abdom-
inal sepsis was a significantly more frequent indication in the
early PDT group (31.8% vs 4.9% in the late PDT group, P=0.003).

Multivariate Cox hazard regression analysis

1.03 (1.00-1.06), p=0.0348

1.07 (1.02-1.13), p=0.0052

0.98 (0.96-1.00), p=0.0471

1.00 (1.00-1.00), p=0.2610

0.76 (0.41-1.40), p=0.3734

Hazard ratio (log scale)

Multivariate linear regression (ICU stay)

0.32[-0.59, 1.23]\n (p=0.481)

-0.03 [-0.11,0.06]\n (p=0.528)
-0.04[-0.10,0.02]\n (p=0.220)
-0.06[-0.17,0.05]\n (p=0.315)
-1.48[-2.92,-0.04]\n (p=0.044)

-24.98 [-44.90,-5.05]\n (p=0.015)

|
.-
1

.+.____..____._;____

|
|

-50

0 20 30

ot-—-———-

30 -20
Days

Multivariate linear regression (log ICU stay)

0.004[-0.016, 0.024]\n (p=0.675)

-0.000[-0.002, 0.001]\n (p=0.712)
-0.001[-0.002, 0.0001\n (p=0.157)
-0.000[-0.003, 0.002]\n (p=0.942)
-0.027 [-0.058, 0.005]\n (p=0.094)

-0.6511-1.087,-0.214]\n (p=0.004)

e R Sl L B

12 10 08 06 04 -02 00 02 04
Effect on log ICU length
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Multivariate linear regression (log mechanical ventilation)

WIT (min) 4 0.007 [-0.015,0.028]\n (p=0.528)

AST (U/L) 4 -0.000 [-0.002, 0.002]\n (p=0.887)

ALT (U/L) A
Platelets (10°/L)
Recalculated postoperative MELD A

Early PDT 1

-0.001[-0.002, 0.001]\n (p=0.237)
0.000[-0.002, 0.003]\n (p=0.772)
-0.024[-0.058,0.009]\n (p=0.135)

-0.560 -1.027,-0.093]\n (p=0.020)

°
J-——m——f————0-———0————0————0

10 08 04 -02 00 02 04

Log mechanical ventilation duration

Figure 1. Early percutaneous dilatational tracheostomy (PDT) after liver transplantation (LT): multivariable associations with survival,
ICU stay, and ventilation. Forest plots of multivariate regression analyses for clinical outcomes in liver transplant recipients
with percutaneous dilatational tracheostomy. (A) Multivariate Cox proportional hazards regression for 1-year survival.

(B) Multivariate linear regression for ICU length of stay (days). (C) Multivariate linear regression for log-transformed ICU
length of stay. (D) Multivariate linear regression for log-transformed mechanical ventilation duration (hours). Postoperative
MELD was recalculated on the day of PDT. ALT — alanine aminotransferase (U/L); AST — aspartate aminotransferase (U/L);

Cl — confidence interval; HR — hazard ratio; ICU — intensive care unit; LT — liver transplantation; MELD — Model for End-Stage
Liver Disease; PDT — percutaneous dilatational tracheostomy; SAPS Il — Simplified Acute Physiology Score Il; WIT — warm

ischemia time (min); platelets, x10%/L.

The early PDT group showed significantly lower platelet counts
(median: 57 vs 97x10%/L; P=0.047), higher AST levels (median:
72 vs 46 U/L; P=0.022), higher ALT levels (median: 249 vs 67
U/L; P<0.001), and elevated serum creatinine (median: 175 vs
141 umol/L; P=0.033). No significant differences were found
in recalculated postoperative MELD scores on the day of PDT
or bilirubin levels.

Patients receiving early PDT had a significantly shorter ICU stay
(median: 22 vs 39 days; P=0.005) and required fewer hours of
mechanical ventilation (median: 439 vs 656 hours; P=0.046)
than those receiving late PDT.

There was no statistically significant difference in 1-year mor-
tality between the early and late PDT groups (P=0.80). A simi-
lar finding was observed for 7-day mortality (P=0.70).

Multivariate and Survival Analysis

Following univariate analysis, multivariable linear regression
models using outcomes on their original scale identified early
PDT as an independent predictor of reduced ICU length of stay
(B=-24.98 days; 95% Cl, -44.90 to -5.05; P=0.015; Figure 1B).
Regarding the duration of mechanical ventilation, early PDT
was likewise associated with a significant reduction ($=-401.43
hours; 95% Cl, -801.77 to -1.09; P=0.049). Other covariates,
including recalculated postoperative MELD at the time of PDT,
aminotransferases (AST, ALT), warm ischemia time, and platelet
count, did not demonstrate statistically significant associations.

This work is licensed under Creative Commons Attribution-
NonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND 4.0)

Because ICU length of stay and mechanical ventilation duration
showed skewed distributions and heteroscedasticity, log transfor-
mation was applied to improve model fit and assumptions, and to
allow interpretation of effect sizes as relative percentage changes.

Multivariable linear regression models using log-transformed
outcomes revealed that early PDT was significantly associat-
ed with a reduced ICU length of stay (B=-0.651; 95% Cl, -1.087
to -0.214; P=0.004; Figure 1C), corresponding to an estimat-
ed 47.8% shorter ICU stay compared with that of late PDT. In
parallel, a significant association was observed for mechan-
ical ventilation duration ($=-0.56; 95% Cl, -1.027 to -0.093;
P=0.02; Figure 1D), reflecting a 42.9% reduction. None of the
other clinical or biochemical covariates demonstrated statis-
tically significant associations.

Over a follow-up period of 365 days, 62 of the 83 patients
(74.7%) died, while 21 were censored (Figure 2). The 7-day
mortality after PDT was 14.5% (12 patients). Early mortality
(within 7 days) was most frequently due to septic shock (n=8,
9.6%), followed by liver failure (n=2, 2.4%) and cardiogenic
shock (n=1, 1.2%). One case (1.2%) had an undetermined cause.

The most common causes of death over the whole observa-
tion period were septic shock (n=44, 53.0%), liver failure (n=>5,
6.0%), cardiogenic shock (n=3, 3.6%), cerebral hemorrhage
(n=2, 2.4%), and acute surgical bleeding (n=1, 1.2%). In 7 cas-
es (8.4%), the cause of death could not be determined. No
deaths were directly attributable to the PDT procedure itself.
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Kaplan-Meier curve: Overall survival after PDT in LT patients
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Kaplan-Meier survival curve: Early vs late PDT (LT assigment)

10 Strata

— Group-early PDT
0.8- == Group-late PDT

Survival probability

0.0

0 50 100 150 200 250 300 350 400 450
Days

Figure 2. Kaplan-Meier (KM) survival from the day of percutaneous dilatational tracheostomy (PDT) in liver transplant recipients.
Overall survival for the entire cohort (N=83), with time zero defined as the date of PDT. Dotted reference lines indicate the
overall median survival. Survival stratified by timing of PDT after liver transplantation (LT): early (<7 days after LT; n=22) vs
late (>8 days after LT; n=61). Follow-up time is measured from PDT. Shaded bands represent 95% Cls. The P value is from a

2-sided log-rank test comparing early vs late.

Kaplan-Meier survival analysis showed median survival times
of 60 days in the early PDT group and 52 days in the late PDT
group; however, this difference was not statistically significant
by the log-rank test (P=0.94; Figure 2).

Additionally, multivariate Cox survival analysis showed no sig-
nificant association between early PDT and overall survival (haz-
ard ratio [HR], 0.76; 95% Cl, 0.41-1.40; P=0.374, Figure 1A),
as the confidence interval included 1.0, and the P value was
not statistically significant. ICU stay length (HR, 0.98; 95% Cl,
0.96-1.00; P=0.0471) and SAPS Il (HR 1.03; 95% Cl, 1.00-1.06;
P=0.0348) demonstrated borderline statistical significance, with
confidence intervals extending to 1.0, suggesting cautious in-
terpretation. In contrast, recalculated postoperative MELD at
the time of PDT (HR, 1.07; 95% Cl, 1.02-1.13; P=0.005) was in-
dependently and significantly associated with overall survival,
with the confidence interval entirely above 1.0.

Discussion

At our institution, immediate postoperative extubation is stan-
dard when clinically feasible. Nevertheless, postoperative re-
spiratory complications remain common, occurring in 10% to
40% of cases after abdominal surgery [13-15] and up to 50%
after LT [3]. When respiratory failure persists after LT because
of pulmonary or surgical complications, extubation may not
be feasible, and PDT is considered for selected patients. The
optimal timing of PDT after LT remains debated: some stud-
ies define early as <14 days [16], others as <3 days [17]. Most

This work is licensed under Creative Commons Attribution-
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LT reports distinguish between early and late based on the in-
terval between LT and PDT [16,18].

We defined early PDT as <7 days after LT — a pragmatic thresh-
old anchored in German ICU practice, whereby most trache-
ostomies are performed during the second week [11]. In our
retrospective cohort of LT recipients requiring prolonged me-
chanical ventilation, early PDT was independently associated
with shorter ICU stays and reduced duration of mechanical ven-
tilation. This association remained significant in multivariable
linear regression models after adjustment for relevant clinical
covariates (including recalculated postoperative MELD at the
time of PDT, AST, ALT, platelet count, and warm ischemia time).
In our linear models with log-transformed outcomes, early PDT
was independently associated with clinically and statistical-
ly significant reductions in ICU length of stay (approximately
47.8%; P=0.004) and mechanical ventilation duration (approx-
imately 42.9%; P=0.020) compared with late PDT.

Early PDT may be associated with lower ICU costs by reducing the
length of stay. Using the estimate of Martin et al of €1426 per
ventilated ICU Day [19] and the adjusted 47.8% reduction in ICU
stay, an illustrative calculation suggests median per-patient ICU
costs could fall from approximately €49 900 to €26 100 (€23 800
difference), corresponding to roughly €1.45 million for the 61
patients in the late-PDT group. While hypothetical, this high-
lights the economic relevance of timely tracheostomy in ICU care.

These associations persisted despite the early-PDT group
showing worse clinical parameters at the time of PDT (higher
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AST, ALT, and creatinine levels, and lower platelet counts) and
a higher frequency of abdominal sepsis. In multivariable Cox
models, early PDT was not independently associated with sur-
vival (Figure 1A), whereas higher postoperative recalculated
MELD and SAPS Il scores at the time of PDT were linked to in-
creased mortality.

Indications differed by PDT timing: nosocomial pneumonia was
more frequently documented as the leading indication for PDT
in the late-PDT group than in the early-PDT group (68.9% vs
31.8%; P=0.005), whereas abdominal sepsis was more frequent
in the early-PDT group (31.8% vs 4.9%; P=0.003). Because this
analysis reflects the documented leading indication for PDT
rather than all pneumonia episodes occurring throughout the
ICU course, the higher pneumonia rate in the late group rep-
resents a potential confounder, as pneumonia itself prolongs
mechanical ventilation and ICU stay independently of trache-
ostomy timing. Although our multivariable models adjusted for
several clinical covariates, pneumonia acted both as an indi-
cation for PDT and as a determinant of prolonged ICU course;
therefore, part of the apparent advantage associated with early
PDT may reflect differences in indication patterns and pulmo-
nary case mix in the late group rather than a pure timing effect,
which cannot be fully disentangled in this retrospective analysis.

Across comparative and survival analyses, 7-day and 1-year
mortality rates did not differ significantly between groups, in-
dicating that shorter ICU stays and shorter ventilation expo-
sure with early tracheostomy (PDT) were not associated with
a significant survival benefit.

Overall, these data suggest that early PDT was associated with
improved ICU efficiency (shorter ICU stays and shorter ventila-
tion durations) in selected posttransplant patients, while sur-
vival outcomes remained unchanged.

The high 1-year mortality observed in our PDT cohort (74.7%)
merits comment. For context, Graham et al [18] reported 35%
1-year mortality, whereas Reparaz et al [7] observed 52% ICU
mortality in the immediate postoperative period, suggesting
that our center primarily applies tracheostomy to a particu-
larly vulnerable subgroup of transplant recipients with severe
early postoperative trajectories.

According to Loosen et al [20], liver transplant-related mortality
rates in Germany were 11% in 2017, with the University Hospital
Essen reporting 9.3% in 2016 and 12.35% in 2017. According to
the Institute for Quality Assurance and Transparency in Health
Care (IQTIG, Germany) national quality report, the 1-year mor-
tality after LT in Germany was 14.58% in 2023 (all ages; retrans-
plantations excluded) [21], whereas at the University Hospital
Essen, it was 19.05% in the same year (adults aged >18 years
only; retransplantations included).
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A likely explanation for the elevated mortality is that tracheos-
tomy at our institution is primarily reserved for patients with
severely compromised clinical conditions or already limited
prognoses. This reflects a highly selective application of PDT
in a particularly vulnerable subgroup of liver transplant recip-
ients. Contributing factors may include higher MELD scores
at the time of transplantation, a greater burden of pre-exist-
ing comorbidities, and a higher incidence of early postoper-
ative complications compared with other published cohorts.

Placed alongside evidence from mixed ICU populations, our
findings fit a recurring pattern: earlier tracheostomy is asso-
ciated with shorter ICU length of stay and shorter mechanical
ventilation duration, whereas effects on survival and ventila-
tor-associated pneumonia are heterogeneous [22-26]. In a re-
cent meta-analysis of randomized controlled trials, Merola et
al reported a modest mortality signal with early tracheosto-
my, but a more precise and consistent reduction in ICU length
of stay and mechanical ventilation duration; ventilator-asso-
ciated pneumonia rates did not differ [22]. Griffiths et al sim-
ilarly found no mortality or pneumonia benefit but confirmed
shorter mechanical ventilation and ICU stays with earlier pro-
cedures [23]. Deng et al corroborated these reductions across
randomized trials [24]. By contrast, Siempos et al observed no
benefit in ICU mortality. Still, they noted a significantly lower
ventilator-associated pneumonia incidence with early trache-
ostomy [25], and the multicenter randomized study by Terragni
et al did not demonstrate a statistically significant reduction
in ventilator-associated pneumonia despite more ventilator-
free and ICU-free days in the early group [26]. Taken together,
these data indicate that, in heterogeneous ICU settings, the
principal advantage of earlier tracheostomy lies in efficiency
gains, with survival effects inconsistent across trials and pop-
ulations [22-26].

Within LT cohorts, conclusions depend on the chosen early-
to-late window and differences in case mix; using <14 days
as early, Miller et al reported associations with lower in-hos-
pital mortality and a shorter ICU stay [16].

In contrast, Cammann et al (<3 days) found no difference
in 3-month mortality but a marked reduction in mechani-
cal ventilation and ICU stay with early PDT [17]. Graham et al
described longer LT-to-PDT intervals than in our cohort and,
consistent with our data, found no evidence that earlier PDT
reduced mortality [18].

Across mixed ICU and LT-specific studies, earlier PDT is asso-
ciated with shorter ICU stays and reduced ventilation dura-
tion; effects on ventilator-associated pneumonia and mortal-
ity vary by study design and timing definitions. Our findings
with a <7-day definition fit this pattern.
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Our study has several limitations. Its retrospective, single-
center design precludes causal inference and limits generaliz-
ability; findings from a single transplant center with specific
clinical protocols and patient selection criteria may not be di-
rectly transferable to other institutions or transplant popula-
tions with different case mixes. The absence of a protocol for
PDT timing and indication introduces selection bias and con-
founding by indication; in particular, the decision to perform
early vs late PDT was made by individual clinicians based on
clinical judgment rather than standardized criteria, making it
difficult to separate the effect of timing from underlying dif-
ferences in clinical decision-making across the study period.
Immortal-time (survivor) bias is inherent: patients in the late-
PDT group necessarily survived 8 or more days after trans-
plant. This may have influenced group characteristics and the
distributions of outcomes. The observed association between
early PDT and improved intermediate outcomes may not re-
flect a causal effect per se, but rather the result of a target-
ed clinical strategy: in our center, patients with signs of ear-
ly septic deterioration or liver graft dysfunction — predicting
prolonged mechanical ventilation — might have been select-
ed for early tracheostomy to preempt complications such as
ventilator-associated pneumonia and to facilitate early wean-
ing. Thus, the decision for early PDT could represent a proac-
tive response to expected clinical deterioration rather than
the tracheostomy itself being the primary driver of improved
outcomes. Conversely, patients undergoing late PDT may ini-
tially have been perceived as clinically more stable and were
treated conservatively until unexpected complications, such
as nosocomial pneumonia, necessitated delayed tracheosto-
my. This reactive indication pattern may partially explain their
longer ICU stays and ventilation durations. This study includ-
ed only patients who underwent PDT; no patients with open
surgical tracheostomy were analyzed. PDT can be performed
at the bedside, which avoids operating room transfers and al-
lows more flexible scheduling. Both factors may have facilitat-
ed earlier procedural timing. Importantly, our study compared
the timing of tracheostomy within a cohort treated exclusively
with PDT. It therefore does not permit conclusions as to wheth-
er the observed associations are attributable to tracheostomy
per se, are attributable to the percutaneous technique specifi-
cally, or would also apply to surgical tracheostomy.

References:

—

. Jochmans |, van Rosmalen M, Pirenne J, Samuel U. Adult liver allocation in
Eurotransplant. Transplantation. 2017;101(7):1542-50

. Husen P, Hornung J, Benko T, et al. Risk factors for high mortality on the liv-
er transplant waiting list in times of organ shortage: A single-center anal-
ysis. Ann Transplant. 2019;24:242-51

. Bozbas SS, Eyuboglu FO, Ozturk Ergur F, et al. Pulmonary complications
and mortality after liver transplant. Exp Clin Transplant. 2008;6(4):264-70

. Feltracco P, Carollo C, Barbieri S, et al. Early respiratory complications af-
ter liver transplantation. World J Gastroenterol. 2013;19(48):9271-81

N

w

»

This work is licensed under Creative Commons Attribution-
NonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND 4.0)

ORIGINAL PAPER

Accordingly, our findings should be interpreted as associations
indicating possible efficiency gains with earlier PDT. Prospective,
protocolized, multicenter studies — ideally incorporating time-de-
pendent methods and predefined timing thresholds — are need-
ed to define optimal PDT timing in LT recipients.

Conclusions

In this retrospective cohort study, early PDT within 7 days of
LT, even in more clinically compromised patients, was associ-
ated with a significantly shorter ICU length of stay and short-
er mechanical ventilation duration, but no survival benefit was
demonstrated. These findings are consistent with prior studies
in liver transplant and general ICU populations.

Given the study’s single-center retrospective design and the
highly selected cohort, these findings should be interpreted as
associative rather than causal and may not be directly gener-
alizable to other centers or broader LT populations.
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