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Prolonged mechanical ventilation (PMV) after lung transplantation poses several risks,
including higher tracheostomy rates and increased in-hospital mortality. Mechanical power
(MP) of artificial ventilation unifies the ventilatory variables that determine gas exchange and
may be related to allograft function following transplant, affecting ventilator weaning. We
retrospectively analyzed consecutive double lung transplant recipients at a national
transplant center, ventilated through endotracheal tubes upon ICU admission,
excluding those receiving extracorporeal support. MP and derived indexes assessed
up to 36 h after transplant were correlated with invasive ventilation duration using
Spearman’s coefficient, and we conducted receiver operating characteristic (ROC)
curve analysis to evaluate the accuracy in predicting PMV (>72 h), expressed as area
under the ROC curve (AUROC). PMV occurred in 82 (35%) out of 237 cases. MP was
significantly correlated with invasive ventilation duration (Spearman’s ρ = 0.252 [95% CI
0.129–0.369], p < 0.01), with power density (MP normalized to lung-thorax compliance)
demonstrating the strongest correlation (ρ = 0.452 [0.345–0.548], p < 0.01) and enhancing
PMV prediction (AUROC 0.78 [95% CI 0.72–0.83], p < 0.01) compared to MP (AUROC
0.66 [0.60–0.72], p < 0.01). Mechanical power density may help identify patients at risk for
PMV after double lung transplantation.
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GRAPHICAL ABSTRACT |

INTRODUCTION

Lung transplantation is a life-saving treatment for patients
suffering from a wide range of end-stage lung diseases. Several
factors may interfere with allograft function during the early
postoperative period, such as pre-existing donor and recipient-
related conditions or elements of the transplant procedure
causing lung injury in the donor, during the transition, or in
the recipient [1]. Specifically, primary graft dysfunction (PGD),
diagnosed and graded based on a chest X-ray and oxygenation
levels [2], may compromise allograft function and delay ventilator
weaning and time to extubation [3]. Recent studies suggest that
PGD scores proposed by the international society of heart and
lung transplantation (ISHLT) do not accurately predict the
duration of invasive ventilation [4]. However, identifying
whether a patient requires prolonged mechanical ventilation
(PMV) is critical due to the risks involved, such as lower
success in extubation with a subsequent higher incidence of
tracheostomies, a more extended stay in the ICU, and
increased in-hospital mortality [5].

Mechanical power (MP) of artificial ventilation [6], equal to
the displacement work performed by the ventilator per minute,
unifies the ventilatory variables that determine oxygenation (e.g.,
positive end-expiratory pressure) and decarboxylation (e.g.,
minute ventilation) and thus may be related to allograft
function during the early postoperative period. Previous
research indicates that MP may predict weaning outcomes in
mechanically ventilated critically ill patients, with failure patients

experiencing consistently longer invasive ventilation periods [7,
8]. Accordingly, we hypothesized that MP would be equally
effective in predicting weaning outcomes following lung
transplantation.

The study aimed to determine whether mechanical power
correlates with invasive ventilation duration and predicts PMV
following double lung transplantation.

MATERIALS AND METHODS

We conducted a retrospective observational study at the Ludwig-
Maximilians-University (LMU) lung transplantation center
(Munich, Germany). The local institutional review board
approved the project (file 21-1096) per principles outlined in
the Declaration of Helsinki. As the analysis was retrospective,
informed consent was waived.

Patient Selection
We screened all patients who underwent lung transplantation
from January 2016 to June 2021 and focused on double lung
transplant recipients mechanically ventilated through
endotracheal tubes at ICU admission. Criteria for exclusion
were: 1) post-operative venoarterial/venovenous extracorporeal
membrane oxygenation (ECMO), 2) single-lung
transplantations, 3) re-transplantations, 4) extubation delay for
reasons other than weaning unreadiness and 5) re-intubation for
reasons other than post-extubation respiratory failure.
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Post-operative Ventilatory Management
Lung protective mechanical ventilation is applied to all patients
after transplant to prevent ventilator-induced lung injury [9–11],
a factor that may contribute to PGD [12], which is particularly
relevant to undersized allografts [13–15]. Protective ventilation
involves tidal volumes of 6–8 mL/kg recipient-predicted body
weight (PBW), plateau pressures of less than 30 cmH2O, and
positive end-expiratory pressure (PEEP) adjusted to FiO2 without
exceeding 12–14 cmH2O [16]. Once the level of sedation has been
reduced and patients are deemed ready for ventilator weaning,
they are placed on assisted ventilation, providing continuous
positive airway pressure (CPAP) with low pressure support. The
next step is extubation if pressure support ventilation is
maintained for several hours without signs of respiratory
distress. When extubated, non-invasive respiratory support
may be applied in response to clinical signs of respiratory
muscle fatigue and blood gas analysis showing impaired gas
exchange, including nasal high-flow cannula (NHFC) and
non-invasive mask ventilation (NIV) [17]. Tracheostomies are
performed in cases of re-intubation or when patients cannot
sustain pressure support ventilation, preventing extubation.

Data Collection
Patients’ baseline demographics, clinical characteristics (e.g.,
pulmonary hemodynamics before transplant), comorbidities,
procedural features in transplant (e.g., the predicted total lung
capacity (pTLC) ratio [18]), and donor parameters were collected
from the hospital’s electronic and Eurotransplant database.
Research team members examined the radiologists’ reports for
terms congruent with PGD, including pulmonary edema,
reperfusion injury, and primary graft dysfunction, determining
the P/F ratio based on PaO2 and FiO2. The 2016 ISHLT definition
was used to diagnose PGD [2], focusing on PGD grades at T+72 h
after transplantation among patients still receiving invasive
mechanical ventilation.

We assessed the trajectories and duration of invasive
ventilation after transplant (including extubations, re-
intubations, and tracheostomies), and we determined the time
between ICU admission and weaning readiness, defined as the
first transition from pressure-controlled to pressure-support
ventilation. Ventilatory variables with corresponding arterial
blood gas analyses (ABGs) were recorded in each patient
during pressure-controlled ventilation up to 36 h after entering
the ICU or until extubation (if performed within 36 h of
admission), with the median of these values used for the
analysis. We also analyzed non-invasive respiratory support
(NHFC and NIV) following (first) extubation, studying the
number of patients treated with these techniques and the
duration of treatment. Finally, we assessed the number and
percentage of transplant recipients dying in the ICU.

Ventilatory Variables and Indexes
Pressure-controlled ventilation (Evita XL, Dräger Medical
GmbH, Lübeck, Germany) was used via endotracheal tubes on
all patients admitted to the ICU after transplantation. Variables
collected included inspired oxygen fraction (FiO2), respiratory
rate, tidal volume (VT), minute ventilation, peak inspiratory

airway pressure (Ppeak), and PEEP, with the following indexes
calculated: P/F ratio (quotient of partial pressure of oxygen to
inspired oxygen fraction), dynamic driving pressure (ΔPaw;
defined as Ppeak–PEEP), dynamic lung-thorax compliance
(LTCdyn; defined as VT/ΔPaw), ventilatory ratio (VR; a
measure of ventilatory efficiency correlating with the
pulmonary dead space fraction) [19], and MP [6] utilizing a
simplified formula for pressure-controlled ventilation [20].

Mechanical Power and Power Density
During artificial ventilation, MP is the pressure-volume work per
minute provided by the ventilator, as determined by respiratory
rate, tidal volume, and applied airway pressure. To account for
lung dimensions interacting with MP, we normalized power to
the recipients’ predicted body weight (PBW-MP) [21] and
LTCdyn (LTCdyn-MP) [7, 8]. PBW correlates with the total
lung capacity of a healthy individual. Dynamic compliance
with its temporal changes is a surrogate of ventilated lung
volume, accounting for the force required to overcome the
respiratory system’s resistance and elastance, which is critical
during ventilator weaning [7, 8].

On a physical level, normalizingMP to lung volume surrogates
determines the intensity of mechanical stress exerted on the
respiratory system based on applied airway pressure and
respiratory rate, referred to as mechanical “power density”.
Power density, previously termed “specific mechanical power”
[22], is equivalent to tidal “strain energy density” per minute,
which refers to the stored energy per unit of volume resulting
from a body’s linear elastic deformation [23]. Consequently,
power density describes the time rate of energy transfer per
unit of volume displaced and is inherently equivalent to
pressure application per time. A detailed description of the
calculated ventilatory indexes is provided in the online
supplement (see Supplementary material).

Classification of Outcomes
Each period of invasive mechanical ventilation (by endotracheal
tube or tracheal cannula) was summarized to determine the total
“duration of invasive ventilation” after transplant considering
four clinical scenarios: 1) patients successfully extubated at the
first attempt, 2) patients successfully extubated at the second or
third attempt (refers to individuals experiencing extubation
failure with re-intubation), 3) patients tracheotomized after
one or more failed extubations, and 4) patients tracheotomized
without previous extubation (referred to as primary
tracheostomy) (see Supplementary Figure S1).

Although “prolonged mechanical ventilation” after lung
transplantation has no universal definition [4, 5], the present
study refers to PMV as invasive ventilation lasting longer than
72 h based on previous reports demonstrating that most patients
were extubated within this period [4, 24].

“Weaning readiness” refers to the first transition from pressure-
controlled to pressure-support ventilation, typically indicating the
point where spontaneous breathing with subsequent extubation
seems feasible. “Non-invasive respiratory support” refers to
applying NHFC and/or NIV within 24 hours and for at least
six hours daily following (first) extubation.
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Primary and Secondary Outcomes
The study’s primary outcome was the correlation between the
duration of invasive ventilation and MP. Moreover, the ability of
MP and other ventilatory indexes to predict PMV and the
evaluation of patients according to the level of respiratory
support required after surgery (including those with post-
extubation non-invasive respiratory support and primary
tracheostomy) were secondary outcomes.

Statistical Analysis
Descriptive and frequency statistics summarized patients’ baseline
characteristics. A Chi-square or Fisher’s exact test was used when
comparing categorical variables. Depending on the continuous
variables’ homogeneity of variance, determined by the
Kolmogorov-Smirnov normality test, differences were analyzed
through Student’s t-test or Mann-Whitney U-test. Similarly, we
performed bivariate comparisons of the ventilatory variables and
indexes in recipients with and without post-transplant PMV and
between patients requiring varying levels of respiratory support
following surgery. We conducted a (factorial) repeated-measures
analysis of variance (ANOVA) to detect within-subject time effects
and between-group differences in ventilatory variables’ trajectories
after transplant.

We correlated the duration of invasive ventilation after lung
transplant with MP and other ventilatory indexes using
Spearmans’ correlation coefficient (ρ). The parameters’ ability to
predict PMVwas assessed through receiver operating characteristic
(ROC) curve analysis, with diagnostic accuracy expressed as the
area under the ROC curve (AUROC) [25]. In the absence of an
external test cohort, we performed 2-time repeated, 5-fold cross-
validation to evaluate the internal validity of these indexes [26]. We
performed a multivariable binary logistic regression analysis to
determine whether MP was independently associated with PMV.
Recipient, transplant, and donor characteristics deemed clinically
relevant a priori and those with a p-value of less than 0.2 in the
univariable analysis have been utilized as input variables for
multivariable model development. We performed a forward
selection of variables, with Hosmer & Lemeshow test and
Nagelkerke R2 employed to evaluate the model’s goodness-of-fit.
Probabilities were expressed as odds ratios (OR) with 95%
confidence intervals (95%CI).

We conducted sensitivity analyses by either redefining the
threshold for prolonged ventilation (to more than 96 h and
7 days, respectively) or restricting the analysis to patients
following a particular clinical scenario (as described above) [27].

Since there were no comparable studies on prolonged ventilated
lung transplant recipients to determine sample size, we recruited
patients to themaximum extent possible.We performed two-tailed
tests; statistical significance was indicated by p < 0.05. The analyses
were conducted with MedCalc® statistical software v20.305
(MedCalc Software Ltd, Ostend, Belgium; 2023).

RESULTS

Two hundred thirty-seven out of 438 screened patients (54.1%)
were eligible for the study from January 2016 to June 2021. Most

patients were excluded because of postoperative ECMO and
single-lung transplantations in 99 and 68 cases (38.1%),
respectively. Twelve patients (2.7%) had re-transplantations, 9
(2.1%) were delayed in extubation for reasons other than
“weaning unreadiness” (the majority involved neurological
complications, e.g., intraoperative cardiopulmonary
resuscitation-induced encephalopathy), and four (0.9%) were
re-intubated due to reasons other than post-extubation
respiratory failure (e.g., cardiac arrest due to arrhythmia)
(Figure 1).

Baseline Characteristics
Baseline characteristics between PMV and non-PMV subjects
differed regarding pulmonary hemodynamics before transplant,
provision of intraoperative ECMO, and number of red cell
transfusions received during transplant. PMV was more
prevalent in females (58.5% versus 32.3%, p < 0.01),
accounting for reduced recipients’ and donors’ heights and
predicted body weights within the PMV group (Table 1).

Prolonged Mechanical Ventilation
PMV (>72 h) occurred in 82 patients (35%), with invasive
ventilation totaling a median of 189 h [IQR 108–666 h] versus
32 h [21–45 h] in the non-PMV group (Table 2). In addition,
patients were ventilated for more than 96 h and more than 7 days
in 28% and 18%, respectively.

For PMV, the time between admission to the ICU and weaning
readiness (as defined above) and the time to extubation was longer.
A higher proportion of these patients also underwent primary
tracheostomy, which resulted in fewer extubations. Among PMV
subjects extubated, the percentage receiving non-invasive
respiratory support was higher (61.4% versus 38.7%, p < 0.01).
They also required more re-intubations (within a median of 48 h
[32–90 h] following extubation) and tracheostomies (performed
after a median of 11 days [7–14 days]), resulting in longer lengths
of stay in the ICU (Table 2).

Ventilatory Variables and Indexes
Overall, 2079 ventilatory variables with respective ABGs were
collected over a median of 17.7 h [10.0–31.0 h] following ICU
admission. Lung protective ventilation using low tidal volumes
per recipients’ and donors’ PBW was provided to the PMV and
non-PMV group (6.3 mL/kg [5.6–6.8 mL/kg] vs. 6.2 mL/kg
[5.6–6.7 mL/kg], p = 0.409; and 5.7 mL/kg [5.1–6.7 mL/kg] vs.
5.8 mL/kg [5.2–6.4 mL/kg], p = 0.836).

PMV patients showed lower median P/F ratios (239 mmHg
[184–308 mmHg] vs. 296 mmHg [254–345 mmHg], p < 0.01),
higher ventilatory ratios (1.30 [1.17–1.50] vs. 1.18 [1.04–1.32],
p < 0.01) and lower dynamic compliance (27 mL/cmH2O
[22–31mL/cmH2O] vs. 32 mL/cmH2O [28–38mL/cmH2O], p <
0.01). Since minute ventilation was not different between groups,
these patients also displayed higher MP (18.1 J/min [13.8–21.2 J/
min] vs. 14.7 J/min [12.1–17.3 J/min], p < 0.01) owing to higher
peak pressures. Consequently, power density was higher for PMV
(e.g., LTCdyn-MP 7049 cmH2O

2/min [5,255–8,299 cmH2O
2/min]

vs. 4,432 cmH2O
2/min [3,781–5,889 cmH2O

2/min], p < 0.01)
(Table 3).
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Figure 2 illustrates the ventilatory variables of interest at different
time points, stratified by group membership. According to the
ANOVA, MP and power density declined consistently within
both groups and similar to bivariate comparisons, there were
significant differences in trajectories of variables between the
PMV and non-PMV group following transplant (MP: F[1,
235] = 27.3, p < 0.01; LTCdyn-MP: F[1, 235] = 66.6, p < 0.01)
(see Supplementary Tables S1, S2).

Primary and Secondary Outcomes
MP demonstrated a poor correlation with the duration of invasive
ventilation (Spearmans’ coefficient 0.252 [95% CI 0.129–0.368]),
which is consistently stronger with power density (ρ =
0.452 [0.345–0.548] for LTCdyn-MP) (Figure 3, see
Supplementary Table S3). There was a poor diagnostic
performance in predicting PMV for MP (AUROC 0.66 [95% CI
0.60–0.72], DOR 5.6, MCC 0.29), significantly increasing with
power density (AUROC 0.78 [0.72–0.83], DOR 15.0, MCC 0.44 for
LTCdyn-MP) (Figure 4; Table 4, see Supplementary Table S4;
Supplementary Figure S2). The sensitivity analysis based on the
96-h and 7-day thresholds for defining prolonged ventilation or
analyzing only 186 cases successfully extubated at the first attempt
provided similar results (see Supplementary Tables S5–S8).

Patients were stratified by whether they had received post-
extubation NHFC/NIV and compared to patients with primary
tracheostomy. The respiratory mechanics of these three groups
differed significantly, with tracheotomized patients demonstrating
less favorable mechanics and outcomes (e.g., lower dynamic
compliance, higher power density, and a longer duration of
invasive ventilation). Similarly, extubated patients requiring
non-invasive respiratory support showed higher power densities
than those receiving pure oxygen insufflation. Re-intubations and
tracheostomies were also significantly higher (see Supplementary
Table S9).

Binary Logistic Regression Analysis Results
In univariable analysis, MP and power density (LTCdyn-MP)
were independently related to PMV. After adjusting for recipient,

transplant, and donor characteristics, only power density (OR
1.54 per cmH2O

2/min * 10−3 [95% CI 1.30–1.83]; p < 0.01)
remained in the multivariable model, along with female gender
(OR 2.45 [95% CI 1.29–4.66]; p < 0.01), recipients’ mean
pulmonary artery pressure before transplant (OR
1.05 mmHg−1 [95% CI 1.02–1.09]; p < 0.01), and P/F ratio
after transplant (OR 0.57 mmHg−1 * 10−2 [95% CI 0.36–0.88];
p = 0.012) (see Supplementary Tables S10, S11).

PGD at T+72h After Transplant
There were 18 out of 237 patients with PGD grade 3 (7.6%),
28 patients with PGD grade 2 (11.8%), and 11 patients with PGD
grade 1 (4.6%). Moreover, we identified a subgroup of 22 (9.3%)
mechanically ventilated patients without PGD having a similar
duration of mechanical ventilation, P/F ratios, MP, and power
density levels. The patients with PGD grade 3 compared with
grades 1/2 had longer durations of invasive ventilation and fewer
extubations, despite no significant differences in baseline
characteristics, donor parameters, or ventilatory indexes (see
Supplementary Table S12).

Exploratory Outcomes
PMV was more prevalent in females; they also experienced more
re-intubations and tracheostomies, and respiratory mechanics
significantly differed frommale recipients. Females demonstrated
lower tidal volumes and higher airway pressures (along with
lower dynamic compliance), butMPwas higher inmales owing to
substantially higher tidal volumes (despite lower airway
pressure). After normalizing MP to dynamic compliance,
females exhibited significantly higher power density levels (see
Supplementary Table S13).

DISCUSSION

Study results can be summarized as follows: Prolonged
mechanical ventilation (>72 h) following double lung
transplantation without postoperative extracorporeal support

FIGURE 1 | Patient flow diagram. Legend: Abbreviations. ECMO, extracorporeal membrane oxygenation; PMV, prolonged mechanical ventilation (>72 h).
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occurred in 35% of cases. More severe impairment in respiratory
mechanics, ventilation efficiency, and gas exchange was observed
among PMV patients, associated with less favorable clinical

outcomes, such as increased re-intubation and tracheostomy
rates. MP assessed in the early postoperative period
significantly and independently correlated with post-transplant

TABLE 1 | Baseline recipient, transplant, and donor characteristics.

Recipient characteristics All patients (n = 237) PMV (n = 82) Non-PMV (n = 155) p-valuea

Age (years) 56 (47–60) 55 (47–60) 56 (47–61) 0.315b

Female gender 98 (41.1) 48 (58.5) 50 (32.3) < 0.01b

Height (m) 1.71 (1.65–1.78) 1.67 (1.60–1.75) 1.72 (1.68–1.78) < 0.01b

Weight (kg) 68 (55–78) 66 (52–80) 68 (58–78) 0.315b

Predicted body weight (kg) 66 (57–73) 60 (52–70) 68 (62–73) < 0.01b

Body mass index (kg/m2) 23.0 (19.6–26.6) 24.2 (19.5–27.4) 23.0 (19.7–25.7) 0.279b

Recipient pulmonary hemodynamics
Mean pulmonary artery pressure (mmHg) 25 (20–31) 27 (22–35) 24 (20–30) < 0.01b

Pulmonary capillary wedge pressure (mmHg) 8 (5–10) 8 (6–11) 8 (5–10) 0.494b

Cardiac index (L/min/m2) 3.1 (2.7–3.7) 3.1 (2.6–3.7) 3.1 (2.8–3.7) 0.191b

Pulmonary vascular resistance (WU) 2.8 (2.1–4.3) 3.4 (2.3–5.6) 2.7 (1.9–3.7) < 0.01b

Recipient comorbidities
Hypertension 39 (16.5) 13 (15.9) 26 (16.8) 0.856c

Diabetes mellitus 30 (12.7) 8 (9.8) 22 (14.2) 0.329c

Coronary artery disease 24 (10.1) 9 (11.0) 15 (9.7) 0.753c

Other 5 (2.1) 2 (2.5) 3 (1.9) 0.787c

Reason for lung transplantation
Interstitial lung diseases 121 (51.3) 44 (53.7) 77 (50.0) 0.593c

COPD 57 (24.1) 16 (19.5) 41 (26.5) 0.235c

Cystic fibrosis 40 (16.9) 12 (14.6) 28 (18.1) 0.503c

Sarcoidosis 8 (3.4) 4 (4.9) 4 (2.6) 0.353c

Pulmonary arterial hypertension 5 (2.1) 4 (4.9) 1 (0.6) 0.031c

Other 6 (2.5) 2 (2.4) 4 (2.6) 0.948c

Transplant characteristics
Waiting list time (days) 79 (25–301) 60 (21–355) 95 (26–288) 0.503b

Lung allocation score (points) 38 (35–43) 39 (36–43) 38 (35–43) 0.168b

pTLC ratio 1.06 (0.99–1.12) 1.06 (1.00–1.14) 1.06 (0.97–1.12) 0.593b

Undersized lungs (pTLC ratio < 0.9) 16 (6.8) 3 (3.7) 13 (8.4) 0.168c

Matched lungs (0.9 ≥ pTLC ratio ≤ 1.1) 140 (59.1) 51 (62.2) 89 (57.4) 0.478c

Oversized lungs (pTLC ratio > 1.1) 81 (34.2) 28 (34.1) 53 (34.2) 0.994c

Ischemic time left graft (hours) 6.9 (5.5–8.4) 6.7 (5.3–8.1) 6.9 (5.6–8.4) 0.451b

Ischemic time right graft (hours) 6.3 (5.3–7.6) 6.5 (5.3–7.8) 6.1 (5.3–7.5) 0.685b

Intubation before transplantation 2 (0.8) 1 (1.2) 1 (0.6) 0.646c

Preoperative ECMO 0 (0.0) 0 (0.0) 0 (0.0) 0.999c

Intraoperative ECMO 132 (55.5) 58 (70.7) 74 (47.7) < 0.01c

RBC transfusion 182 (76.8) 70 (85.4) 112 (72.3) 0.023c

Number of RBCs during transplant 2 (1–5) 4 (2–6) 2 (0–4) < 0.01b

Donor parameters
Age (years) 47 (33–59) 49 (37–62) 46 (30–58) 0.135b

Female gender 95 (40.1) 47 (57.3) 48 (31.9) < 0.01c

Height (m) 1.75 (1.70–1.81) 1.70 (1.65–1.80) 1.78 (1.70–1.83) < 0.01b

Weight (kg) 80 (70–87) 75 (65–86) 80 (70–90) 0.123b

Predicted body weight (kg) 71 (62–76) 63 (57–75) 73 (62–78) < 0.01b

Smoking history 70 (29.5) 27 (32.9) 43 (27.7) 0.406c

Antibiotics 182 (76.8) 66 (80.5) 116 (74.8) 0.328c

RBC transfusion 52 (21.9) 23 (28.0) 29 (18.7) 0.099c

Number of RBCs before transplant 0 (0–0) 0 (0–2) 0 (0–0) 0.070b

Duration of invasive ventilation (days) 3 (2–6) 3 (2–6) 3 (2–5) 0.072b

P/F ratio at the time of organ offer (mmHg) 429 (377–484) 431 (385–499) 429 (372–383) 0.751b

PaCO2 at the time of organ offer (mmHg) 40 (37–43) 41 (37–43) 40 (36–43) 0.428b

Continuous variables are presented as median (– interquartile range [IQR]); categorical variables are presented as numbers (%).
ap-value for differences between lung transplant recipients with and without prolonged ventilation.
bMann-Whitney U-test.
cChi-squared test.
Abbreviations: PMV, prolonged mechanical ventilation; COPD, chronic obstructive pulmonary disease; pTLC ratio, predicted total lung capacity ratio; ECMO, extracorporeal membrane
oxygenation; RBC, packed red blood cell transfusions; P/F ratio, the quotient of partial pressure of oxygen to the fractional inspired oxygen.
Significant p-values are in bold.
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TABLE 2 | Primary and secondary outcomes.

Primary and secondary outcomes All patients (n = 237) PMV (n = 82) Non-PMV (n = 155) p-valuea

Primary outcome
Duration of invasive ventilation (hours) 45.8 (24.8–109) 189 (108–666) 32.0 (20.7–45.1) –

Secondary outcomes
Admission to weaning readiness (hours)* 17.4 (11.4–27.4) 29.9 (17.6–47.4) 13.7 (9.0–20.4) < 0.01b

Extubation 212 (89.5) 57 (69.5) 155 (100.0) < 0.01c

Time to extubation (hours) 39.9 (23.3–65.0) 100 (78.0–132) 32.0 (20.9–45.0) < 0.01c

Non-invasive respiratory supportd 95 (44.8) 35 (61.4) 60 (38.7) < 0.01c

NHFC 59 (24.9) 23 (28.0) 36 (23.2) 0.415c

NIV 83 (35.0) 31 (37.8) 52 (33.5) 0.514c

Duration of NIRS (hours) 50.5 (28.5–81.9) 48.8 (24.5–77.4) 55.9 (32.7–88.4) 0.517b

Reintubation 24 (10.1) 22 (39.3) 2 (1.3) < 0.01c

within < 72 h 14 (6.6) 13 (22.8) 1 (0.6) < 0.01c

Tracheostomy 39 (16.5) 39 (47.6) 0 (0.0) < 0.01c

Primary tracheostomy 25 (10.5) 25 (30.5) 0 (0.0) < 0.01c

ICU length of stay (days) 7 (5–15) 26 (12–46) 5 (4–8) < 0.01b

ICU mortality 2 (0.8) 1 (1.2) 1 (0.6) 0.646c

Continuous variables are presented as median (– interquartile range [IQR]); categorical variables are presented as numbers (%),
*The time between ICU admission (while patients were on pressure-controlled ventilation) and switch to pressure support ventilation, indicating “weaning readiness”.
ap-value for differences between lung transplant recipients with and without prolonged ventilation.
bMann-Whitney U-test.
cChi-squared test.
dNIV, and/or NHFC, use within 24 h following (first) extubation for at least 6 hours daily.
Abbreviations: PMV, prolonged mechanical ventilation; NHFC; nasal high flow cannula; NIV, non-invasive ventilation; NIRS, non-invasive respiratory support.
Significant p-values are in bold.

TABLE 3 | Ventilatory variables and indexes following ICU admission.

Ventilatory variables All patients (n = 237) PMV (n = 82) Non-PMV (n = 155) p-valuea

FiO2 39 (34–45) 41 (35–55) 38 (32–41) < 0.01b

Respiratory rate (1/min) 18 (15–20) 19 (17–20) 17 (15–19) < 0.01b

Tidal volume (mL) 402 (349–442) 382 (333–431) 408 (371–455) < 0.01b

Tidal volume/recipient PBW (mL/kg) 6.2 (5.6–6.8) 6.3 (5.6–6.8) 6.2 (5.6–6.7) 0.409b

Tidal volume/donor PBW (mL/kg) 5.9 (5.2–6.5) 5.7 (5.1–6.7) 5.8 (5.2–6.4) 0.836b

Minute ventilation (L/min) 6.9 (5.8–8.1) 7.2 (5.8–8.8) 6.8 (5.8–8.1) 0.253b

PEEP (cmH2O) 10 (8–10) 10 (9–12) 9 (8–10) < 0.01b

Ppeak (cmH2O) 23 (21–25) 26 (23–28) 22 (20–24) < 0.01b

Dynamic driving pressure (cmH2O) 13 (12–15) 15 (13–16) 13 (11–14) < 0.01b

Arterial blood gas analysis
PaO2 (mmHg) 104 (93–117) 99 (86–107) 108 (97–119) < 0.01b

PaCO2 (mmHg) 42 (38–46) 42 (38–46) 43 (38–47) 0.431b

pH 7.42 (7.38–7.45) 7.42 (7.38–7.44) 7.41 (7.37–7.45) 0.962b

Ventilatory indexes
P/F ratio (mmHg) 278 (225–338) 239 (184–308) 296 (254–345) < 0.01b

Ventilatory ratio 1.21 (1.05–1.39) 1.30 (1.17–1.50) 1.18 (1.04–1.32) < 0.01b

LTCdyn (mL/cmH2O) 31 (25–36) 27 (22–31) 32 (28–38) < 0.01b

Mechanical power (Joule/min) 15.3 (12.6–19.1) 18.1 (13.8–21.2) 14.7 (12.1–17.3) < 0.01b

PBW-MP (Joule/min/kg) 0.24 (0.20–0.29) 0.29 (0.23–0.35) 0.22 (0.19–0.26) < 0.01b

LTCdyn-MP (cmH2O
2/min) 5,328 (3,999–7,092) 7,049 (5,255–8,299) 4,432 (3,781–5,889) < 0.01b

Continuous variables are presented as median (– interquartile range [IQR]); categorical variables are presented as numbers (%). After ICU admission, ventilatory variables and ABGs were
collected over a median of 17.7 h [IQR, 10.0–31.0 h].
ap-value for differences between lung transplant recipients with and without prolonged ventilation.
bMann-Whitney U-test.
cChi-squared test.
Abbreviations: PMV, prolonged mechanical ventilation; FiO2, fractional inspired oxygen; PBW, predicted body weight; PEEP, positive end-expiratory pressure; P/F ratio, the quotient of
partial pressure of oxygen to the fractional inspired oxygen; LTCdyn, dynamic lung-thorax compliance; PBW-MP, mechanical power normalized to the predicted body weight; LTCdyn-MP,
mechanical power normalized to the dynamic lung-thorax compliance.
Significant p-values are in bold.
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invasive ventilation, with power density demonstrating stronger
correlations and a more accurate prediction of PMV. Patients
requiring post-extubation non-invasive respiratory support and
those experiencing primary tracheostomy had more
compromised respiratory mechanics resulting in higher power
density and inferior outcomes.

A few studies have examined PMV after lung transplantation,
reporting frequencies of 5%–28% with a wide range of definitions
ranging from 72 h to 60 days [4, 5, 28, 29]. Previous reports
showed higher re-intubation and tracheostomy rates among
PMV patients, translating into longer ICU lengths of stay [30,
31] and matching our results. Moreover, although not explicitly
demonstrated in lung transplant recipients, post-extubation
respiratory failure requiring re-intubation involves significant
morbidity and mortality [32]. Notably, an early approach to
tracheostomy (<3 days) may enhance postoperative recovery
after lung transplant, resulting in shorter ventilation times and
ICU lengths of stay [33]. Tracheostomy was performed after a
median of 11 days in the present analysis, and these patients
showed the highest power density levels, which allows for
accurate separation from non-tracheotomized patients. This
way, these indexes can assist in preventing delays in the
decision-making process before tracheostomy.

Knowing whether a patient will require PMV is critical due to
its association with inferior outcomes. Numerous independent
predictors have been identified, including renal replacement

therapy, anastomotic dehiscence, and neurological
complications [5]. However, these factors are most often
related to complications resulting from surgery rather than
pertaining to lung allograft function. In contrast, the
ventilatory variables used for MP calculation reflect patients’
respiratory mechanics. In the present analysis, power density
(mechanical stress intensity) outperformed mechanical power in
correlating with invasive ventilation duration and predicting
PMV. Power density (e.g., LTCdyn-MP) mainly depends on
airway pressure and respiratory rate, and current data suggest
that these parameters are most relevant in determining whether a
patient will require a prolonged course of ventilation [4, 29] or
even be unable to wean off the ventilator [7, 34]. Accordingly, in
the present analysis, airway pressures and respiratory rate but not
PBW-adjusted tidal volumes significantly differed between PMV
and non-PMV subjects. Similarly, Thakuria et al. found that
mechanical ventilation with high inflation pressure, irrespective
of the related tidal volume, resulted in poor physiological and
clinical outcomes after lung transplant (e.g., reduced 6 month
survival) [10].

Specifically, these observations may be relevant to undersized
allografts characterized by a low pTLC ratio [35]. Tidal volumes
adjusted to the recipients’ PBWwill result in potentially injurious
inflation pressures, contributing to the development of ventilator-
induced lung injury [13], PGD [15], and PMV [4, 14]. However,
neither the pTLC ratios nor the percentages of patients with

FIGURE 2 | Between-group differences in trajectories of ventilatory indexes. Legend: Dynamic lung-thorax compliance, mechanical power, and power density are
compared between PMV and non-PMV subjects according to the median of parameters within time quartiles collected following transplantation. Abbreviations: PBW-
MP, mechanical power normalized to the predicted body weight; LTCdyn-MP, mechanical power normalized to dynamic lung-thorax compliance; PMV, prolonged
mechanical ventilation.
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undersized allografts varied between groups in the present
analysis. Patients in the PMV group, despite receiving low
tidal volume ventilation, experienced higher peak airway
pressure, lowered dynamic compliance (indicating a lower
ventilated lung volume), and higher power density. A similar
finding was made in the subgroup of female recipients,
independently associated with higher PMV rates. Nevertheless,
as the study is observational, no cause-and-effect relationship can
be drawn between high airway pressure (and power density), lung
injury, and PMV. It should be noted, however, that 75% of PMV
patients experienced peak airway pressures below 28 cmH2O,
which is considered within safe limits [21, 36, 37].

Several clinical, transplant, and donor characteristics differed
significantly among PMV patients. This group received more red
cell transfusions during surgery, associated with a higher risk of
PGD [38, 39]. In addition, higher mean pulmonary artery
pressures and a diagnosis of pulmonary arterial hypertension,
well-known risk factors for left ventricular dysfunction following
lung transplantation [38, 40], as well as a greater proportion of
recipients receiving intraoperative ECMO may indicate more
severe pulmonary edema, which adversely affects early graft
function and delays ventilator weaning and time to extubation
[3]. Interestingly, according to the logistic regression analysis,
neither red cell transfusions nor ECMO procedures were retained
in the final multivariable PMV prediction model.

Basically, the MP concept was introduced to shed further light
on themechanisms involved in ventilator-induced lung injury, as it

converges all ventilatory variables deemed responsible [6].
However, MP required to maintain sufficient oxygenation and
decarboxylation during controlled ventilation may correlate with
the respiratory muscles’ workload during spontaneous breathing.
Indeed, MP and weaning failure have been linked in previous
studies, with power density showing consistently higher predictive
ability [7, 8]. Similarly, an observational study showed that higher
MP was independently associated with postoperative respiratory
failure requiring re-intubation in non-cardiac surgery patients [41].
Furthermore, spontaneous breathing power, determined by
esophageal pressure measurement, accurately predicted
respiratory treatment escalation in COVID-19 pneumonia
patients [42]. There is a misconception, however, that a higher
MP always indicates inferior clinical outcomes (e.g., weaning
failure related to impaired respiratory mechanics). Since iso-MP
may be derived from low pressures and high tidal volumes (equal
to elevated compliance resulting in low power density) or high
pressures coupled with low tidal volumes (consistent with low
compliance and high power density), the latter condition relates to
respiratory mechanics that are more prone to weaning failure [7,
8]. Accordingly, exploratory analyses revealed that males were less
likely to require PMV despite higher MP, demonstrating
significantly lower power density (owing to higher dynamic
compliance) than female recipients. Given that MP is thought
to significantly contribute to ventilator-induced lung injury [6, 43],
the question arises whether MP is a cause or correlate of impaired
respiratory mechanics associated with inferior outcomes [44].

FIGURE 3 | Correlations between ventilatory indexes and invasive ventilation duration. Legend: The heat map of Spearman’s correlation coefficients (ρ) with the
LOESS (Local Regression Smoothing) trendline. The Y and X-axes have logarithmic scales. Abbreviations: ρ, Spearman’s correlation coefficient (with 95% confidence
interval); PBW-MP, mechanical power normalized to the predicted body weight; LTCdyn-MP, mechanical power normalized to dynamic lung-thorax compliance.
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Limitations
This study has limitations. First, nearly half of the patients screened
were excluded, mainly due to single lung transplantation and
requiring ECMO after surgery, resulting in a highly selected
group of patients and limiting the generalizability of the results.
However, given that both conditions impact either the respiratory
systems’ mechanical properties or pulmonary gas exchange, this
step was necessary to determine whether there is a relationship

between early graft function, MP, and PMV. Second, although we
performed cross-validation, it is uncertain whether the results
apply to other centers due to the study`s retrospective nature,
monocentric design, and lack of an external validation
group. Third, ventilatory variables were recorded during
pressure-controlled ventilation, but we cannot rule out that
some patients already had spontaneous breathing activity,
affecting measurements of some variables (e.g., tidal volume)

FIGURE 4 | ROC curves for the ventilatory indexes predicting post-transplant prolonged mechanical ventilation. Legend: The accuracy of each index in predicting
prolonged mechanical ventilation (>72 h) is presented as the area under the receiver operating characteristic (ROC) curve with 95% confidence intervals. Abbreviations:
AUROC, area under the receiver operating characteristic curve; PBW-MP, mechanical power normalized to the predicted body weight; LTCdyn-MP, mechanical power
normalized to dynamic lung-thorax compliance.

TABLE 4 | Cross-validated performance of ventilatory indexes analyzed to predict post-transplant prolonged mechanical ventilation.

Ventilatory indexes (threshold) Sensitivity Specificity PPV NPV Accuracy PLR NLR DOR F1 MCC

P/F ratio (251 mmHg) 54 (29–78) 71 (53–85) 52 (33–69) 73 (61–83) 65 (51–78) 2.5 (1.1–5.8) 0.8 (1.3–0.5) 5.5 0.53 0.25
Ventilatory ratio (1.21) 56 (32–78) 58 (39–75) 41 (28–57) 72 (57–83) 58 (42–72) 1.4 (0.7–2.6) 0.7 (1.4–0.4) 2.5 0.46 0.14
LTCdyn (28 mL/cmH2O) 63 (41–83) 74 (56–88) 57 (39–72) 79 (66–88) 70 (55–82) 2.7 (1.3–5.4) 0.5 (1.0–0.3) 6.3 0.59 0.37
Mechanical power (18.1 J/min) 48 (23–73) 80 (62–91) 58 (35–75) 74 (63–82) 69 (54–81) 3.4 (1.1–14) 0.7 (1.1–0.4) 5.6 0.51 0.29
PBW-MP (0.26 J/min/kg) 69 (42–88) 73 (54–87) 58 (41–72) 81 (67–90) 71 (56–83) 3.0 (1.4–6.6) 0.4 (0.9–0.2) 8.6 0.62 0.40
LTCdyn-MP (5,844 cmH2O

2/min) 71 (44–90) 74 (56–87) 61 (43–74) 82 (68–87) 73 (58–84) 4.6 (1.6–19) 0.4 (0.9–0.3) 15.0 0.65 0.44

Results of 2-times repeated, 5-fold cross-validation. Mean metrics of diagnostic accuracy (with 95% confidence intervals) based on threshold values associated with the Youden index
(presented as the mean of the thresholds derived from the training sets).
Abbreviations: PPV, positive predictive value; NPV, negative predictive value; PLR, positive likelihood ratio; NLR, negative likelihood ratio; DOR, diagnostic odds ratio; F1, F1 score; MCC,
Matthews’ correlation coefficient; P/F ratio, the ratio of partial pressure of oxygen to fractional inspired oxygen; VR, ventilatory ratio; LTCdyn, dynamic lung-thorax compliance; PBW-MP,
mechanical power normalized to the predicted body weight; LTCdyn-MP, mechanical power normalized to dynamic lung-thorax compliance.
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and consequently distorting values for dynamic compliance and
MP. Fourth, since this was a retrospective analysis restricting the
available ventilatory variables, we used a simplified equation for
MP calculation [20], and correlations and predictions of PMV
might have been more accurate with a more comprehensive
formula [45]. Fifth, we did not assess primary graft dysfunction
systematically at the designated time points T0, T+24, T+48, and
T+72 [2]. However, evidence suggests that PGD scores are
ineffective at predicting PMV [4], which might be related to
difficulties in adequately grading PGD and the fact that scoring
does not provide a physiological assessment of the allograft [46].

Conclusion
In double lung transplant recipients without postoperative
extracorporeal support, PMV was observed in 35% of cases and
related to impairments in respiratory mechanics and pulmonary
gas exchange. A significant correlation was found betweenMP and
the duration of post-transplant invasive ventilation, with power
density showing stronger correlations and predicting PMV more
accurately. These indexes may assist clinicians in identifying
patients at risk for PMV, which is associated with inferior
outcomes such as increased re-intubation and tracheostomy
rates. Clinical strategies may change in the event of persistently
high power density after transplant, such as providing early
tracheostomy or prophylactic non-invasive respiratory support
following extubation. Findings need to be confirmed in future
studies andwhether differences inMPmay ultimately impact long-
term clinical outcomes after lung transplantation.
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