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Purpose: We assessed the ability of mid-regional proadrenomedullin (MR-proADM) and C-terminal
proendothelin-1 (CT-proET-1) to predict 28-day mortality in critically ill patients with severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) pneumonia.

Methods: Biomarkers were collected during the first seven days in this prospective observational cohort study.
We investigated the relationship between biomarkers andmortality in a multivariable Cox regression model ad-
justed for age and SOFA score.
Results: In 105 critically ill patients with confirmed SARS-CoV-2 pneumonia 28-day mortality was 28.6%. MR-
proADM andCT-proET-1were significantly higher in 28-day non-survivors at baseline and over time. ROC curves
revealed high accuracy to identify non-survivors for baseline MR-proADM and CT-proET-1, AUC 0.84, (95% CI
0.76–0.92), p<0.001 and 0.79, (95%CI 0.69–0.89), p<0.001, respectively. The AUC for prediction of 28-daymor-
tality for MR-proADM and CT-proET-1 remained high over time. MR-proADM ≥1.57 nmol/L and CT-proET-1 ≥
111 pmol/L at baseline were significant predictors for 28-day mortality (HR 6.80, 95% CI 3.12–14.84, p < 0.001
and HR 3.72, 95% CI 1.71–8.08, p 0.01).
Conclusion: Baseline and serial MR-proADM and CT-proET-1 had good ability to predict 28-day mortality in crit-
ically ill patients with SARS-CoV-2 pneumonia.
Trial registration: NEDERLANDS TRIAL REGISTER, NL8460.
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1. Introduction

Corona virus disease 2019 (COVID-19), the disease caused by the se-
vere acute respiratory syndrome coronavirus 2 (SARS-CoV-2) [1,2], has
turned out to be an enormous challenge to intensive care units (ICU)
worldwide [3-5]. A substantial part of the patients deteriorated quickly
and needed to be admitted to the ICUwith signs and symptoms consis-
tentwith acute respiratory failure and/or acute respiratory distress syn-
drome (ARDS). Many of those patients had prolonged treatment
periods at the ICU and large variations in mortality (26–61.5%) were re-
ported [3-5]. Up to 25% of the patients with COVID-19 developed
prothrombotic complications, like deep venous thrombosis or pulmo-
nary embolisms [6].

As virus-induced endothelial dysfunction and damage, endotheliitis,
has been proposed as one of the potential mechanisms of COVID-19
[7,8], there may be a role for endothelium related adrenomedullin
(ADM) and Endothelin-1 (ET-1). The midregion and C-terminal part of
these prohormones are more stable [9,10], and therefore measuring
the midregion or C-terminal prohormone is more feasible for clinical
purposes. Mid-regional proadrenomedullin (MR-proADM) is the
midregion of the prohormone of ADM [9]. ADM is a peptide generated
by endothelial and vascular smooth muscle cells, with anti-
inflammatory effects on vascular endothelial cells, protecting themicro-
circulation against endothelial permeability in sepsis [11,12]. In lower
respiratory tract infections MR-proADM levels were rapidly induced
and baselineMR-proADMmeasurements proved to be a good predictor
of short and long-term survival in community-acquired pneumonia
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(CAP) patients admitted to the emergency room or ICU [13,14].
C-terminal proendothelin-1 (CT-proET-1) is the C-terminal part of the
prohormone of ET-1 [10]. ET-1 is a strong vasoconstrictor peptide and
pro-inflammatory cytokine that is released from activated endothelial
cells [15]. Elevated concentrations of CT-pro-ET-1 were found in pa-
tients with CAP and sepsis [14,16,17].

In the present study we aimed to investigate the prognostic value of
MR-proADM and CT-proET-1 at baseline to predict 28-day mortality in
critically ill patientswith confirmed SARS-CoV-2 pneumonia. Secondary
aim was testing of these two biomarkers over time in the ICU.

2. Material and methods

2.1. Study design and selection criteria

In a single centre prospective observational cohort study,we enrolled
patients with confirmed SARS-CoV-2 pneumonia, admitted to the ICU
of the Elisabeth-Tweesteden (ETZ) Hospital (Tilburg, the Netherlands)
from March 11 until May 27, 2020. The study protocol was approved
by the METC Brabant (Medisch Ethische Toetsingscommissie Brabant)
(Tilburg, the Netherlands) (NW 2020–86). Informed consent was
achieved from participating patients. Inclusion criteria were adults ≥18
years of age, admitted to the ICUwith pneumonia and SARS-CoV-2 infec-
tion confirmed by real-time reverse transcriptase-polymerase chain re-
action (RT-PCR) assay of nasopharyngeal or bronchial swabs. Patients
who did not meet the inclusion criteria or without informed consent
were excluded. SARS-CoV-2 pneumoniawas defined according to the in-
terim guidance of World Health Organization (WHO) for clinical man-
agement of COVID-19 [18]. Both severe and critical type diseases
defined by theWHO interim guidancewere included. Severe disease; se-
vere pneumonia was designated when the patients had clinical signs of
pneumonia (fever, cough, dyspnea, fast breathing)plus oneof the follow-
ing symptoms or physiological signs: respiratory rate > 30 breaths/min,
severe respiratory distress or SpO2<90% on roomair. Chest imaging (ra-
diograph, CT scanor lungultrasound)may assist in diagnosis and identify
or exclude pulmonary complications [18]. Critical disease; ARDS was
designated when the symptoms of pneumonia lasted less than one
week or when there were new or worsening symptoms, chest imaging
showed bilateral ground glass lobar opacities, lobar or lung collapse, or
nodules and respiratory failure could not be solely explained by cardiac
failure or fluid overload. Additionally, signs of oxygenation impairment
(PaO2/FiO2 ≤ 300 mmHgwith positive end expiratory pressure (PEEP) ≥
5 cmH2O or continuous positive airway pressure (CPAP) ≥ 5 cmH2O)
needed to be present [18]. All patients received selective decontamina-
tion of the digestive tract. Prophylactic antibiotics were given during
the first four days to all patients as part of this decontamination strategy.
STROBE (Strengthening the Reporting of Observational Studies in Epide-
miology Statement) guidelines for reporting observational studies were
followed [19]. Only cases with an index test comprising MR-proADM
and CT-pro-ET-1 at baseline were included. Primary outcome measure
was the prediction of 28-day mortality by baseline biomarker. Testing
of the changes of biomarkers in COVID-19 patients over time in the ICU
was the secondary aim of the study.

2.2. Procedures

Clinical data, microbiological and laboratory results were collected
on a daily basis in patients enrolled in the study. These data were ob-
tained from the accepting hospitals if patients had an early transfer to
another ICU. Additional blood samples were collected into EDTA-tubes
on a daily basis for seven days, or until discharge or death. Plasma was
separated by centrifugation and stored in aliquots at −80 °C. MR-
proADM and CT-pro-ET-1 levels were measured using an automated
immunofluorescent sandwich assay on a Kryptor Compact Plus analyzer
(BRAHMSAG, Henningsdorf, Germany) at the central diagnostic labora-
tory in Maastricht, the Netherlands. The Kryptor measures the signal
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that is emitted from an immunocomplex by time-resolved amplified
cryptate emission. MR-proADM and CT-proET-1 assays have a limit of
detection of 0.05 nmol/L and 2.94 pmol/L. The functional sensitivity
(lowest value with an interassay coefficient of variation (CV) < 20% as
described by the manufacturer) of 0.25 nmol/L (MR-proADM) and
9.78 pmol/L (CT-proET-1), respectively. Imprecision of the assays were
verified according to the Clinical & Laboratory Standards Institute Eval-
uation Protocol 17-A (CLSI EP17-A), using a low and high sample, mea-
sured for five days in triplicate. Intra and Inter CV values were all ≤10%
for MR-proADM and CT-proET-1.
2.3. Statistical analysis

All non-normally distributed data (Kolmogorov-Smirnov test p <
0.05) were expressed as median (with interquartile range, IQR) or as
number of patients (percentage) where appropriate. Patient character-
istics and outcomes were compared using a Mann-Whitney U -test for
skewed distributed continuous variables and a chi-square test was
used to analyse categorical variables. To analyse the time course of
MR-proADM and CT-proET-1 profiles in the different patient groups a
linear mixed-models analysis for repeated measures was used, includ-
ing time and 28-day survival as independent factors. Testing for interac-
tion was performed. The association between mortality and each
biomarker or severity score at admission was assessed using area
under the receiver operating characteristics (ROC) curves. Optimal
cut-off points were calculated for each biomarker and severity score.
Continuous variables were transformed to dichotomous variables
(below or equal and above the cut-off point) and then included in the
Cox regression model to study the effects on outcome. Considering the
total number of deaths within 28 days in our study (n = 30) and to
avoid overfitting in the model, MR-proADM and CT-proET-1 were
tested in a separate multivariable model with two other variables: age
and Sequential Organ failure Assessment (SOFA) score. The cumulative
survival was analysed by applying the Kaplan-Meier curves and
Fig. 1. Legends: Patie
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differences in mortality were compared with the Log Rank test. All
tests were two-sided and a p-value <0.05 was considered statistically
significant. All data were analysed using a statistical software package
(SPSS Inc., version 24, Chicago, IL, USA).
3. Results

3.1. Descriptive characteristics of the patients

A cohort of 133 critically ill patients with a suspected SARS-CoV-2
pneumonia was identified during the study period. In 105 patients,
SARS-CoV-2 was confirmed by RT-PCR (in 88 nasopharyngeal swabs
and 17 tracheal aspirations), informed consent was achieved and MR-
proADMand CT-pro-ET-1 levels weremeasured at admittance and sub-
sequent days. The patientflowdiagramshows theflowof patients along
with the primary endpoint of 28-day survival (Fig. 1). Fifty-five (52.4%)
patients were transferred to another ICU due to national government
policy in order to distribute COVID-19 patients over the country. The
median ICU-time before transfer to another ICU was three days (IQR
2–5).

Demographics and clinical characteristics of the 105 included pa-
tients are shown in Table 1. Twenty-three (22%) of the 105 included pa-
tients had severe pneumonia and 82 (78%) fulfilled the Berlin criteria for
ARDS [20], with severe ARDS in 19 (18%) patients. There was a low
number of coinfections with bacteria, fungi or other viruses (table S1,
appendix p 2). Enterococcus spp (n = 5) and S. pneumonia (n =
3)weremost frequently found as bacterial coinfections and A fumigatus
was found in deep respiratory tract secretions in seven patients.

The 28-day all-cause mortality was 28.6%. Patients were divided in
survivors and non-survivors with regards to survival up to 28 days.
Both groups were comparable except for older age, higher SOFA score,
Acute Physiological and Chronic Health Evaluation IV (APACHE IV)
and Confusion blood Urea nitrogen Respiratory rate Blood pressure
age 65 or older (CURB-65) score in non-survivors. Duration of invasive
nt flow diagram.



Table 1
Characteristics of patients with SARS-CoV-2 pneumonia with regards to survival up to 28 days.

Total (N = 105) Survivors (N = 75) Non-survivors (N = 30) p value

Age (years) (median, IQR) 68 (59–74) 65 (58–73) 72 (67–76) 0.01
Male gender (N, %) 80 (76.2%) 56 (74.7%) 24 (80%) 0.56
BMI (kg/m2) (median, IQR) 28.4 (25.8–32.7) 28.3 (25.8–32.3) 29.2 (25.5–33.3) 0.65
Pre-existing comorbidities (N, %)
Obesity (BMI ≥ 30 kg/m2) 42 (40%) 29 (38.7%) 13 (43.3%) 0.66
Hypertension 29 (27.9%) 20 (27%) 9 (30%) 0.76
Congestive heart failure 17 (16.2%) 11 (14.7.7%) 6 (20%) 0.50
COPD 16 (15.2%) 12 (16%) 4 (13.3%) 0.73
Diabetes mellitus 24 (22.9%) 17 (22.7%) 7 (23.3%) 0.94
Cerebrovascular disease 7 (6.7%) 3 (4%) 4 (13.3%) 0.08
Malignancy 15 (14.3%) 10 (13.3%) 5 (16.7%) 0.66
Chronic renal disease 5 (4.8%) 2 (2.7%) 3 (10%) 0.11
Auto-immune disorder 8 (7.6%) 7 (9.3%) 1 (3.3%) 0.30

Initial symptoms (N, %)
Fever (temp >38.0 °C) 79 (75.2%) 54 (72%) 25 (83.3%) 0.22
Cough 98 (93.3%) 71 (94.7%) 27 (90%) 0.39
Sputum 24 (22.9%) 14 (18.7%) 10 (33.3%) 0.11
Dyspnea 86 (81.9%) 61 (81.3%) 25 (83.3%) 0.81
Nausea or vomiting 15 (14.3%) 12 (16%) 3 (10%) 0.43
Diarrhoea 19 (18.1%) 16 (21.3%) 3 (10%) 0.17
Myalgia 15 (14.3%) 12 (16%) 4 (10%) 0.43

Time course of illness – days
Time from illness onset to ICU admission (days) (median, IQR) 8 (7–11) 8 (7–11) 7 (5–12) 0.06
Time from RT-PCR diagnosis to ICU admission (days) (median, IQR) 0 (−2.5–1) -1 (−3–0) 0 (0–1) 0.01

Severity of illness at baseline
Sepsis-3, sepsis (N, %) 102 (97.1%) 72 (96%) 30 (100%) 0.27
Sepsis-3, septic shock (N, %) 11 (10.5%) 6 (8%) 5 (16.7%) 0.19
SOFA (points) (median, IQR) 6 (3–7) 5 (3–6) 7 (4–7) 0.01
APACHE IV (points) (median, IQR) 47 (40–59) 43 (35–53) 53 (45–71) <0.001
CURB-65 (points) (median, IQR) 2 (1–2) 1 (0–2) 2 (2–3) <0.001
PaO2/FiO2 ratio, mmHg 163 (119–194) 167 (116–199) 162 (132–177) 0.51

Therapy during ICU (N, %)
HFNO (only) 7 (6.7%) 5 (6.7%) 2 (6.7%) 1.00
IMV 98 (93.3%) 70 (93.3%) 28 (93.3%) 1.00
Prone position ventilation 58 (55.2%) 41 (54.7%) 17 (56.7%) 0.85
Vasopressor 87 (82.9%) 60 (80%) 27 (90%) 0.22
CRRT 9 (8.6%) 4 (5.3%) 5 (16.7%) 0.06

Anti-COVID-19 treatment
- Chloroquine only 79 (75.2%) 59 (78.7%) 20 (66.7%) 0.20
- Chloroquine + Lopinavir/Ritonavir 26 (24.8%) 16 (21.3%) 10 (33.3%) 0.20
- Methylprednisolone 6 (5.7%) 3 (4%) 3 (10%) 0.23
- IL-1RA 2 (1.9%) 1 (1.3%) 1 (3.3%) 0.50

Outcome (median, IQR)
Duration IMV (days) 14 (9–26) 19 (10−30) 10 (3–17) <0.001
ICU LOS (days) 17 (10−32) 24 (12–35) 11 (4–18) <0.001
Hospital LOS (days) 23 (12–37) 30 (18–44) 12 (6–18) <0.001

Biomarkers at baseline (median, IQR)
WBC, 10E9/L 8.2 (6.1–11.2) 7.9 (6.0–11.3) 8.8 (6.5–11.2) 0.51
Neutrophil, 10E9/L 5.9 (4.0–8.9) 5.9 (3.8–8.9) 6.8 (4.2–9.2) 0.45
Lymphocyte, 10E9/L 0.0.7(0.5–0.9) 0.8 (0.5–1.0) 0.7 (0.4–0.9) 0.22
Platelets, 10E9/L 227 (180–287) 228 (1749–278) 223 (178–305) 0.94
D-dimer (ng/mL) 1381 (797–4080) 1279 (751–3405) 2223 (1173–11,838) 0.06
cTnT (ng/mL) 0.02 (0.01–0.03) 0.01 (0.01–0.02) 0.03 (0.02–0.07) <0.001
CRP (mg/L) 141 (90–207) 141 (91–196) 146 (89–240) 0.60
PCT (ng/mL) 0.5 (0.2–1.1) 0.4 (0.2–0.9) 0.9 (0.3–2.4) 0.04
Ferritin (mcg/L) 1320 (720–2317) 1115 (583–1917) 1449 (1047–3604) 0.06
Lactate (mmol/L) 1.2 (0.9–1.6) 1.1 (0.8–1.5) 1.6 (1.1–1.9) 0.01
MR-proADM (nmol/L) 1.16 (0.85–1.71) 1.01 (0.80–1.28) 1.88 (1.35–2.64) <0.001
CT-proET-1 (pmol/L) 93.5 (72.1–122.9) 84.2 (66.7–101.1) 132.1 (100.7–156.2) <0.001

Legends: All continuous data are presented as median (interquartile range) and categorical data as number (percentage). BMI: body mass index, COPD: Chronic obstructive pulmonary
disease, SOFA: Sequential organ failure assessment, APACHE IV: Acute physiology and chronic health evaluation IV, CURB-65: Confusion blood Urea nitrogen Respiratory rate Blood
pressure age 65 or older, HFNO: high flow nasal oxygen, IMV: Invasive mechanical ventilation, CRRT: continuous renal replacement therapy, IL-1RA: Recombinant interleukin-1 receptor
antagonist, LOS: Length of stay,WBC:White blood cells, cTnT: cardiac Troponin T, CRP: C-reactive protein, PCT: Procalcitonin, MR-proADM:Mid-regional proadrenomedullin, CT-proET-1:
C-terminal pro-endothelin-1.
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mechanical ventilation, Length of stay (LOS) at the ICU and hospital
were, due to early death, significant lower in 28-day non-survivors.

3.2. Association between baseline MR-proADM, CT-proET-1 and 28-day
mortality

Non-survivors at 28 days had significant higher concentrations MR-
proADM and CT-proET-1 at baseline than survivors (Table 1). Baseline
176
cardiac Troponin T (cTnT), procalcitonin (PCT) and lactate concentra-
tions were also significant higher in non-survivors. There were no sig-
nificant differences in other biomarkers at baseline between 28-day
survivors and non-survivors (Table 1). ROC curves revealed that base-
line MR-proADM and CT-proET-1 had high accuracy to identify non-
survivors, area under the curve (AUC) 0.84, (95% confidence interval
(CI) 0.76–0.92), p < 0.001 and 0.79, (95% CI 0.69–0.89), p < 0.001, re-
spectively (Table 2)(Fig. 2). CURB-65 and cTnT had comparable high



Table 2
Prediction of 28-day mortality by clinical score and biomarker at baseline.

AUC (95% CI) p value cut-off sens spec PPV NPV LR+ LR-

SOFA 0.66 (0.54–0.78) 0.01 7 76% 57% 81% 49% 1.77 0.42
APACHE IV 0.73 (0.63–0.83) <0.001 52 71% 53% 79% 43% 1.51 0.55
CURB-65 0.78 (0.68–0.87) <0.001 3 88% 47% 80% 61% 1.57 0.26
D-dimer 0.63 (0.50–0.75) 0.06 NA NA NA NA NA NA NA
cTnT 0.76 (0.66–0.86) <0.001 0.025 77% 70% 87% 55% 2.57 0.33
CRP 0.53 (0.41–0.66) 0.60 NA NA NA NA NA NA NA
PCT 0.63 (0.51–0.75) 0.04 1.0 77% 50% 80% 45% 1.54 0.46
Ferritin 0.64 (0.50–0.78) 0.06 NA NA NA NA NA NA NA
Lactate 0.68 (0.57–0.79) 0.01 1.5 73% 57% 81% 46% 1.70 0.47
MR-proADM 0.84 (0.76–0.92) <0.001 1.57 88% 67% 87% 69% 2.67 0.18
CT-proET-1 0.79 (0.69–0.89) <0.001 111 83% 63% 85% 59% 2.24 0.27

Legends: AUC: area under the curve, sens: sensitivity, spec: specificity, PPV: positive predictive value, NPV: negative predictive value, LR+: positive likelihood ratio, LR-: negative likeli-
hood ratio, SOFA: Sequential organ failure assessment, APACHE IV: Acute physiology and chronic health evaluation IV, CURB-65: Confusion blood Urea nitrogen Respiratory rate Blood
pressure age 65 or older, cTnT: cardiac Troponin T, PCT: Procalcitonin, MR-proADM: Mid-regional proadrenomedullin, CT-proET-1: C-terminal pro-endothelin-1.

J.A.H. van Oers, Y. Kluiters, J.A.P. Bons et al. Journal of Critical Care 66 (2021) 173–180
AUCs in ROC analysis and SOFA, APACHE IV and other biomarkers had
lower AUCs (Table 2). When MR-proADM or CT-proET-1 at baseline
were combined with SOFA, APACHE IV or CURB-65, the combination
of MR-proADM and CURB-65 yielded the highest AUC (0.86. 95% CI
0.78–0.94, p < 0.001) (table S2, appendix p 3) (fig. S1, appendix p 6).
The combination of baseline MR-proADM and CT-proET-1 did not
yield a higher AUC (table S2, appendix p 3). Optimal cut-off points
were calculated for each biomarker and sensitivity, specificity, positive
and negative predictive values (PPV, NPV) and positive and negative
likelihood ratios (LR+, LR-) for each severity score and biomarker
were calculated. MR-proADM, CT-proET-1 and cTnT yielded the highest
LR+ (Table 2). Continuous variables were transformed to dichotomous
variables and included in the univariable Cox regression analysis.
Univariable Cox regression analysis demonstrated that, MR-proADM
≥1.57 nmol/L, CT-proET-1 ≥ 111 pmol/L and cTnT ≥0.025 ng/mL had
the strongest association with increased risk of 28-day mortality com-
pared to patients with values below the cut-off point (table S3, appen-
dix p 4). MR-proADM and CT-proET-1 were separately included in a
Fig. 2. Legends: ROC curve for biomarker at baseline in predicting 28-day mortality. Blue
line = MR-proADM (AUC 0.84, 95% CI 0.76–0.92, p < 0.001), red line = CT-pro-ET-1
(AUC 0.79, 95% CI 0.69–0.89, p < 0.001), black line = reference line.
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multivariable Cox regression model with age and SOFA as co-
predictors (Table 3). MR-proADM ≥1.57 nmol/L and CT-proET-1 ≥ 111
pmol/L were significant predictors for 28-day mortality with high haz-
ard ratios (HR 6.80, 95% CI 3.12–14.84, p < 0.001 and HR 3.72, 95% CI
1.71–8.08, p 0.01). Patients with baseline MR-proADM and CT-proET-1
equal or above their cut-off point had increased risk of 28-daymortality
in Kaplan-Meier analysis compared with the values below the cut-off
points (fig. S2 a-b, appendix p 7–8).
3.3. Dynamic changes in MR-proADM and CT-proET-1 during ICU stay

Time dependent analysis of MR-proADM, CT-proET-1, PCT, and
C-reactive protein (CRP) were performed. MR-proADM levels were sig-
nificantly different between non-survivors and survivors, with higher
levels MR-proADM in non-survivors (p 0.01). MR-proADM increased
faster over time in non-survivors, as demonstrated by a significant
time*28-day survival interaction term, (p 0.01) (Fig. 3a). CT-proET-1
levels were significantly different between non-survivors and survivors,
with higher levels in non-survivors (p<0.001). These differences in CT-
proET-1 levels between non-survivors and survivorswere constant over
time, with a non-significant time*28-day survival interaction term (p
0.43) (Fig. 3b). Moreover, the AUC for prediction of 28-day non-
survivors remained high over days for MR-proADM and CT-proET-1
(table S4, appendix p 5). There were no significant differences in PCT
Table 3
Multivariable Cox regression models for the prediction of 28-day mortality with baseline
biomarker values.

Patients (N) Events (N) Multivariable analysis

HR (95% CI) P value

Model 1
Age 105 30 1.07 (1.01–1.13) 0.03
SOFA day 1 105 30

< 7 1.0 (Reference)
≥ 7 2.36 (1.13–4.92) 0.02

MR-proADM day 1 105 30
< 1.57 nmol/L 1.0 (Reference)
≥ 1.57 nmol/L 6.80 (3.12–14.84) <0.001

Model 2
Age 105 30 1.05 (0.99–1.11) 0.07
SOFA day 1 105 30

< 7 1.0 (Reference)
≥ 7 2.41 (1.16–5.01) 0.02

CT-proET-1 day 1 105 30
< 111 pmol/L 1.0 (Reference)
≥ 111 pmol/L 3.72 (1.71–8.08) 0.01

Legends: HR= hazard ratio, CI = confidence interval, SOFA: Sequential organ failure as-
sessment, MR-proADM: Mid-regional proadrenomedullin, CT-proET-1: C-terminal pro-
endothelin-1.



Fig. 3. a. Legends: Temporal changes in MR-proADM. Median values with IQR. Time dependent analysis of MR-proADM was significant different between non-survivors and survivors
(p 0.01) and significant over time (time*group interaction term, p 0.01).
b. Legends: Temporal changes in CT-proET-1. Median valueswith IQR. Time dependent analysis of CT-proET-1was significant different between survivors and non-survivors (p< 0.001),
but constant over time (time*group interaction term p 0.43).
c. Legends: Temporal changes in PCT. Median values with IQR. Time dependent analysis of PCT was non-significant different between survivors and non-survivors (p 0.18) and non-
significant over time (p 0.46).
d. Legends: Temporal changes in CRP.Median valueswith IQR. Time dependent analysis of CRPwas non-significant different between survivors and non-survivors (p 0.64), but significant
over time (time*group interaction term, p 0.02).
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andCRP levels between both groups at any of the timepoints (p 0.18 and
p 0.64, respectively). Only CRP differed over time (time*28-day survival
interaction term p 0.02). (Fig. 3c and d).

4. Discussion

The primary aim of the studywas to investigate the prognostic value
of baselineMR-proADMandCT-proET-1 to predict 28-daymortality in a
well-described cohort critically ill patients with SARS-CoV-2 pneumo-
nia. Testing of the changes of the two biomarkers over timewas the sec-
ondary aim.We reported twomainfindings. First, baselineMR-proADM
and CT-proET-1 had high accuracy to identify 28-day non-survivors in
ROC curves and were significant predictors for 28-day mortality with
high hazard ratios in a multivariable Cox regression model with age
and SOFA score. A higher mortality characterized patients presenting
with MR-proADM and CT-proET-1 equal or exceeding their cut-off
points (1.57 nmol/L and 111 pmol/L, respectively). The prognostic accu-
racy of baseline MR-proADM and CT-proET-1 to identify 28-day non-
survivorswas higher comparedwithmost commonlymeasured labora-
tory parameters and APACHE IV and SOFA severity scores. Secondly,
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these significant higher levels of MR-proADM and CT-proET-1 in non-
survivors persisted over time. Whereby MR-proADM increased faster
in non-survivors. The differences in CT-proET-1 levels between non-
survivors and survivors were constant over time. Moreover, the AUC
for the prediction of 28-day mortality remained high for both MR-
proADMand CT-proET-1 over time. Finding a biomarker able to identify
patientswithworst outcome in the ICU emerged as a priority during the
COVID-19 pandemic. BothMR-proADM and CT-proET-1 appeared to be
biomarkers with strong prognostic values. It might be argued that pa-
tients with highest values would benefit most from anti-inflammatory
therapies such as steroids and interleukin-6 receptor antagonists.

Laboratory abnormalities are frequently reported in COVID-19 pa-
tients. Lymphocytopenia, increased values of CRP and D-dimer were
most frequent predictive of adverse outcome [21]. We could not report
similar results for these biomarkers in our study. Our findings of good
ability of MR-proADM to predict 28-day mortality are in line with sev-
eral studies. MR-proADMwas frequently studied in patients with non-
COVID-19 respiratory infections [13,14,22]. However, most of these pa-
tients were not admitted to the ICU [13,14,22]. Baseline MR-proADM
was studied in an observational cohort study of 728 CAP patients
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admitted to the emergency department (ED) [14]. MR-proADMhad the
best performance for prediction of 28-day mortality (HR 3.67 and AUC
0.85). In another observational cohort study of 1175 ED patients MR-
proADM was able to identify patients requiring rapid administration
of antibiotics or triage to the ICU [22]. Baseline MR-proADM performed
well in predicting 28-day mortality in comparison with APACHE II and
Simplified Acute Physiology Score II (SAPSII) when all patients admitted
to the ICU were included [23]. The value of MR-proADM as prognostic
marker in adult patients hospitalized with SARS-CoV-2 infection was
studied in several observational studies [24-29]. Increased levels of
MR-proADM were independently associated with mortality [24-29].
However, not all patients were admitted to the ICU [24,25,28,29]. CT-
proET-1 was studied in non-COVID-19 patients admitted to the ED
with CAP [14,16]. CT-proET-1 correlated with disease severity of CAP
and was an independent predictor of mortality in both studies with
CAP patients [14,16]. CT-proET-1 was studied in in critically ill patients
with sepsis admitted to the ICU [17]. CT-proET-1 levels >74 pmol/L at
ICU admission independently predicted ICU death [17]. Our search did
not reveal studies with CT-proET-1 as marker in patients with SARS-
CoV-2 infection.

Evidence of direct viral infection of the endothelial cell and diffuse
endothelial inflammation was found in post-mortem analysis of
COVID-19 patients [8]. These findings suggested that SARS-CoV-2 infec-
tion facilitated the induction of endothelial dysfunction and damage,
endotheliitis [8]. ADM is a peptide hormone, produced by endothelial
and vascular smooth muscle cells due to pro-inflammatory cytokines,
bacterial toxins, hypoxia or volume overload. ADM binds to receptors
in especially cardiovascular and pulmonary tissues and has anti-
inflammatory effects on vascular endothelial cells, stabilizing the endo-
thelial barrier function and protects themicrocirculation against perme-
ability in sepsis [11,12,30]. Besides its action on the endothelium ADM
has important effects on the vascular system, ADM reduces vasocon-
striction through inhibition of the renin-angiotensin-aldosterone sys-
tem [11,30]. ET-1 is released from activated endothelial cells. It is a
strong vasoconstrictor peptide and pro-inflammatory cytokine [15]. Be-
sides blood vessels, ET-1 receptors are also found in other tissues, with
the highest levels in the lungs [15]. ET-1 release is stimulated by bacte-
rial toxins and inflammatory cytokines such as tumor necrosis factor
alpha (TNF-alpha) or interleukin-6 [17]. Both MR-proADM and CT-
proET-1 are the more stable midregion and C-terminal part of the
prohormones that correlate with the release of the active peptides
[9,10]. Renal failure could be another reason for elevated levels MR-
proADM and CT-proET-1, most probably due to inappropriate renal
clearance [31]. A small portion of the patients had chronic renal disease
as comorbidity, and only two patients were on renal replacement ther-
apy when biomarkers were collected. MR-proADM and CT-proET-1
levels could decrease faster during renal replacement therapy [31].

Some limitations of our study need to be addressed. First, we did a
prospective observational study in a cohort critically ill patients with
SARS-CoV-2 pneumonia from March 11 until May 27, 2020, which
was the first period of the COVID-19 pandemic in the Netherlands.
The treatment of COVID-19 has changed during the last year. Treatment
with Chloroquine and Lopinavir/Ritonavir is obsolete and none of these
patients were treated with dexamethasone during the first 10 days of
hospitalization or interleukin-6 receptor antagonists. There may be dif-
ferences in 28-daymortality due to changes in COVID-19 treatment.We
must rely on older data of clinical practice leading to potential observa-
tional bias. Second, plasma samples could not be collected for seven
days in all patients due to early ICU discharge, transfer to another ICU
or early death. Incomplete longitudinal biomarker data might result in
withdrawal bias. Clinical and microbiological data were obtained from
the accepting hospitals if patients had an early transfer to another ICU.
We may have lost some data by this method of collecting. Third, asym-
metry in numbers survivors and non-survivors could influence the sta-
tistical significance between both groups. Fourth, althoughwe have lost
only a small number (28/133) of the total eligible patients during the
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study period by selecting only patients with SARS-CoV-2 infection con-
firmed by RT-PCR, with index tests at the first day and informed consent
we may have introduced selection bias. Both observational, withdrawal
and selection bias may have led to potential underestimation of the
prognostic performance of MR-proADM and CT-proET-1.

A biomarker, as single baseline value or serial measured, will always
oversimplify the interpretation of important clinical and other labora-
tory variables and therefore, MR-proADM and CT-proET-1 are meant,
rather than to supersede, to complement clinician's judgement.

A strong feature of our analysis is that it is a real-life study performed
on a mixed ICU in the Netherlands with patients with SARS-CoV-2
pneumonia, reflecting routine clinical ICU practice during the first pe-
riod of the COVID-19 pandemic.

5. Conclusions

BaselineMR-proADMandCT-proET-1 had good ability to predict 28-
day mortality in critically ill patients with SARS-CoV-2 pneumonia.
Moreover, MR-proADM and CT-proET-1 appeared to be biomarkers
with persistent strong prognostic value in the following days. MR-
proADM and CT-proET-1 may help clinicians to identify patients at
higher risk of adverse outcome and improve the decisions about ICU
treatment.
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