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Abstract: Background: Procollagen peptides have been associated with lung fibroproliferation and
poor outcomes in patients with acute respiratory distress syndrome (ARDS). Therefore, serum pro-
collagen concentrations might have prognostic value in ARDS patients treated with extracorporeal
membrane oxygenation (ECMO). Methods: In a prospective cohort study, serum N-terminal procolla-
gen I-peptide (PINP) and N-terminal procollagen III-peptide (PIIINP) concentrations in twenty-three
consecutive patients with severe ARDS treated with ECMO were measured at the time of ECMO
initiation and during the course of treatment. The predictive value of PINP and PIIINP at the
time of ECMO initiation was tested with a univariable logistic regression and a receiver operating
characteristic (ROC) curve analysis. Results: Thirteen patients survived to intensive care unit (ICU)
discharge. Non-survivors had higher serum PINP and PIIINP concentrations at all points in time
during the course of treatment. Serum PIIINP at the day of ECMO initiation showed an odds ratio of
1.37 (95% CI 1.10–1.89, p = 0.017) with an area under the receiver operating characteristic (ROC) curve
(AUC) of 0.87 (95% CI 0.69–1.00, p = 0.0029) for death during the course of treatment. Conclusions:
PINP and PIIINP concentrations differ between survivors and non-survivors in ARDS treated with
ECMO. This exploratory hypothesis generating study suggests an association between PIIINP serum
concentrations at ECMO initiation and an unfavorable clinical outcome.

Keywords: acute respiratory distress syndrome; extracorporeal membrane oxygenation; procollagen
I; procollagen III

1. Introduction

Acute respiratory distress syndrome (ARDS) is a heterogeneous syndrome with a
substantial biological variance [1] associated with a high mortality rate of 35–50% [2–4] and
without any specific pharmacological treatment option [5]. For the most severe cases of
ARDS, extracorporeal membrane oxygenation (ECMO) is a treatment option to guarantee
oxygenation and facilitate lung protective ventilation [6–8].

Procollagen as a precursor of collagen is produced by pulmonary fibroblasts in the
extracellular space [9]. The amount of collagen deposition in the fibroproliferative phase of
ARDS is determined by the extent of the ventilator associated lung injury and the intensity
of the inflammatory stimulus [10,11]. Resulting from enzymatic cleavage of procollagen
by specific proteases, amino-terminal procollagen peptides can be used as markers for
collagen synthesis [12–15]. N-terminal procollagen III-peptide (PIIINP) is mainly synthe-
sized in the early course of ARDS whereas N-terminal procollagen I-peptide (PINP) is
more prevalent in the later course [16,17]. High concentrations of procollagen III-peptide
in serum and bronchoalveolar lavage fluid from ARDS patients have been associated with
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poor outcome [18–23] and elevated concentrations in bronchoalveolar fluid (BAL) during
the early course of ARDS are particularly associated with high mortality [22–26]. Because
fibroproliferation varies significantly between resolving and unresolving ARDS [27], PINP
and PIIINP could have prognostic value in ARDS patients. Furthermore, PINP and PII-
INP might guide therapeutic interventions, such as the initiation of ECMO or the use of
corticosteroids in the treatment of severe ARDS [28].

We therefore measured the concentrations of serum PINP and PIIINP at several points
in time during the course of treatment and evaluated the prognostic value in patients with
severe ARDS treated with ECMO.

2. Material and Methods
2.1. Study Design and Ethics

This prospective observational cohort study was conducted from August 2017 to
August 2018 following approval of the local ethics committee (Medizinische Ethikkomission
II, University Medical Centre Mannheim, Medical Faculty Mannheim of the University of
Heidelberg, Mannheim, registration number 2016-601N-MA) and study registration at the
German clinical trials register (DRKS00013967).

2.2. Participants

After obtaining written informed consent from each patient or their relatives, 23 con-
secutive patients with severe ARDS requiring veno-venous extracorporeal membrane oxy-
genation were studied at the Department of Anaesthesiology and Critical Care Medicine,
University Medical Centre Mannheim, Medical Faculty Mannheim of the University of
Heidelberg in Mannheim, Germany.

Exclusion criteria were age younger than 18 years, pregnancy (both because of re-
quirements of the ethics committee), end-stage chronic organ failure (prohibiting ECMO
therapy) and preexisting pulmonary fibrosis.

Patients with continuous corticosteroid medication as well as patients where the treat-
ment of the underlying disease necessitated a corticosteroid medication were also excluded,
as corticosteroids can rapidly reduce the serum concentration of PINP and PIIINP [24].

No patient was excluded from ECMO treatment because of a maximum number of
days of ventilation prior to cannulation per the policy of our unit.

Patients were dichotomized in survivors and non-survivors.

2.3. Standard Therapy

Patients with severe ARDS according to current definitions were considered for ex-
tracorporeal therapy [29]. Apart from patients who received high urgent salvage ECMO
because of life threatening hypoxia or were cannulated from the out-of-house retrieval team
in another hospital, all patients were treated according to current ARDS recommendations
and received an individualized positive end-expiratory pressure (PEEP) management,
prone positioning and neuromuscular blocking agents [30]. In case of conservative treat-
ment failure, ECMO therapy was initiated according to standard operating procedures of
the department by the attending physician when patients fulfilled criteria published by the
extracorporeal life organization guidelines [31].

Patients were initially sedated with midazolam (5 to 15 mg/h) and sufentanil (30 to
40 µg/h) and received neuromuscular blocking agents as indicated. Analgosedation during
the course of treatment on intensive care unit (ICU) was managed by the attending physician.
The ECMO circuit was set up according to the local protocol with percutaneous placement
of a venous drainage cannula using the femoral vein and a return cannula using the jugular
vein. Blood flow through the ECMO circuit was adjusted to achieve a PaO2 between 65
and 90 mmHg and an arterial oxygen saturation (SaO2) over 90%. Sweep gas flow was
adjusted to achieve a PaCO2 of 35 to 45 mmHg. Initially, all patients were ventilated in
the volume-control mode with tidal volumes (VT) of 2.5–4 mL/kg idealized body weight
(IBW) and respiratory rates (RR) of 10–12/min. Positive end-expiratory pressure (PEEP)
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was adjusted to the preference of the attending physician during the course of treatment on
ICU. End-inspiratory plateau pressure (Pplat) was recorded during a 5-s inspiratory hold.
Driving pressure was calculated as end-inspiratory plateau pressure (Pplat)—PEEP. Static
compliance of the respiratory system (Crs) was calculated as Crs = VT/(Pplat—PEEP).

The attending physician carefully evaluated the patients during the ECMO run for
their suitability of a spontaneous breathing trial. According to the standard operating
procedure of our ECMO unit, this required hemodynamical stability, a marked reduction in
the vasopressor dosage and a negative fluid balance for the last 24 h either due to diuretics
or continuous renal replacement therapy. If these prerequisites were met, neuromuscular
blockade was discontinued, sedative agents reduced and an assisted ventilator mode with
lung protective settings established.

The ECMO support was gradually reduced while keeping the PaO2 and PaCO2 within
physiological limits. Vigorous spontaneous breathing and high RR because of a high
respiratory drive resulting in injurious driving pressures were treated with modulations of
ECMO blood and gas flow, sedatives and neuromuscular blocking agents as indicated by
the attending physician [32].

2.4. Data Collection

At the time of study inclusion with the beginning of veno-venous ECMO and pro-
tective ventilation, anthropomorphic data and duration of mechanical ventilation (MV)
prior to inclusion were recorded. The Simplified Acute Physiology Score (SAPS II) [33],
Sequential Organ Failure Assessment (SOFA) score [34], Acute Physiology and Chronic
Health Evaluation II (APACHE II) score [35], Respiratory ECMO Survival Prediction (RESP)
score [36] and Predicting Death for Severe ARDS on veno-venous ECMO (PRESERVE)
score [37] were calculated. Length of ICU stay and duration of ECMO support were calcu-
lated after the observation period. PINP, PIIINP, white blood cell count (WBC), C-reactive
protein (CRP) and procalcitonin (PCT) were measured at the time of ECMO initiation
and on day 3, 5 and 10 throughout the period of study. PINP concentrations were mea-
sured by electrochemiluminiscence immunoassay (Elecsys total PINP; Roche Diagnostics,
Mannheim, Germany) with a normal range for serum PINP between 20.2 and 76.3 µg/L
(5th and 95th percentile) in healthy adults. The used assay has an intra-test and inter-test
variability equal to or less than 3.2% and 3.7%, respectively. For PIIINP, radioimmunoassay
(RIA-gnost PIIIP; Cisbio Bioassays, Codolet, France) was used with a normal range for
serum PIIINP between 2.4 and 6.4 µg/L (5th and 95th percentile) in healthy adults and an
upper measuring range of 48 µg/L. The used assay has an intra-test variability of 3, 1.7 and
2.6% for PIIINP concentrations of 5.6, 11.2 and 48 µg/L, respectively. The inter-test vari-
ability is 7.5, 4.7 and 5.3% for PIIINP concentrations of 2.1, 11.2 and 44.6 µg/L, respectively.
The characteristics of the used assays were given by the manufacturers.

2.5. Statistical Analysis

The statistical analysis was performed with Prism Version 8.0.2 (GraphPad Software,
San Diego, CA, USA). Categorical variables were compared using Fisher’s exact test and
presented as frequency and percentages. For continuous variables, the distribution was
tested using the Kolmogorov-Smirnov test. As appropriate, variables were compared using
Student’s t-test or the Mann-Whitney U test and expressed as mean (±standard deviation)
or median (interquartile range). For the association between PINP and PIIINP and death
during ECMO support, we performed a logistic regression to report the predictive value of
the marker. The discriminative value of the model was assessed by using the area under the
receiver operating characteristic curve (AUC). For the AUC, values of 0.5 indicate no pre-
dictive ability, 0.7 to 0.8 is considered acceptable, 0.8 to 0.9 is considered excellent and more
than 0.9 is considered outstanding [38]. Calibration and overall goodness of fit was evalu-
ated using the Brier score as proposed in the literature [39]. The Brier score quantifies how
close predictions of the model are to the actual outcome and ranges from 0 to 1, whereas a
smaller Brier score indicates superior performance of the used model. The fit of the logistic
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model was further tested using the likelihood ratio test (LRT). Agreement between the
predicted probability of the model and the observed probability was graphically assessed
by a calibration curve. The best compromise between sensitivity (Se) and specificity (Sp)
for PINP and PIIINP was derived from the ROC (Receiver operating characteristics) curve
and used to dichotomize the continuous variables. Se, Sp, positive predictive value (PPV),
negative predictive value (NPV), likelihood ratios (LR) and diagnostic accuracy were calcu-
lated for the chosen thresholds. Diagnostic odds ratio (DOR) was calculated as a single,
prevalence-independent indicator of diagnostic performance [40]. DOR values range from
zero to infinity, with higher values indicating better discriminatory performance. As the
sensitivity and specificity of the test becomes near perfect, the DOR rises steeply [40]. For
Se, Sp, PPV and NPV, confidence intervals (CI) were calculated using the Wilson–Brown
method. The CI for LR and DOR were determined using the “log method” proposed by
Altman et al. [41] and the log DOR with back-transformation [40], respectively. The data are
displayed as Box–Whisker Plots using the Tukey method. Missing data was not replaced
by using an imputation method. For all statistical tests, p-values smaller than 0.05 were
regarded as significant.

3. Results

Twenty-three patients with severe ARDS treated with veno-venous ECMO were
included in the study. Thirteen patients (57%) were successfully weaned and discharged
from ICU while ten patients (43%) died. Twelve patients survived to hospital discharge.
Table 1 shows the characteristics of the patients, including anthropomorphic data, etiology
of ARDS, prediction scores, duration of mechanical ventilation prior to inclusion, length of
ICU stay and the duration of ECMO support.

Table 1. Characteristics of the patients.

ICU Survivor
(n = 13)

ICU Non-Survivor
(n = 10) p-Value

Sex (male) 11 (85%) 4 (40%) 0.0393
Age (years) 54.2 ± 9.2 59.7 ± 9.4 0.1695
Height (cm) 177.7 ± 9.6 171.8 ± 8.9 0.1477

Body weight (kg) 104.5 ± 17.6 95.4 ± 19.6 0.2569
Body mass index (kg/m2) 33.5 ± 7.6 32.7 ± 8.5 0.8262

Main cause of ARDS (n (%))
Pneumonia 12 (92) 7 (70) 0.5596
Aspiration 0 (0) 1 (10) 0.4348

Extrapulmonary-sepsis 1 (8) 2 (20) 0.5596
SAPS II 67.4 ± 14.0 72.4 ± 6.6 0.3096
SOFA 13.3 ± 3.6 15.5 ± 2.7 0.1265

APACHE II 28.7 ± 8.5 31.9 ± 4.1 0.2852
RESP −4.0 ± 4.3 −5.9 ± 4.7 0.3256

PRESERVE 5.1 ± 2.2 5.6 ± 2.2 0.5773
MV prior to inclusion (days) 4.5 ± 2.7 6.9 ± 4.1 0.1415

Transferred from external hospital 5/13 6/10 0.8790
Salvage ECMO 2/13 3/10 0.7443

Driving pressure before ECMO 18.4 ± 5.3 17.7 ± 4.2 0.2891
P/F-ratio prior to ECMO 87.1 ± 23.6 79.1 ± 27.8 0.3564

Prone positioning before ECMO 6/13 6/10 0.1459
Neuromuscular blocking agents before ECMO 11/13 10/10 0.8995

Dialysis/CRRT before ECMO 3/13 2/10 0.4378
Duration of ECMO support (days) 11.2 ± 2.9 16.4 ± 8.1 0.0437

ICU length of stay (days) 37.0 (32–73) 24.0 (15.8–33.5) 0.0039

Data are n (%), mean ± standard deviation or median (interquartile range). ARDS, acute respiratory distress syndrome; SAPS II, Simplified
Acute Physiology Score II; SOFA, Sequential Organ Failure Assessment; APACHE II, Acute Physiology And Chronic Health Evaluation II;
RESP, Respiratory ECMO Survival Prediction; PRESERVE, Predicting Death for Severe ARDS on vv-ECMO; MV, mechanical ventilation;
ECMO, extracorporeal membrane oxygenation; P/F ratio, ratio between the arterial oxygen partial pressure and the fraction of inspired
oxygen; CRRT, continuous renal replacement therapy; ICU, intensive care unit.
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Prediction scores at the time of ECMO initiation did not differ between survivors and
non-survivors. The duration of ECMO support was longer in non-survivors compared to
survivors (16.4 ± 8.1 vs. 11.2 ± 2.9 days, p = 0.0437). Furthermore, the ICU length of stay
was longer in survivors compared to non-survivors (37.0 (32–73) vs. 24.0 (15.8–33.5) days,
p = 0.0039).

The characteristics of mechanical ventilation, ECMO support and inflammatory pa-
rameters are shown in Supplemental Tables S1 and S2.

Procollagen I and III

PINP concentrations were higher in non-survivors compared to survivors at the time
of ECMO initiation (75.0 (43.8–184.5) vs. 35.0 (24.5–59) µg/L, p = 0.0126), day 3 (111.0
(45.5–174.3) vs. 25.5 (22.0–81.5) µg/L, p = 0.0067) and day 5 (114.0 (53.0–222.5) vs. 30.0
(19.5–70.0) µg/L, p = 0.0071) (Figure 1). The logistical regression for PINP showed a non-
significant odds Ratio (OR) of 1.03 (95% CI 1.00–1.07, p = 0.09). Therefore, the diagnostic
and discriminatory performance of PINP was not further assessed.
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Figure 1. N-terminal procollagen I-peptide. Survivor vs. non-survivor, box plots using the Tukey
method; PINP, N-terminal procollagen I-peptide. Outliers are marked as circles.

Non-survivors had higher PIIINP concentrations compared to survivors at the time of
ECMO initiation (18.4 (14.8–28.2) vs. 9.6 (7.6–10.4) µg/L, p = 0.0018), on day 3 (21.6 (17.2–44.4)
vs. 10.0 (6.6–11.8) µg/L, p = 0.0095), day 5 (19.2 (16.8–36.8) vs. 12.0 (6.8–15.6) µg/L, p = 0.002)
and day 10 (30.4 (17.6–48.9) vs. 14.8 (9.4–27.2) µg/L, p = 0.0354) (Figure 2A). The logistical
regression for PIIINP at the time of ECMO initiation yielded an OR of 1.37 (95% CI 1.10–1.89,
p = 0.017) with an AUC of 0.87 (95% CI 0.69–1.00, p = 0.0029) (Figure 2B). The Brier score of
the model was 0.121 with a LRT of 12.3 (p = 0.0005).

Table 2 shows the diagnostic performance including the diagnostic odds ratio of the
chosen cut-off for PIIINP at >12.8 µg/L.

Table 3 shows the diagnostic performance of serum N-terminal procollagen III-peptide
at cut-offs of >8.4 µg/L, >12.8 µg/L, >14.4 µg/L and 19.2 µg/L.

We further characterized the diagnostic performance of PIIINP with a prediction
of the logistic model curve (Supplemental Figure S1), a calibration curve (Supplemental
Figure S2) and a contingency table (Supplemental Table S3).
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Figure 2. N-terminal procollagen III-peptide. (A) survivor vs. non-survivor, box plots using the
Tukey method; (B) ROC curve for PIIINP at the time of ECMO initiation, PIIINP, N-terminal procolla-
gen III-peptide; AUC, area under the ROC curve; ROC, Receiver operating characteristic; ECMO,
extracorporeal membrane oxygenation. Outliers are marked as circles.

Table 2. Diagnostic performance of serum N-terminal procollagen I-peptide and N-terminal procollagen III-peptide.

Sensitivity
(%)

Specificity
(%)

Positive
Predictive
Value (%)

Negative
Predictive
Value (%)

Likelihood
Ratio

Positive

Likelihood
Ratio

Negative

Diagnostic
Odds Ratio

PIIINP
>12.8 µg/L

90.0
(59.6–99.5)

92.3
(66.7–99.6)

90.0
(59.6–99.5)

92.3
(66.7–99.6)

11.7
(1.7–77.8)

0.1
(0.02–0.7)

108
(5.9–1969.5)

Data are % (95% CI) or absolute values (95% CI); PIIINP, N-terminal procollagen III-peptide.
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Table 3. Diagnostic performance of serum N-terminal procollagen III-peptide at different cut-offs.

Number of
Patients TP TN FP FN Sensitivity

(%)
Specificity

(%)
PPV
(%)

NPV
(%)

Diagnostic
Odds Ratio

PIIINP
>8.4 µg/L 18 9 4 9 1 90.0

(59.6–99.5)
30.7

(12.7–57.6)
50.0

(39.7–60.3)
34.4

(34.5–76.8)
4.0

(0.4–43.1)

PIIINP
>12.8 µg/L 10 9 12 1 1 90.0

(59.6–99.5)
92.3

(66.7–99.6)
90.0

(59.6–99.5)
92.3

(66.7–99.6)
108

(5.9–1969.5)

PIIINP
>14.4 µg/L 9 8 12 1 2 80.0

(49.0–96.5)
92.3

(66.7–99.6)
88.9

(54.3–98.2)
85.7

(63.2–95.4)
48.0

(3.7–622.0)

PIIINP
>19.2 µg/L 5 4 12 1 6 40.0

(16.8–68.7)
92.3

(66.7–99.6)
80.0

(34.4–96.8)
66.7

(54.1–77.3)
8.0

(0.7–88.2)

TP, true positive; TN, true negative; FP, false positive; FN, false negative; PPV, positive predictive value; NPV, negative predictive value.

4. Discussion

To our knowledge, this is the first prospective study evaluating PINP and PIIINP
as prognostic markers in severe ARDS patients treated with veno-venous ECMO. PIIINP
was significantly higher in non-survivors than in survivors at all studied points in time
during the course of treatment (Figure 2A). The concentration of serum PIIINP at the time
of ECMO initiation was highly predictive of death during the course of treatment (Figure
2B and Table 2). Despite significant higher concentrations of serum PINP in non-survivors
at the time of ECMO initiation and during the early course of treatment (Figure 1), PINP
was not predictive for the clinical outcome.

Interestingly, the mortality prediction scores PRESERVE and RESP did not differ
between survivors and non-survivors at the time of ECMO initiation and there was no
difference in organ function and disease severity, measured by SAPS II score, SOFA score
and APACHE II score (Table 1). These findings are in line with recent studies measuring
the performance of mortality prediction scores for severe ARDS treated with ECMO where
PRESERVE and RESP showed varying results compared to the initial publication [42,43].

4.1. Procollagen I and III in ARDS

Although non-survivors had significantly higher concentrations of serum PINP in the
present study at the time of ECMO initiation it did not predict outcome. As the deposition
of collagen I is part of the late profibrotic process in ARDS [16,17] the difference in serum
concentration between resolving and unresolving ARDS at the time of ECMO initiation
might be smaller compared to PIIINP.

Procollagen III-peptide has been studied in several studies in patients with ARDS
and was associated with poor outcome [19–26]. The study by Meduri et al. detected
higher concentrations of serum PIIINP in non-survivors compared to survivors on day 7
after ARDS onset [24]. Furthermore, serum PINP and PIIINP levels continued to increase
exclusively in patients with unresolving ARDS. The predictive value of PIIINP in the
present study is in line with observed difference between survivors and non-survivors on
day 7 by Meduri et al. [24] considering the time of mechanical ventilation prior to ECMO
treatment and study inclusion.

In our study, serum PIIINP was higher at all points in time in non-survivors compared
to survivors. The baseline PIIINP at the time of ECMO initiation showed a high predictive
value according to the AUC as well as a good calibration and goodness of fit according
to the Brier score and LRT. Furthermore, the calculated DOR for PIIINP indicates a high
diagnostic and discriminatory performance of the marker in our study cohort.

Steinberg et al. showed lower procollagen III-peptide concentrations at the time of
study inclusion in patients with ARDS who survived longer than 14 days [44]. The authors
hypothesized that the lower baseline level of procollagen III-peptide might indicate less
active fibroproliferation in these patients.

Marshall et al. showed higher BAL concentrations of PIIINP in non-survivors com-
pared to survivors and the same, non-significant trend for serum PIIINP [22]. A possible
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explanation for the observed significant differences in serum PIIINP at all points in time
in the present study could be the severity of ARDS. All of the patients studied required
veno-venous ECMO and the severity of illness, measured by SAPS II, SOFA and APACHE
II score, was high compared to the previous studies investigating serial measurement of
PINP and PIIINP [20–24] as well as other recent studies including ARDS patients treated
with ECMO [42,43,45,46].

Forel et al. found significantly higher serum PIIINP concentrations in patients with
unresolving ARDS who developed pulmonary fibroproliferation [18], which might progress
to fibrosis and thus increase morbidity [47,48].

The results of the present study with significantly higher PIIINP serum concentrations
in non-survivors are in accordance with the findings by Forel et al. given the fact that
pulmonary fibroproliferation is a critical factor for determining the outcome of ARDS [22,49].

Forel et al. reported a serum PIIINP threshold of 16 µg/L to diagnose lung fibroprolif-
eration with an AUC of 0.75 (95% CI 0.57–0.92) [18]. The AUC for serum PIIINP was not
significantly smaller compared to the AUC reported for BAL PIIINP.

The threshold for serum PIIINP of 12.8 µg/L predicting the course of ARDS in the
present study is comparable to the threshold calculated by Forel et al. and fibroproliferation
might have been a major factor contributing to the mortality in our study. Furthermore,
the median serum PIIINP concentration in survivors at all points in time during the
course of treatment was lower than the reported threshold by Forel et al. to diagnose
fibroproliferation [18].

Despite this correlation, it is important to differentiate between an adaptive and
maladaptive fibroproliferation [50]. Fibroproliferation is an integral part of the tissue
defense response and varies significantly between resolving and unresolving ARDS [27].
Unresolving ARDS is characterized by excessive, maladaptive fibroproliferation that is
driven by persistent systemic inflammation [27]. The amount of systemic inflammation is
crucial to determine if the fibroproliferative response leads to resolution of the lung injury
or maladaptive lung repair with fibrosis occurs [27,50].

There is growing evidence that at least two subphenotypes of ARDS can be differ-
entiated with distinct clinical features which might warrant a different treatment strat-
egy [51–55]. The hyperinflammatory subphenotype is characterized by higher and per-
sistent levels of inflammatory markers, fewer ventilator-free days and higher mortality.
Furthermore, the hyperinflammatory subphenotype showed higher levels of markers for
endothelial and epithelial lung injury [53]. The hypoinflammatory subphenotype can
be characterized by less severe and decreasing inflammation, absence of shock, more
ventilator-free days and overall lower mortality [51–55]. In the present study, inflammatory
markers did not vary between survivors and non-survivors at the time of ECMO initiation.
CRP as a marker of inflammation decreased exclusively in survivors between the time of
ECMO initiation and day 5 as well as day 10, indicating a decreasing inflammatory stimu-
lus (Supplemental Table S2). The decrease in PCT between the time of ECMO initiation
and day 5 as well as day 10 in both groups suggests a sufficient antimicrobial therapy.

As a result of the persisting inflammatory stimulus and the unresolved hemodynamic
impairment, the cumulative fluid balance in non-survivors was significantly higher during
the course of treatment. This could either be caused by the underlying disease or might
indicate an injurious ventilator strategy resulting in VILI and concomitant pulmonary
fibroproliferation [56–58].

Therefore, the utilization of ECMO to reduce the proinflammatory stimulus of an
injurious ventilator strategy with high driving pressures needs to be evaluated. PNIIIP
might be an attractive parameter to guide the time point of ECMO initiation and the
accompanying ventilator strategy.

4.2. ECMO Support and Respiratory Mechanics

At the time of ECMO initiation and during the early course of treatment, mechanical
ventilation and ECMO support did not differ in both groups (Supplemental Table S1). In all
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patients, ventilator settings that are considered “ultra-protective” were used as described
by recent studies [46,59].

Discontinuation of neuromuscular blockade and transition to an assisted-mode venti-
lation was only feasible in survivors, resulting in higher VT and RR on day 10 compared
to the time of ECMO initiation. Simultaneously, in survivors ECMO support could be
reduced as indicated by the lower ECMO blood and gas flow on day 10 compared to the
time of ECMO initiation. Another indicator of the clinical improvement in survivors might
be the improved Crs in survivors on day 3 during the course of treatment. This also results
in a lower driving pressure in survivors on day 3 as the driving pressure derives from the
ratio of tidal volume and Crs. An inverse relationship between Crs, which per se is strongly
correlated with survival [60], and the concentration of PIIINP has been shown in patients
with ARDS [61]. The higher positive fluid balance in non-survivors during the course of
treatment might be discussed as another cause of the observed differences in Crs. A fluid
management strategy targeting a negative fluid balance has been shown to shorten the
duration of mechanical ventilation in ARDS patients [62].

Although we cannot exclude tidal hyperinflation [63] the pursued ventilator strategy
for patients treated with ECMO in our study can be considered “ultra-protective” [64].
However, despite a substantial reduction of the driving pressure and the energy transmitted
by the ventilator because of the utilization of ECMO, we were not able to reduce PIIINP in
our observation period in non-survivor.

The interaction and time sequence between inflammation and pulmonary fibrosis is
not clearly described. Experimental data by our group showed a reduced procollagen I and
III RNA synthesis as well as less α-SMA expressing tissue in an animal model challenged
with progredient higher LPS doses [65]. This is contrary to the findings of other groups,
who reported an elevation in profibrotic parameters after extended periods of mechanical
ventilation [66,67].

So as the incidence and evolution of pulmonary fibrosis in patients with ARDS is
probably a complex interplay of inflammatory stimulus and ventilator-induced injury. It is
unclear if profibrotic markers, such as PIIINP, are an independent predictor of mortality
in our study but may integrate both influencing factors in a relevant way [68]. Therefore,
PIIINP might be an attractive biological marker to individualize the ventilator strategy in
ECMO patients.

Furthermore, the utilization of ECMO to reduce the proinflammatory stimulus of an
injurious ventilator strategy with high driving pressures needs to be evaluated further,
PNIIIP might be an attractive parameter to guide the time point of ECMO initiation and
the accompanying ventilator strategy. Taken together the synthesis of profibrotic markers
in patients with ARDS is influenced by the pulmonary inflammation of the underlying
disease as well as the chosen ventilator strategy. As we describe a correlation between
higher PIIINP and worse outcomes, and not a causality per se, we cannot differentiate
whether elevated PIIINP is associated with injurious ventilation, inflammatory affection
of the lungs or a deleterious combination of both factors. On the other hand, both of
these injury mechanisms have been shown to influence mortality in patients with severe
ARDS [2,60].

4.3. Limitations

The main limitation of the present study is the small sample size as only 23 patients
could be included during the study period. This is due to the fact that only very severe cases
of ARDS were studied and all patients that needed ECMO support other than veno-venous
were excluded. In the present study, severity of illness at the time of ECMO initiation,
indicated by prediction scores and organ failure scores, and duration of mechanical ven-
tilation prior to inclusion did not differ between both groups hence making a selection
bias unlikely. Furthermore, the studies by Marshall et al. [22], Meduri et al. [24] and Forel
et al. [18] had comparable sample sizes and yielded significant results as well.
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We acknowledge that the reported diagnostic values for PIIINP may not be precise
and presumably overstated due to the small sample size and might vary in future studies.
In addition, the assessment of model calibration may be considerably influenced by the
small sample size and the inability to adjust for baseline characteristics. Therefore, our
data interpretation is solely hypothesis generating and needs confirmation in a prospective
clinical trial.

We found a non-significant difference of approximately two days in mechanical
ventilation prior to transfer to ECMO therapy that might have an influence on PIIINP levels
at the time of ECMO initiation, especially as the timing of pulmonary fibroproliferation
is characterized [69–71] and might be modulated by inflammation and the ventilator
strategy. On the other hand, we found no significant differences of PIIINP in survivors
when comparing day 0 and day 3. Furthermore, there was a significant difference in PIIINP
between survivors and non-survivors even at day 10. So, we hypothesize that there has
to be a constellation of findings in non-survivors initiating pulmonary fibroproliferation
and ECMO per se is not able to reverse that although driving pressure and the mechanical
power transferred by the ventilator are markedly reduced compared to a conservative
treatment strategy.

Although we a priori excluded patients with end-stage chronic organ failure and non-
pulmonary fibrotic diseases, there is a possibility that non-recognized tissue fibrosis might
interfere with the pulmonary procollagen accumulation. However, because of the high
percentage (87%) of pulmonary ARDS in the study population, the measured differences
in procollagen serum concentration are most likely the result of pulmonary procollagen
synthesis.

We measured PINP and PIIINP concentrations in serum instead of in a BAL because
of the simple and non-invasive availability, the high reliability and the validation of the
used assays for serum measurement. Of course, this might confound our results because of
the typical alteration of the alveolar capillary membrane in ARDS patients. We cannot rule
out a compartmentalization of fibroproliferation in the alveolar space without any spillover
of PINP or PIIINP in the pulmonary circulation. On the other hand, there are comparable
data from serum samples in previous studies [18,24], which are in line with our results.

We only studied one protein from a complex biological system in a disease with
significant heterogeneity hence procollagen liberation may stem from physiological tissue
repair or excessive, maladaptive fibroproliferation. To fully understand the kinetics of
procollagen deposition and validate PINP or PIIINP as a marker to guide treatment, more
prospective studies are needed.

5. Conclusions

In ARDS patients treated with ECMO, serum PINP and PIIINP concentrations differ
between survivors and non-survivors. The concentration of PIIINP at the time of ECMO
initiation might be associated with a worse outcome.

Furthermore, PIIINP might be a marker to detect patients with high risk for unresolv-
ing ARDS and poor outcomes. The use of PIIINP to initiate and guide an individualized
treatment should be evaluated in future trials.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/jcm10163686/s1, Figure S1: Prediction of the logistic model, Figure S2: Calibration curve.
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during the course of study, Table S2: Inflammatory markers. Table S3: Contingency table of serum
N-terminal procollagen III-peptide at the chosen cut-off.
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Abbreviations

APACHE II Acute Physiology and Chronic Health Evaluation II
ARDS acute respiratory distress syndrome
AUC area under the ROC curve
BAL bronchoalveolar lavage fluid
CI confidence interval
CRP C-reactive protein
Crs static compliance of the respiratory system
DOR diagnostic odds ratio
ECMO extracorporeal membrane oxygenation
IBW idealized body weight
ICU intensive care unit
LR likelihood ratio
LRT likelihood ratio test
MVNPV mechanical ventilationnegative predictive value
OR odds ratio
PIIINP N-terminal procollagen III-peptide
PINP N-terminal procollagen I-peptide
PaCO2 arterial partial pressure of carbon dioxide
PaO2 arterial partial pressure of oxygen
PCT procalcitonin
PEEP positive end-expiratory pressure
Pplat end-inspiratory plateau pressure
PPV positive predictive value
PRESERVE Predicting Death for Severe ARDS on vv-ECMO
RESP Respiratory ECMO Survival Prediction
ROC Receiver operating characteristics
RR respiratory rate
SaO2 arterial oxygen saturation
SAPS II Simplified Acute Physiology Score
Se sensitivity
Sp specificity
SOFA Sequential Organ Failure Assessment
VT tidal volume
WBC white blood cell count

References
1. Wilson, J.G.; Calfee, C.S. ARDS Subphenotypes: Understanding a Heterogeneous Syndrome. Crit. Care (Lond. Engl.) 2020, 24, 102.

[CrossRef]
2. Bellani, G.; Laffey, J.G.; Pham, T.; Fan, E.; Brochard, L.; Esteban, A.; Gattinoni, L.; Van Haren, F.; Larsson, A.; McAuley, D.F.; et al.

Epidemiology, Patterns of Care, and Mortality for Patients with Acute Respiratory Distress Syndrome in Intensive Care Units in
50 Countries. JAMA 2016, 315, 788–800. [CrossRef]

http://doi.org/10.1186/s13054-020-2778-x
http://doi.org/10.1001/jama.2016.0291


J. Clin. Med. 2021, 10, 3686 12 of 14

3. Phua, J.; Badia, J.R.; Adhikari, N.K.; Friedrich, J.O.; Fowler, R.A.; Singh, J.M.; Scales, D.C.; Stather, D.R.; Li, A.; Jones, A.; et al. Has
mortality from acute respiratory distress syndrome decreased over time? A systematic review. Am. J. Respir. Crit. Care Med. 2009,
179, 220–227. [CrossRef]

4. Villar, J.; Blanco, J.; Kacmarek, R.M. Current incidence and outcome of the acute respiratory distress syndrome. Curr. Opin. Crit.
Care 2016, 22, 1–6. [CrossRef]

5. Thompson, B.T.; Chambers, R.C.; Liu, K.D. Acute Respiratory Distress Syndrome. N. Engl. J. Med. 2017, 377, 562–572. [CrossRef]
[PubMed]

6. Abrams, D.; Brodie, D. Extracorporeal Membrane Oxygenation for Adult Respiratory Failure: 2017 Update. Chest 2017, 152,
639–649. [CrossRef] [PubMed]

7. Combes, A.; Hajage, D.; Capellier, G.; Demoule, A.; Lavoué, S.; Guervilly, C.; Da Silva, D.; Zafrani, L.; Tirot, P.; Veber, B.; et al.
Extracorporeal Membrane Oxygenation for Severe Acute Respiratory Distress Syndrome. N. Engl. J. Med. 2018, 378, 1965–1975.
[CrossRef]

8. Karagiannidis, C.; Brodie, D.; Strassmann, S.; Stoelben, E.; Philipp, A.; Bein, T.; Müller, T.; Windisch, W. Extracorporeal membrane
oxygenation: Evolving epidemiology and mortality. Intensive Care Med. 2016, 42, 889–896. [CrossRef] [PubMed]

9. Fessler, J.H.; Fessler, L.I. Biosynthesis of procollagen. Annu. Rev. Biochem. 1978, 47, 129–162. [CrossRef]
10. Rocco, P.R.M.; Negri, E.M.; Kurtz, P.M.; Vasconcellos, F.P.; Silva, G.H.; Capelozzi, V.L.; Romero, P.V.; Zin, W.A. Lung tissue

mechanics and extracellular matrix remodeling in acute lung injury. Am. J. Respir. Crit. Care Med. 2001, 164, 1067–1071. [CrossRef]
11. Pelosi, P.; Rocco, P.R. Effects of mechanical ventilation on the extracellular matrix. Intensive Care Med. 2008, 34, 631–639. [CrossRef]
12. Kivirikko, K.I.; Myllyla, R. Post-translational processing of procollagens. Ann. N. Y. Acad. Sci. 1985, 460, 187–201. [CrossRef]

[PubMed]
13. Gonzalez-Lopez, A.; García-Prieto, E.; Batalla-Solís, E.; Amado-Rodríguez, L.; Avello, N.; Blanch, L.; Albaiceta, G.M. Lung strain

and biological response in mechanically ventilated patients. Intensive Care Med. 2012, 38, 240–247. [CrossRef]
14. Horslev-Petersen, K. Circulating extracellular matrix components as markers for connective tissue response to inflammation.

A clinical and experimental study with special emphasis on serum aminoterminal type III procollagen peptide in rheumatic
diseases. Dan. Med. Bull. 1990, 37, 308–329.

15. Kirk, J.M.; Bateman, E.D.; Haslam, P.L.; Laurent, G.J.; Turner-Warwick, M. Serum type III procollagen peptide concentration in
cryptogenic fibrosing alveolitis and its clinical relevance. Thorax 1984, 39, 726–732. [CrossRef]

16. Rocco, P.R.M.; Souza, A.B.; Faffe, D.S.; Pássaro, C.P.; Santos, F.B.; Negri, E.M.; Lima, J.G.M.; Contador, R.S.; Capelozzi, V.L.; Zin,
W.A. Effect of corticosteroid on lung parenchyma remodeling at an early phase of acute lung injury. Am. J. Respir. Crit. Care Med.
2003, 168, 677–684. [CrossRef] [PubMed]

17. Santos, F.B.; Nagato, L.K.S.; Boechem, N.M.; Negri, E.M.; Guimaraes, A.; Capelozzi, V.L.; Faffe, D.S.; Zin, W.A.; Rocco, P.R.M.
Time course of lung parenchyma remodeling in pulmonary and extrapulmonary acute lung injury. J. Appl. Physiol. 2006, 100,
98–106. [CrossRef]

18. Forel, J.-M.; Guervilly, C.; Hraiech, S.; Voillet, F.; Thomas, G.; Somma, C.; Secq, V.; Farnarier, C.; Payan, M.-J.; Donati, S.-Y.; et al.
Type III procollagen is a reliable marker of ARDS-associated lung fibroproliferation. Intensive Care Med. 2015, 41, 1–11. [CrossRef]
[PubMed]

19. Kropf, J.; Grobe, E.; Knoch, M.; Lammers, M.; Gressner, A.M.; Lennartz, H. The prognostic value of extracellular matrix component
concentrations in serum during treatment of adult respiratory distress syndrome with extracorporeal CO2 removal. Eur. J. Clin.
Chem. Clin. Biochem. 1991, 29, 805–812. [CrossRef] [PubMed]

20. Entzian, P.; Huckstadt, A.; Kreipe, H.; Barth, J. Determination of serum concentrations of type III procollagen peptide in
mechanically ventilated patients. Pronounced augmented concentrations in the adult respiratory distress syndrome. Am. Rev.
Respir. Dis. 1990, 142, 1079–1082. [CrossRef]

21. Waydhas, C.; Nast-Kolb, D.; Trupka, A.; Lenk, S.; Duswald, K.H.; Schweiberer, L.; Jochum, M. Increased serum concentrations of
procollagen type III peptide in severely injured patients: An indicator of fibrosing activity? Crit. Care Med. 1993, 21, 240–247.
[CrossRef]

22. Marshall, R.P.; Bellingan, G.; Webb, S.; Puddicombe, A.; Goldsack, N.; McAnulty, R.; Laurent, G.J. Fibroproliferation occurs early
in the acute respiratory distress syndrome and impacts on outcome. Am. J. Respir. Crit. Care Med. 2000, 162, 1783–1788. [CrossRef]

23. Clark, J.G.; Milberg, J.A.; Steinberg, K.P.; Hudson, L.D. Type III procollagen peptide in the adult respiratory distress syndrome.
Association of increased peptide levels in bronchoalveolar lavage fluid with increased risk for death. Ann. Intern. Med. 1995, 122,
17–23. [CrossRef]

24. Meduri, G.U.; Tolley, E.A.; Chinn, A.; Stentz, F.; Postlethwaite, A. Procollagen types I and III aminoterminal propeptide levels
during acute respiratory distress syndrome and in response to methylprednisolone treatment. Am. J. Respir. Crit. Care Med. 1998,
158 Pt 1, 1432–1441. [CrossRef]

25. Chesnutt, A.N.; Matthay, M.A.; Tibayan, F.A.; Clark, J.G. Early detection of type III procollagen peptide in acute lung injury.
Pathogenetic and prognostic significance. Am. J. Respir. Crit. Care Med. 1997, 156 Pt 1, 840–845. [CrossRef]

26. Farjanel, J.; Hartmann, D.J.; Guidet, B.; Luquel, L.; Offenstadt, G. Four markers of collagen metabolism as possible indicators of
disease in the adult respiratory distress syndrome. Am. Rev. Respir. Dis. 1993, 147, 1091–1099. [CrossRef] [PubMed]

27. Meduri, G.U.; Annane, D.; Chrousos, G.P.; Marik, P.E.; Sinclair, S.E. Activation and regulation of systemic inflammation in ARDS:
Rationale for prolonged glucocorticoid therapy. Chest 2009, 136, 1631–1643. [CrossRef] [PubMed]

http://doi.org/10.1164/rccm.200805-722OC
http://doi.org/10.1097/MCC.0000000000000266
http://doi.org/10.1056/NEJMra1608077
http://www.ncbi.nlm.nih.gov/pubmed/28792873
http://doi.org/10.1016/j.chest.2017.06.016
http://www.ncbi.nlm.nih.gov/pubmed/28642106
http://doi.org/10.1056/NEJMoa1800385
http://doi.org/10.1007/s00134-016-4273-z
http://www.ncbi.nlm.nih.gov/pubmed/26942446
http://doi.org/10.1146/annurev.bi.47.070178.001021
http://doi.org/10.1164/ajrccm.164.6.2007062
http://doi.org/10.1007/s00134-007-0964-9
http://doi.org/10.1111/j.1749-6632.1985.tb51167.x
http://www.ncbi.nlm.nih.gov/pubmed/3008623
http://doi.org/10.1007/s00134-011-2403-1
http://doi.org/10.1136/thx.39.10.726
http://doi.org/10.1164/rccm.200302-256OC
http://www.ncbi.nlm.nih.gov/pubmed/12842856
http://doi.org/10.1152/japplphysiol.00395.2005
http://doi.org/10.1007/s00134-014-3524-0
http://www.ncbi.nlm.nih.gov/pubmed/25354475
http://doi.org/10.1515/cclm.1991.29.12.805
http://www.ncbi.nlm.nih.gov/pubmed/1797106
http://doi.org/10.1164/ajrccm/142.5.1079
http://doi.org/10.1097/00003246-199302000-00016
http://doi.org/10.1164/ajrccm.162.5.2001061
http://doi.org/10.7326/0003-4819-122-1-199501010-00003
http://doi.org/10.1164/ajrccm.158.5.9801107
http://doi.org/10.1164/ajrccm.156.3.9701124
http://doi.org/10.1164/ajrccm/147.5.1091
http://www.ncbi.nlm.nih.gov/pubmed/8484615
http://doi.org/10.1378/chest.08-2408
http://www.ncbi.nlm.nih.gov/pubmed/19801579


J. Clin. Med. 2021, 10, 3686 13 of 14

28. Meduri, G.U.; Siemieniuk, R.A.C.; Ness, R.A.; Seyler, S.J. Prolonged low-dose methylprednisolone treatment is highly effective in
reducing duration of mechanical ventilation and mortality in patients with ARDS. J. Intensive Care 2018, 6, 53. [CrossRef]

29. Force, A.D.T.; Ranieri, V.M.; Rubenfeld, G.D.; Thompson, B.T.; Ferguson, N.D.; Caldwell, E.; Fan, E.; Camporota, L.; Slutsky, A.S.
Acute respiratory distress syndrome: The Berlin Definition. JAMA 2012, 307, 2526–2533.

30. Ferguson, N.D.; Fan, E.; Camporota, L.; Antonelli, M.; Anzueto, A.; Beale, R.; Brochard, L.; Brower, R.; Esteban, A.; Gattinoni, L.;
et al. The Berlin definition of ARDS: An expanded rationale, justification, and supplementary material. Intensive Care Med. 2012,
38, 1573–1582. [CrossRef] [PubMed]

31. ELSO. Guidelines for Adult Respiratory Failure; ELSO: Ann Arbor, MI, USA, 2017.
32. Mauri, T.; Grasselli, G.; Suriano, G.; Eronia, N.; Spadaro, S.; Turrini, C.; Patroniti, N.; Bellani, G.; Pesenti, A. Control of Respiratory

Drive and Effort in Extracorporeal Membrane Oxygenation Patients Recovering from Severe Acute Respiratory Distress Syndrome.
Anesthesiology 2016, 125, 159–167. [CrossRef] [PubMed]

33. Le Gall, J.R.; Lemeshow, S.; Saulnier, F. A new Simplified Acute Physiology Score (SAPS II) based on a European/North American
multicenter study. JAMA 1993, 270, 2957–2963. [CrossRef] [PubMed]

34. Vincent, J.L.; Moreno, R.; Takala, J.; Willatts, S.; De Mendonça, A.; Bruining, H.; Reinhart, C.K.; Suter, P.; Thijs, L.G.; On behalf of
the Working Group on Sepsis-Related Problems of the European Society of Intensive Care Medicine. The SOFA (Sepsis-related
Organ Failure Assessment) score to describe organ dysfunction/failure. Intensive Care Med. 1996, 22, 707–710. [CrossRef]

35. Knaus, W.A.; Draper, E.A.; Wagner, D.P.; Zimmerman, J.E. APACHE II: A severity of disease classification system. Crit. Care Med.
1985, 13, 818–829. [CrossRef] [PubMed]

36. Schmidt, M.; Bailey, M.; Sheldrake, J.; Hodgson, C.; Aubron, C.; Rycus, P.T.; Scheinkestel, C.; Cooper, D.J.; Brodie, D.; Pellegrino,
V.; et al. Predicting survival after extracorporeal membrane oxygenation for severe acute respiratory failure. The Respiratory
Extracorporeal Membrane Oxygenation Survival Prediction (RESP) score. Am. J. Respir. Crit. Care Med. 2014, 189, 1374–1382.
[CrossRef]

37. Schmidt, M.; Zogheib, E.; Rozé, H.; Repesse, X.; Lebreton, G.; Luyt, C.-E.; Trouillet, J.-L.; Bréchot, N.; Nieszkowska, A.; Dupont,
H.; et al. The PRESERVE mortality risk score and analysis of long-term outcomes after extracorporeal membrane oxygenation for
severe acute respiratory distress syndrome. Intensive Care Med. 2013, 39, 1704–1713. [CrossRef]

38. Mandrekar, J.N. Receiver operating characteristic curve in diagnostic test assessment. J. Thorac. Oncol. 2010, 5, 1315–1316.
[CrossRef]

39. Steyerberg, E.W.; Vickers, A.J.; Cook, N.R.; Gerds, T.; Gonen, M.; Obuchowski, N.; Pencina, M.J.; Kattan, M.W. Assessing the
performance of prediction models: A framework for traditional and novel measures. Epidemiology 2010, 21, 128–138. [CrossRef]

40. Glas, A.S.; Lijmer, J.G.; Prins, M.H.; Bonsel, G.J.; Bossuyt, P.M. The diagnostic odds ratio: A single indicator of test performance. J.
Clin. Epidemiol. 2003, 56, 1129–1135. [CrossRef]

41. Altman, D.G.; Machin, D.; Bryant, T.N.; Gardner, M.J. Statistics with Confidence; BMJ Books; Wiley: Hoboken, NJ, USA, 2000; p.
109.

42. Hsin, C.H.; Wu, M.Y.; Huang, C.C.; Kao, K.C.; Lin, P.J. Venovenous extracorporeal membrane oxygenation in adult respiratory
failure: Scores for mortality prediction. Medicine 2016, 95, e3989. [CrossRef]

43. Brunet, J.; Valette, X.; Buklas, D.; Lehoux, P.; Verrier, P.; Sauneuf, B.; Ivascau, C.; Dalibert, Y.; Seguin, A.; Terzi, N.; et al. Predicting
Survival after Extracorporeal Membrane Oxygenation for ARDS: An External Validation of RESP and PRESERVE Scores. Respir.
Care 2017, 62, 912–919. [CrossRef]

44. Steinberg, K.P.; Hudson, L.D.; Goodman, R.B.; Hough, C.L.; Lanken, P.N.; Hyzy, R.; Thompson, B.T.; Ancukiewicz, M.; National
Heart, Lung, and Blood Institute Acute Respiratory Distress Syndrome (ARDS) Clinical Trials Network. Efficacy and safety of
corticosteroids for persistent acute respiratory distress syndrome. N. Engl. J. Med. 2006, 354, 1671–1684.

45. Neto, A.S.; Schmidt, M.; Azevedo, L.C.; Bein, T.; Brochard, L.; Beutel, G.; Combes, A.; Costa, E.L.; Hodgson, C.; Lindskov, C.; et al.
Associations between ventilator settings during extracorporeal membrane oxygenation for refractory hypoxemia and outcome in
patients with acute respiratory distress syndrome: A pooled individual patient data analysis: Mechanical ventilation during
ECMO. Intensive Care Med. 2016, 42, 1672–1684. [CrossRef]

46. Schmidt, M.; Pham, T.; Arcadipane, A.; Agerstrand, C.; Ohshimo, S.; Pellegrino, V.; Vuylsteke, A.; Guervilly, C.; McGuinness, S.;
Pierard, S.; et al. Mechanical Ventilation Management during Extracorporeal Membrane Oxygenation for Acute Respiratory
Distress Syndrome. An International Multicenter Prospective Cohort. Am. J. Respir. Crit. Care Med. 2019, 200, 1002–1012.
[CrossRef] [PubMed]

47. Martin, C.; Papazian, L.; Payan, M.J.; Saux, P.; Gouin, F. Pulmonary fibrosis correlates with outcome in adult respiratory distress
syndrome. A study in mechanically ventilated patients. Chest 1995, 107, 196–200. [CrossRef] [PubMed]

48. Papazian, L.; Doddoli, C.; Chetaille, B.; Gernez, Y.; Thirion, X.; Roch, A.; Donati, Y.; Bonnety, M.; Zandotti, C.; Thomas, P. A
contributive result of open-lung biopsy improves survival in acute respiratory distress syndrome patients. Crit. Care Med. 2007,
35, 755–762. [CrossRef] [PubMed]

49. Dos Santos, C.C. Advances in mechanisms of repair and remodelling in acute lung injury. Intensive Care Med. 2008, 34, 619–630.
[CrossRef]

50. Meduri, G.U.; Eltorky, M.A. Understanding ARDS-associated fibroproliferation. Intensive Care Med. 2015, 41, 517–520. [CrossRef]
51. Calfee, C.S.; Delucchi, K.; Parsons, P.E.; Thompson, B.T.; Ware, L.B.; Matthay, M.A. Subphenotypes in acute respiratory distress

syndrome: Latent class analysis of data from two randomised controlled trials. Lancet Respir. Med. 2014, 2, 611–620. [CrossRef]

http://doi.org/10.1186/s40560-018-0321-9
http://doi.org/10.1007/s00134-012-2682-1
http://www.ncbi.nlm.nih.gov/pubmed/22926653
http://doi.org/10.1097/ALN.0000000000001103
http://www.ncbi.nlm.nih.gov/pubmed/26999639
http://doi.org/10.1001/jama.1993.03510240069035
http://www.ncbi.nlm.nih.gov/pubmed/8254858
http://doi.org/10.1007/BF01709751
http://doi.org/10.1097/00003246-198510000-00009
http://www.ncbi.nlm.nih.gov/pubmed/3928249
http://doi.org/10.1164/rccm.201311-2023OC
http://doi.org/10.1007/s00134-013-3037-2
http://doi.org/10.1097/JTO.0b013e3181ec173d
http://doi.org/10.1097/EDE.0b013e3181c30fb2
http://doi.org/10.1016/S0895-4356(03)00177-X
http://doi.org/10.1097/MD.0000000000003989
http://doi.org/10.4187/respcare.05098
http://doi.org/10.1007/s00134-016-4507-0
http://doi.org/10.1164/rccm.201806-1094OC
http://www.ncbi.nlm.nih.gov/pubmed/31144997
http://doi.org/10.1378/chest.107.1.196
http://www.ncbi.nlm.nih.gov/pubmed/7813276
http://doi.org/10.1097/01.CCM.0000257325.88144.30
http://www.ncbi.nlm.nih.gov/pubmed/17255856
http://doi.org/10.1007/s00134-007-0963-x
http://doi.org/10.1007/s00134-014-3613-0
http://doi.org/10.1016/S2213-2600(14)70097-9


J. Clin. Med. 2021, 10, 3686 14 of 14

52. Calfee, C.S.; Delucchi, K.L.; Sinha, P.; Matthay, M.A.; Hackett, J.; Shankar-Hari, M.; McDowell, C.; Laffey, J.; O’Kane, C.; McAuley,
D.; et al. Acute respiratory distress syndrome subphenotypes and differential response to simvastatin: Secondary analysis of a
randomised controlled trial. Lancet Respir. Med. 2018, 6, 691–698. [CrossRef]

53. Famous, K.R.; Delucchi, K.; Ware, L.B.; Kangelaris, K.N.; Liu, K.; Thompson, B.T.; Calfee, C.S. Acute Respiratory Distress
Syndrome Subphenotypes Respond Differently to Randomized Fluid Management Strategy. Am. J. Respir. Crit. Care Med. 2017,
195, 331–338. [CrossRef]

54. Sinha, P.; Network, F.T.N.A.; Delucchi, K.L.; Thompson, B.T.; McAuley, D.; Matthay, M.A.; Calfee, C.S. Latent class analysis of
ARDS subphenotypes: A secondary analysis of the statins for acutely injured lungs from sepsis (SAILS) study. Intensive Care Med.
2018, 44, 1859–1869. [CrossRef]

55. Sinha, P.; Delucchi, K.L.; McAuley, D.F.; O’Kane, C.M.; Matthay, M.A.; Calfee, C.S. Development and validation of parsimonious
algorithms to classify acute respiratory distress syndrome phenotypes: A secondary analysis of randomised controlled trials.
Lancet Respir. Med. 2020, 8, 247–257. [CrossRef]

56. Pinto, E.; Santos, R.S.; Antunes, M.A.; Maia, L.A.; Padilha, G.A.; Machado, J.D.A.; Carvalho, A.C.F.; Fernandes, M.V.S.; Capelozzi,
V.L.; de Abreu, M.G.; et al. Static and Dynamic Transpulmonary Driving Pressures Affect Lung and Diaphragm Injury during
Pressure-controlled versus Pressure-support Ventilation in Experimental Mild Lung Injury in Rats. Anesthesiology 2020, 132,
307–320. [CrossRef] [PubMed]

57. Santos, C.L.; Moraes, L.; Santos, R.S.; Samary, C.D.S.; Silva, J.D.; Morales, M.M.; Capelozzi, V.L.; De Abreu, M.G.; Schanaider, A.;
Silva, P.L.; et al. The biological effects of higher and lower positive end-expiratory pressure in pulmonary and extrapulmonary
acute lung injury with intra-abdominal hypertension. Crit. Care 2014, 18, R121. [CrossRef]

58. Santos, C.L.; Moraes, L.; Santos, R.S.; Oliveira, M.G.; Silva, J.D.; Maron-Gutierrez, T.; Ornellas, D.S.; Morales, M.M.; Capelozzi, V.L.;
Jamel, N.; et al. Effects of different tidal volumes in pulmonary and extrapulmonary lung injury with or without intraabdominal
hypertension. Intensive Care Med. 2012, 38, 499–508. [CrossRef]

59. Marhong, J.D.; Munshi, L.; Detsky, M.; Telesnicki, T.; Fan, E. Mechanical ventilation during extracorporeal life support (ECLS): A
systematic review. Intensive Care Med. 2015, 41, 994–1003. [CrossRef] [PubMed]

60. Amato, M.B.P.; Meade, M.O.; Slutsky, A.S.; Brochard, L.; Costa, E.L.V.; Schoenfeld, D.A.; Stewart, T.E.; Briel, M.; Talmor, D.S.;
Mercat, A.; et al. Driving pressure and survival in the acute respiratory distress syndrome. N. Engl. J. Med. 2015, 372, 747–755.
[CrossRef] [PubMed]

61. Demoule, A.; Decailliot, F.; Jonson, B.; Christov, C.; Maitre, B.; Touqui, L.; Brochard, L.; Delclaux, C. Relationship between
pressure-volume curve and markers for collagen turn-over in early acute respiratory distress syndrome. Intensive Care Med. 2006,
32, 413–420. [CrossRef]

62. National Heart, Lung, and Blood Institute Acute Respiratory Distress Syndrome (ARDS) Clinical Trials Network. Comparison of
two fluid-management strategies in acute lung injury. N. Engl. J. Med. 2006, 354, 2564–2575. [CrossRef] [PubMed]

63. Terragni, P.; Rosboch, G.; Tealdi, A.; Corno, E.; Menaldo, E.; Davini, O.; Gandini, G.; Herrmann, P.; Mascia, L.; Quintel, M.; et al.
Tidal hyperinflation during low tidal volume ventilation in acute respiratory distress syndrome. Am. J. Respir. Crit. Care Med.
2007, 175, 160–166. [CrossRef] [PubMed]

64. Rozencwajg, S.; Guihot, A.; Franchineau, G.; Lescroat, M.; Bréchot, N.; Hékimian, G.; Lebreton, G.; Autran, B.; Luyt, C.-E.; Combes,
A.; et al. Ultra-Protective Ventilation Reduces Biotrauma in Patients on Venovenous Extracorporeal Membrane Oxygenation for
Severe Acute Respiratory Distress Syndrome. Crit. Care Med. 2019, 47, 1505–1512. [CrossRef] [PubMed]

65. Krebs, J.; Kolz, A.; Tsagogiorgas, C.; Pelosi, P.; Rocco, P.R.; Luecke, T. Effects of lipopolysaccharide-induced inflammation on
initial lung fibrosis during open-lung mechanical ventilation in rats. Respir. Physiol. Neurobiol. 2015, 212–214, 25–32. [CrossRef]
[PubMed]

66. Domenici, L.; Pieri, L.; Galle, M.B.; Romagnoli, P.; Adembri, C. Evolution of endotoxin-induced lung injury in the rat beyond the
acute phase. Pathobiology 2004, 71, 59–69. [CrossRef] [PubMed]

67. Keshari, R.S.; Silasi-Mansat, R.; Zhu, H.; Popescu, N.I.; Peer, G.; Chaaban, H.; Lambris, J.D.; Polf, H.; Lupu, C.; Kinasewitz, G.;
et al. Acute lung injury and fibrosis in a baboon model of Escherichia coli sepsis. Am. J. Respir. Cell Mol. Biol. 2014, 50, 439–450.

68. Madtes, D.K.; Rubenfeld, G.; Klima, L.D.; Milberg, J.A.; Steinberg, K.P.; Martin, T.R.; Raghu, G.; Hudson, L.D.; Clark, J.G. Elevated
transforming growth factor-alpha levels in bronchoalveolar lavage fluid of patients with acute respiratory distress syndrome. Am.
J. Respir. Crit. Care Med. 1998, 158, 424–430. [CrossRef]

69. Coalson, J.J.; Winter, V.T.; Siler-Khodr, T.; Yoder, B.A. Neonatal chronic lung disease in extremely immature baboons. Am. J. Respir.
Crit. Care Med. 1999, 160, 1333–1346. [CrossRef]

70. Yoder, B.A.; Siler-Khodr, T.; Winter, V.T.; Coalson, J.J. High-frequency oscillatory ventilation: Effects on lung function, mechanics,
and airway cytokines in the immature baboon model for neonatal chronic lung disease. Am. J. Respir. Crit. Care Med. 2000, 162,
1867–1876. [CrossRef]

71. Krebs, J.; Pelosi, P.; Tsagogiorgas, C.; Haas, J.; Yard, B.; Rocco, P.R.; Luecke, T. Time course of lung inflammatory and fibrogenic
responses during protective mechanical ventilation in healthy rats. Respir. Physiol. Neurobiol. 2011, 178, 323–328. [CrossRef]

http://doi.org/10.1016/S2213-2600(18)30177-2
http://doi.org/10.1164/rccm.201603-0645OC
http://doi.org/10.1007/s00134-018-5378-3
http://doi.org/10.1016/S2213-2600(19)30369-8
http://doi.org/10.1097/ALN.0000000000003060
http://www.ncbi.nlm.nih.gov/pubmed/31939846
http://doi.org/10.1186/cc13920
http://doi.org/10.1007/s00134-011-2451-6
http://doi.org/10.1007/s00134-015-3716-2
http://www.ncbi.nlm.nih.gov/pubmed/25752302
http://doi.org/10.1056/NEJMsa1410639
http://www.ncbi.nlm.nih.gov/pubmed/25693014
http://doi.org/10.1007/s00134-005-0043-z
http://doi.org/10.1056/NEJMoa062200
http://www.ncbi.nlm.nih.gov/pubmed/16714767
http://doi.org/10.1164/rccm.200607-915OC
http://www.ncbi.nlm.nih.gov/pubmed/17038660
http://doi.org/10.1097/CCM.0000000000003894
http://www.ncbi.nlm.nih.gov/pubmed/31385880
http://doi.org/10.1016/j.resp.2015.04.003
http://www.ncbi.nlm.nih.gov/pubmed/25864801
http://doi.org/10.1159/000074418
http://www.ncbi.nlm.nih.gov/pubmed/14707440
http://doi.org/10.1164/ajrccm.158.2.9711112
http://doi.org/10.1164/ajrccm.160.4.9810071
http://doi.org/10.1164/ajrccm.162.5.9912145
http://doi.org/10.1016/j.resp.2011.07.006

	Introduction 
	Material and Methods 
	Study Design and Ethics 
	Participants 
	Standard Therapy 
	Data Collection 
	Statistical Analysis 

	Results 
	Discussion 
	Procollagen I and III in ARDS 
	ECMO Support and Respiratory Mechanics 
	Limitations 

	Conclusions 
	References

