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Abstract 

Background: Bioactive adrenomedullin (bio-ADM) is a vasoactive peptide with a key 
role in reducing vascular hyperpermeability and improving endothelial stability during 
infection, but it also has vasodilatory properties. Bioactive ADM has not been studied 
in conjunction with acute respiratory distress syndrome (ARDS), but it has recently 
been shown to correlate with outcomes after severe COVID-19. Therefore, this study 
investigated the association between circulating bio-ADM on intensive care unit (ICU) 
admission and ARDS. The secondary aim was the association between bio-ADM and 
ARDS mortality.

Methods: We analysed bio-ADM levels and assessed the presence of ARDS in adult 
patients admitted to two general intensive care units in southern Sweden. Medical 
records were manually screened for the ARDS Berlin criteria. The association between 
bio-ADM levels and ARDS and mortality in ARDS patients was analysed using logistic 
regression and receiver-operating characteristics analysis. The primary outcome was an 
ARDS diagnosis within 72 h of ICU admission, and the secondary outcome was 30-day 
mortality.

Results: Out of 1224 admissions, 11% (n = 132) developed ARDS within 72 h. We 
found that elevated admission bio-ADM level was associated with ARDS independently 
of sepsis status and of organ dysfunction as measured by the Sequential organ failure 
assessment (SOFA) score. Both lower levels (< 38 pg/L) and high (> 90 pg/L) levels 
of bio-ADM were independently (of the Simplified acute physiology score, SAPS-3) 
predictive of mortality. Patients with indirect mechanisms of lung injury had higher 
bio-ADM levels than those with a direct mechanism of injury, and bio-ADM increased 
with increasing ARDS severity.

Conclusions: High levels of bio-ADM on admission are associated with ARDS, and bio-
ADM levels significantly differ depending on the injury mechanism. In contrast, both 
high and low levels of bio-ADM are associated with mortality, possibly due to the dual 
action of bio-ADM in stabilising the endothelial barrier and causing vasodilation. These 
findings could lead to improved diagnostic accuracy of ARDS and potentially lead to 
new therapeutic strategies.
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Introduction
ARDS

Acute respiratory distress syndrome (ARDS) is a clinical diagnosis associated with 
hypoxic respiratory failure often caused by pulmonary endothelial damage and 
inflammation. Since first described by Ashbaugh et  al. in 1967 [1], the hallmarks of 
this disorder have not changed. It is characterised by a rapid onset and high mor-
tality [2, 3]. The resulting hypoxemia results from injury to the lung tissue through 
either direct or indirect mechanisms. Damaged pulmonary vessel endothelial and 
alveolar epithelial cells cause alveolar and interstitial oedema preventing adequate 
gas exchange [4], in the exudative phase of ARDS. The damaged alveolar epithe-
lium’s compromised integrity and barrier function is restored by fibroblasts that 
deposit fibronectin and collagen and form an interstitial extracellular matrix in the 
proliferative phase. In patients where the epithelial integrity fails to be restored, 
marked deposition of extracellular matrix can lead to pulmonary fibrosis [5]. Due to 
the multifaceted clinical presentation of ARDS risk factors the diagnosis is, in many 
instances, unrecognised by clinicians.

For example, in a large international multicentre prospective cohort study in the inten-
sive care unit (ICU) published in 2016 only 60% of ARDS patients were properly recog-
nised, including those with severe disease, and the diagnosis was frequently delayed with 
only 34% of cases recognised at the time of ARDS criteria fulfilment [2]. Delayed diagno-
sis or missed cases of ARDS are unfortunate as there are simple interventions proven to 
reduce mortality, such as prone positioning, neuromuscular blockers, and lung-protec-
tive ventilation [6].

Biomarkers and their role in ARDS diagnosis, prognostication, identification of phe-
notypes, and potential targets for treatment have been studied for decades. Through the 
use of biomarkers or clinical data, various ARDS phenotypes have been identified, such 
as hypo-inflammatory versus hyper-inflammatory phenotypes or direct (epithelial) lung 
injury vs indirect (endothelial) lung injury [7]. Furthermore, these phenotypes seem to 
respond differently to therapeutic interventions such as high positive end-expiratory 
pressure (PEEP) levels, fluid therapy, and statins [7, 8]. Unfortunately, the classification 
of ARDS based on biomarkers or other clinical characteristics to facilitate more targeted 
interventions has not been adequately investigated yet. Diagnosis is still based on the 
clinical Berlin criteria [3], and the available treatment is supportive only.

Adrenomedullin

Bioactive adrenomedullin (bio-ADM) is a vasoactive hormone with multiple roles 
in homeostasis and was first isolated from human pheochromocytoma [9]. It is found 
in many tissues throughout the body, such as cardiac, renal, and vascular tissue. 
It is also present in high concentration in the lungs [10, 11]. Bio-ADM is also exten-
sively expressed in endothelial cells, where it can induce vasodilation and stabilise the 
endothelial barrier preventing vascular leakage [12–15]. In addition, bio-ADM moves 
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freely between the blood and into the interstitial compartment, where it relaxes vascular 
smooth muscle cells [12].

Bio-ADM has been extensively studied in sepsis, and high levels of ADM correlate 
with disease severity and mortality, [16–18]. Treatment with bio-ADM or the anti-
body adrecizumab, which increases functional ADM in plasma, has been suggested 
as a future treatment of sepsis [19]. Adrecizumab was successfully evaluated for safety 
and tolerability in a recent phase-2a trial in patients with sepsis and elevated bio-ADM. 
The rationale is that adrecizumab binds and increases plasma ADM, thereby promot-
ing vascular integrity while simultaneously attenuating vasodilation through decreased 
ADM concentrations in the interstitium [12, 20]. Adrenomedullin has also shown prom-
ise as a treatment to prevent or attenuate lung injury in experimentally induced sepsis 
and ventilator-induced lung injury (VILI) by strengthening the endothelial barrier and 
reducing alveolar oedema [21, 22]. Recently, several studies have shown a relationship 
between high levels of adrenomedullin and severity of illness and mortality in hospital-
ised COVID-19 patients [23, 24], and adrecizumab has been tested as a treatment for 
severe COVID-19 ARDS in a small uncontrolled case series [25].

To our knowledge, bio-ADM has not been evaluated as a diagnostic and prognostic 
biomarker in ARDS in a general ICU population.

Objectives

The primary aim of this study was to investigate the association between bio-ADM lev-
els and ARDS in ICU patients. The secondary aim was to investigate the association of 
ICU admission bio-ADM with 30-day mortality in ARDS patients.

Methods
Study design

The Strengthening the Reporting of Observational Studies in Epidemiology (STROBE) 
guidelines were followed [26].

We retrospectively collected clinical data on patients admitted to the intensive care 
unit (ICU) at two hospitals in southern Sweden in 2016 to identify patients with ARDS 
and their controls, non-ARDS. Using prospectively collected ICU admission blood sam-
ples, we compared ADM levels between ARDS patients and controls to find an asso-
ciation between ADM levels on admission and the prevalence of ARDS. Blood samples 
were collected and stored in a bio-bank. Next of kin were informed of admission and 
could opt out on the patient’s behalf. All intensive care survivors were sent an infor-
mation letter two months after discharge and given the possibility of opting out. If 
the patient or next of kin opted out, the samples were destroyed and the patient was 
excluded from the study.

Setting

Adult patients admitted to two general mixed ICUs at Skåne University Hospital in Lund 
and Malmö in southern Sweden between January 1st 2016, and December 31st 2016, 
were considered eligible for the study. Clinical data for the entire duration of their ICU 
stay were retrospectively collected, and data on mortality were collected. In addition, 
blood samples were prospectively collected on ICU admission and stored in a bio-bank.
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Participants

Using the Patient Administrative System for Intensive Care Units (PASIVA), we iden-
tified all patients admitted to the participating ICUs during the study period. Adult 
patients (18 years or older) were eligible if they had valid blood samples and had not 
opted out of the study. Patients who fulfilled the Berlin criteria for ARDS within 72 h 
of ICU admission were considered cases. The patients who did not fulfil the criteria 
were allocated to a control group.

Variables

The primary outcome was ARDS prevalence. The secondary outcome was 30-day 
mortality in patients fulfilling the ARDS criteria.

The Berlin definition was used to identify and define ARDS patients, but with a 
modification of the timing criteria (see below) [3]:

• Debut within 1 week of a known clinical insult or new or worsening respiratory 
symptoms

• Bilateral opacities on chest radiograph or computed tomography not explained by 
effusions, lobar/lung collapse, or nodules

• Respiratory failure not fully explained by cardiac failure or fluid overload
• PaO2/F iO2 ≤ 40 kPa with PEEP or CPAP ≥ 5 cm H 2O

Instead of the seven-day timing window of the original definition, only patients who 
developed ARDS within 72 h were included as cases. Clinical data were collected by 
trained data collectors who did not have access to radiology or biochemistry. A sub-
specialised cardio-thoracic radiologist assessed chest imaging, blinded to the clinical 
data. If the patient fulfilled all the criteria within the same 24-h period and had a risk 
factor present on ICU admission, they were considered a case. The onset of ARDS 
was defined as the time when the patient first fulfilled all criteria. ARDS severity was 
based on the worst daily mean P aO2/F iO2 from the day of ARDS debut and up to 24 h 
afterwards. Means were trimmed by excluding 20% of the lowest and highest values.

Sepsis of all causes was defined according to the 2016 Sepsis-3 criteria [27].
Comorbidities were classified according to the updated Charlson’s Comorbidity 

Index [28], the Simplified Acute Physiology Score 3 (SAPS-3) [29] and the Sequential 
Organ Failure Assessment (SOFA) score [30]. Both SAPS-3 and SOFA were calculated 
within one hour of admission.

Bioactive adrenomedullin (bio-ADM) was analysed from plasma samples collected 
and frozen within 6 h of ICU admission.

Data sources/measurement

Clinical data on risk factors, comorbidities, and treatment variables from electronic 
medical records were retrospectively collected by trained data collectors using a list 
of predefined variables. Uncertainties in classification were decided collectively in the 
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study group. Biochemical results were automatically extracted from the patient’s elec-
tronic medical records.

The collection of data for the identification of Sepsis-3 patients has been described in 
detail elsewhere [31].

The SOFA score, the SAPS-3, and survival data were extracted from PASIVA, where 
the treating physicians and nurses prospectively entered physiologic and treatment data. 
Survival data were downloaded from the national population registry.

Chest radiographs and chest CTs were evaluated using the radiologic criteria of the 
Berlin definition. The first 100 reviewed images were compared to the example images 
of the Berlin definition supplementary material and reviewed in the study group with 
a second cardio-thoracic radiologist to ensure that the criteria were correctly applied. 
The radiologist was blinded to the clinical and laboratory data, and imaging findings 
were assessed as ’consistent with ARDS’, ’equivocal’, or ’inconsistent with ARDS’. Studies 
assessed as ’consistent with ARDS’ were considered diagnostic.

Blood samples were collected in EDTA vacutainers, centrifuged to obtain plasma, ali-
quoted, and frozen. Before analysis, frozen plasma samples were stored in the SWECRIT 
biobank at Region Scania (BD-47, SC-1922). Samples were shipped, and batch analysis 
of bio-ADM was performed on thawed samples in 2019 at the laboratory of SphingoTec 
GmbH (Hennigsdorf, Germany). The assay has previously been described elsewhere [32]

Bias

All manual data collection was performed in a systematic way using predefined varia-
bles. Uncertainties were decided on collectively in the study group. Baseline character-
istics between included and excluded patients were compared to rule out selection bias. 
Since a lack of data could lead to the misclassification of ARDS patients, we examined 
the number of patients who did not fulfil the ARDS criteria due to missing data.

Study size

The study size was a convenience sample of the number of ICU patients with valid blood 
samples during the study period.

Statistical analysis

For all hypothesis tests, we considered p-values < 0.05 as significant. To assess a differ-
ence in the location of two independent variables, we used the Wilcoxon rank-sum test 
(Mann–Whitney U test). Differences in proportions were assessed using Pearson’s χ2 
test. Medians were reported with corresponding interquartile ranges (IQR), while the 
mean was reported with its standard deviation (SD). Logistic regression was used to 
analyse outcomes. The results of the regression analyses are reported as odds ratios (OR) 
with 95% confidence intervals (CI). The Bio-ADM levels were transformed with the nat-
ural logarithm due to skewness in the regression analyses. Areas under the curve (AUC) 
were derived from the receiver operating characteristic (ROC) curves [33]. Differences 
in AUCs were assessed with the method of DeLong et al. [34]. Admissions with missing 
data for any variable were excluded from mean and median calculations. In addition, the 
number of missing observations was specified. To adjust for the severity of the disease, 
the non-respiratory elements of the SOFA score were included in the regression model.
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Results
Participants

A total of 1591 patients were admitted to the participating ICUs during the study 
period. Of these, 367 patients had no available bio-markers due to missing blood sam-
ples or lack of consent. In total, 1224 patients were included in the study. See the 
flowchart in Fig. 1.

Demographics/descriptive data

The ARDS criteria were fulfilled in 132 of 1224 patients (10%) within 72  h of ICU 
admission. Of the 1092 patients in the control group, 36 fulfilled three out of four 
ARDS criteria within 72 h but had no chest imaging available (see Additional file 1: 
Table S1). Of the patients without a known ARDS risk factor, only a minority (43%) 
had an echocardiographic examination, and none fulfilled the ARDS criteria. The 
median time from ICU admission to ARDS diagnosis was 4 h [1.0–9.0].

Baseline characteristics are presented in Table 1. Age, sex, BMI, and comorbidities 
according to the Charlson Comorbidity Index did not differ significantly between 
ARDS patients and controls (Table 1). Pulmonary risk factors were more common in 
the ARDS group, particularly pneumonia and aspiration. Non-pulmonary risk fac-
tors such as sepsis and septic shock were more common in the ARDS group, while 
trauma was more common in the control group. Sepsis of all causes (sepsis-3) was 
significantly more common in ARDS patients (67.4% vs 29.0%, p  < 0.001) Thirty-
day mortality was higher in ARDS patients (39.4% vs 17.9%, p < 0.001 in the control 
group), as were the duration of ICU stay and mechanical ventilation. On admission, 
both mean SOFA scores (9.75 vs 6.0, p < 0.001), mean non-pulmonary SOFA scores, 
and SAPS-3 scores were significantly higher in the ARDS group. A single extreme 

Fig. 1 Flowchart of the study. ICU intensive care unit, ARDS acute respiratory distress syndrome
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Table 1 Characteristics of ARDS-patients and controls. Data regarding general characteristics, 
outcomes, organ dysfunction and illness severity are presented below

Parameter ARDS Control p-value Missing (%)

Demographics

 n 132 1092

 Female, n (%) 43 (33) 429 (39) 0.2

 Age, years, mean (SD) 64 (14) 62 (17) 0.1

 BMI, kg/m2, mean (SD) 26.5 (6.3) 26.9 (6.7) 0.6 30

Comorbidities, n (%)

 CCI score, mean (SD) 3.6 (2.4) 3.6 (2.8) 1.0

 Cardiac arrest, n (%) 4 (3.0) 11 (1.0) 0.1

 Sepsis-3 criteria, n (%) 89 (67.4) 317 (29.0) < 0.001

Direct lung-injury risk factors, n (%)

 Pneumonia 95 (72) 132 (12) < 0.001

 Aspiration 32 (24) 71 (7) < 0.001

 Inhalational injury 0 (0.0) 3 (0.3) 1.0

 Drowning 0 (0.0) 2 (0.2) 1.0

 Lung contusion 4 (3.0) 23 (2.1) 0.7

 Pulmonary vasculitis 4 (3.0) 3 (0.3) < 0.001

 Other 2 (1.5) 1 (0.1) 0.03

 None 15 (11) 887 (81) < 0.001

Indirect lung-injury risk factors, n (%)

 Extrapulmonary sepsis 38 (28.8) 163 (14.9) < 0.001

 Severe burns 0 (0.0) 1 (0.1) 1.0

 Non-cardiogenic shock 7 (5.3) 92 (8.4) 0.3

 Drug overdose 7 (5.3) 59 (5.4) 1.0

 Multiple blood transfusions 9 (6.8) 106 (9.7) 0.4

 Trauma 2 (1.5) 94 (8.6) 0.007

 Pancreatitis 1 (0.8) 10 (0.9) 1.0

 Other 0 (0) 30 (2.7) 0.1

 None 76 (57.6) 645 (59.1) 0.8

Severity of illness, mean (SD)

 SAPS 3 score 72.3 (14.0) 57.5 (16.1) < 0.001

 SOFA score 9.8 (3.8) 6.0 (3.6) < 0.001 12

 Respiratory SOFA 3.3 (0.7) 1.9 (1.3) < 0.001 19

 Coagulation SOFA 0.5 (0.9) 0.3 (0.7) < 0.001 10

 Neurologic SOFA 1.6 (1.5) 1.3 (1.5) 0.007 2

 Renal SOFA 1.4 (1.5) 0.8 (1.3) < 0.001 10

 Circulatory SOFA 2.5 (1.6) 1.7 (1.6) < 0.001 2

 Hepatic SOFA 0.4 (0.9) 0.3 (0.6) 0.009 12

Biochemistry

 ADM, pg/L, median [IQR] 65.6 [38.4, 125.5] 35.4 [20.2, 71.4] < 0.001

 CRP, mg/L, median [IQR] 99 [33, 230] 21 [4, 98] < 0.001 1.8

 Leukocytes,  109/L, median [IQR] 14 [9, 19] 13 [9, 18] 0.6 1.0

 Lactate, mmol/L, median [IQR] 3.1 [1.8, 5.2] 2.3 [1.4, 4.4] 0.003 4.9

 Creatinine, µmol/L, median [IQR] 120 [84, 189] 93 [71, 135] < 0.001 1.1

ARDS severity, n (%)

 Mild ARDS 27 (21) –

 Moderate ARDS 81 (61) –

 Severe ARDS 27 (21) –
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value was found for bio-ADM (4568 pg/L), which was excluded from the analysis. 
Bio-ADM values ranged from 8 pg/L to 1819 pg/L. The median bio-ADM levels 
were higher in ARDS patients (62.7 pg/L vs 35.6 pg/L for controls, p < 0.001).

Demographics and comorbidities did not differ with ARDS severity. Mortality 
was the highest in patients with severe ARDS (56%) compared to 40% and 15% for 
moderate and mild ARDS, respectively (p = 0.040). The median number of days on 
mechanical ventilation increased from 1.8 [1.1–4.5] days for mild ARDS, 2.1 [1.0–
5.1] days for moderate ARDS, to 4.17 [1.24–7.9] days for severe ARDS, where the 
difference between mild to moderate and severe ARDS was significant (p = 0.023). 
The SOFA score and the SAPS-3 increased with the severity of ARDS. Bio-ADM 
values were higher in severe ARDS than in mild or moderate ARDS (median values 
115.3, 62.1 and 62.3 pg/L, respectively, p = 0.0070), see Fig. 2.

Compared to those included in the study, excluded patients had a slightly lower 
Charlson comorbidity index (3.1 vs 3.6, p  <   0.001), and cardiac arrest was more 
common (3.5% vs 1.2%, p = 0.002). Fewer had ARDS (5.7% vs 10.8%, p = 0.005) and 
mortality was higher (32% vs 20%, p < 0.001, see Additional file 1: Table S2).

Table 1 (continued)

Parameter ARDS Control p-value Missing (%)

Outcomes

  30-day mortality, n (%) 52 (39) 194 (18) < 0.001

  Duration of ICU stay, d, median [IQR] 3.5 [1.7, 6.5] 1.4 [0.7, 2.9] < 0.001

  Duration of mechanical ventilation, d, 
median [IQR]

2.3 [1.1, 5.3] 1.1 [0.4, 2.7] < 0.001

ARDS patients were compared to controls, and the p-values refer to that comparison. Proportions (%) arewithin their 
subgroups unless otherwise specified. SD: standard deviation; IQR: interquartile range; CCI: Charlson Comorbidity Index; 
SAPS3: Simplified Acute Physiology Score III; SOFA: Sequential Organ Failure Assessment; bio-ADM: circulating bioactive 
adrenomedullin; CRP: C-Reactive Protein; SOFA: sequential organ failure assessment; ICU: intensive care unit
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Fig. 2 Bio-ADM vs ARDS severity. Bio-ADM: circulating bioactive adrenomedullin, ARDS: acute respiratory 
distress syndrome
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Bio-ADM and ARDS development

In univariate logistic regression analyses, bio-ADM (OR 1.8, 95% CI 1.5–2.1, p < 0.001), 
Sepsis-3 criteria (OR 5.1, 95% CI 3.5–7.5, p < 0.001) and all five types of non-respiratory 
organ dysfunction measured by SOFA were associated with ARDS. See Fig. 3.

In a multivariable logistic regression analysis of ARDS with bio-ADM, sepsis, and the 
non-respiratory SOFA scores as independent variables, bio-ADM was independently 
associated with ARDS (OR 1.5, 95% CI 1.1–1.9, p = 0.0030), as was sepsis (OR 3.4 95 % 
CI 2.2–5.3, p < 0.001. In addition, neurological SOFA (OR 1.2, 95% CI 1.1–1.4, p < 0.001) 
was also associated with ARDS.

Furthermore, in a ROC analysis bio-ADM had an AUC of 0.69 (95% CI 0.63–0.74) for 
the presence of ARDS.

The non-respiratory SOFA scores and Sepsis-3 had an AUC of 0.76 (95% CI 0.71–
0.80), and the addition of ADM yielded an AUC of 0.77 (95% CI 0.72–0.75, p = 0.21).

Bio-ADM and ARDS mechanism

The median bio-ADM value for ARDS solely caused by direct (pulmonary) risk factors 
was 66 [38–87,125] pg/L and 84 [75–180] pg/L for ARDS patients with any indirect risk 
factor of ARDS (p = 0.0023). Both groups had median bio-ADM values higher than that 
of the control group.

Bio-ADM and mortality in ARDS

Thirty-day mortality vs admission bio-ADM levels are presented in Fig. 4. In a multivari-
ate logistic regression analysis of mortality in ARDS with bio-ADM and disease severity 
as measured by SAPS-3 as independent variables, both low levels (< 38 pg/L) and high (> 
90 pg/L) levels of bio-ADM were positively associated with mortality (ORlow 3.39, 95% 
CI 1.17–10.36, p = 0.027 and ORhigh 3.08, 95% CI 1.06–9.25, p = 0.040).

Hepatic

Circulatory

Renal

Neurologic

Coagulation

Sepsis

Bio−ADM

1 2 4 8
Odds ratio

Univariate

Multivariate

Fig. 3 The association between ARDS, bio-ADM levels, and organ dysfunction as measured by SOFA score 
on admission with odds ratios (log-2 scale) and 95% confidence intervals from univariate and multivariate 
logistic regression. Bio-ADM: circulating bioactive adrenomedullin, ARDS: cute respiratory distress syndrome. 
SOFA: sequential organ failure assessment
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Discussion
In this study of intensive care patients, we used a rigorous and structured approach 
to manually identify all ARDS patients in the cohort without relying on diagnoses set 
by the treating clinician, as this is unrealiable [2]. We found that high admission lev-
els of the vasoactive peptide bio-ADM were associated with fulfilling ARDS criteria 
within 72  h independently of the severity of the disease as measured by SOFA and 
independently of sepsis status. We also found that median bio-ADM levels increased 
with ARDS severity. Furthermore, ARDS patients with indirect mechanisms of lung 
injury had higher median values than those with a direct mechanism of lung injury. 
A U-shaped relationship between bio-ADM and ARDS mortality was seen, with the 
lowest mortality around 60 pg/L.

As expected from the properties of bio-ADM and a study in COVID-19 patients 
[23], we found that increasing levels of bio-ADM were positively associated with 
ARDS severity. Higher levels of bio-ADM were also strongly associated with fulfilling 
the ARDS criteria on ICU admission or soon thereafter. This association was inde-
pendent of sepsis status according to Sepsis-3 criteria, meaning that high bio-ADM is 
not merely a marker of sepsis among ARDS patients. Bio-ADM does not just correlate 
with the degree of morbidity but could be associated with the mechanism of ARDS 
development. Endothelial injury is a hallmark of the exudative phase of ARDS devel-
opment, so elevated levels of bio-ADM may reflect endothelial injury and a physi-
ological compensatory mechanism due to increasing alveolar oedema.

Bio-ADM levels were higher in indirect lung injury mechanisms compared to 
direct lung injury. Considering that sampling was done within hours of ICU admis-
sion, and since bio-ADM is primarily produced in endothelial cells, this difference 
makes sense from a pathophysiological perspective. Direct mechanisms of lung injury 
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Fig. 4 Thirty-day mortality vs bio-ADM for ARDS patients. Bio-ADM circulating bioactive adrenomedullin, 
ARDS acute respiratory distress syndrome. The dotted vertical line marks bio-ADM 60 pg/L
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initially have a more severe epithelial injury, while indirect mechanisms primarily 
have an endothelial or vascular injury in the early stages of the disease [35]. Indeed, 
these two clinical phenotypes (direct and indirect lung injury) show distinct patterns 
of biomarkers of epithelial and endothelial injury [36]. As the disease progresses, both 
epithelial cells and endothelial cells are eventually affected, as shown in a study of 
patients with severe non-pulmonary sepsis in the ICU, where epithelial biomarkers 
taken on the second day of intensive care can distinguish those who develop ARDS 
from those who do not, possibly indicating a progression from endothelial to epithe-
lial injury [37].

The U-shaped relationship between bio-ADM and ARDS mortality was an unexpected 
finding. However, the present study was not designed to investigate this non-linear rela-
tionship. Mortality was high for low levels (defined as < 38 pg/L) and high levels (> 90 
pg/L). Conversely, the lowest mortality in ARDS was seen in bio-ADM levels, around 60 
pg/L. As bio-ADM is known to have a stabilising effect on the endothelium, the connec-
tion between mortality in ARDS and low levels of bio-ADM could be due to inadequate 
ADM production leading to endothelial dysfunction and vascular leakage in the context 
of widespread endothelial injury. The link between high levels of adrenomedullin and 
mortality has previously been shown for sepsis and may be due to marked vasodilation 
and hypotension, as described earlier. In various studies of sepsis and bio-ADM, cut-offs 
of 70, 102 and 108 pg/L have been shown to distinguish survivors from non-survivors 
[16–18]. However, in these studies, the relationship between bio-ADM and mortal-
ity was assumed to be linear. The non-linear relationship between bio-ADM levels and 
ARDS mortality should be further studied.

Interestingly, apart from the obvious connection between respiratory SOFA and 
ARDS, neurological SOFA was the organ failure most correlated with ARDS in multi-
variate regression models. Whether this is due to affected lungs or an increased risk of 
aspiration in patients with an altered level of consciousness, or if it is caused by brain-
lung organ cross-talk [38], is beyond the scope of this study.

There were several limitations to our study. First, clinical data were collected retro-
spectively, and thus missing data could lead to the misclassification of patients. In par-
ticular, the limiting factors are missing chest imaging in patients who fulfil the other 
ARDS criteria and the lack of echocardiography in patients without a known risk factor. 
However, since the ARDS criteria were rigorously applied, we assess that this would pri-
marily lead to erroneously classifying ARDS patients as controls, thus introducing bias 
towards the null hypothesis.

Among excluded patients, ARDS was less common. Since mortality was also signifi-
cantly higher in excluded patients, it is possible that some of these patients were so criti-
cally ill on arrival that there was not enough time or resources to take the study samples 
or perform the necessary investigations needed to screen for ARDS.

Since bio-ADM was analysed within 6  h of ICU admission and many patients had 
or developed ARDS within the same time frame, this study cannot determine if high 
bio-ADM levels can predict ARDS development. It can only show a strong association 
between high bio-ADM and the presence of ARDS in critically ill patients.

The rationale for the deviation from the timing criteria of the Berlin definition (onset 
within 7 days) was that the majority of patients develop ARDS within 72 h [2, 3] and 
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that ADM samples within hours of entry to the ICU would not be representative of the 
patient’s physiology after a week of intensive care.

Respiratory SOFA was excluded from the regression model since it is a part of the out-
come of interest, i.e. respiratory SOFA is determined by the P aO2/FiO2-quotient, which 
is an intrinsic part of the definition of ARDS (PaO2/FiO2 ≤ 40 kPa). Using non-respira-
tory SOFA allowed us to adjust for the severity of the disease without adjusting for the 
degree of respiratory failure.

The non-linear association between admission bio-ADM and mortality was inter-
esting but had weak prognostic significance for 30-day mortality. This is unsurprising 
since bio-ADM was analysed at the start of intensive care, sometimes weeks before the 
patient died. In addition, the cut-offs for high and low bio-ADM in ARDS mortality were 
decided entirely ad-hoc, and further studies are needed to establish these levels.

Serial blood samples would be helpful in further elucidating the role of bio-ADM in 
ARDS pathophysiology and mortality. Our current samples are limited to ICU admis-
sion only.

The findings of this study have potential implications for a better understanding of the 
pathophysiology of ARDS and for managing ARDS patients in a general ICU popula-
tion and possibly other critically ill patients with conditions characterised by endothelial 
injury and elevated levels of bio-ADM. If bio-ADM at a later date is shown to be predic-
tive of ARDS development, it could be integrated into standard critical care since it is 
currently available as a bedside analysis. However, additional research is needed before 
this is feasible, especially serial sampling of bio-ADM and sampling before ICU admis-
sion (e.g. in the emergency department or general ward) to elucidate further the role of 
adrenomedullin in the pathogenesis of ARDS and to properly evaluate bio-ADM as a 
predictor of ARDS development and mortality. The safety and efficacy of treatment with 
adrenomedullin or adrecizumab in sepsis and ARDS also need further confirmation. 
Furthermore, serial studies in both classic ARDS and severe COVID-19 would help to 
further determine the role of ADM in the pathophysiology of severe respiratory disease.

Conclusion
High levels of bio-ADM are positively associated with ARDS in a general ICU popu-
lation, whereas both high and low levels of bio-ADM are associated with mortality in 
ARDS, possibly due to the dual action of bio-ADM in stabilising the endothelium and 
causing vasodilation. Further studies are needed to elucidate the role of bio-ADM in 
ARDS development and studies targeting bio-ADM for treatment and possibly preven-
tion of ARDS.

Abbreviations
ADM  Adrenomedullin
ARDS  Acute respiratory distress syndrome
AUC   Area under the curve
bio-ADM  Circulating bioactive adrenomedullin
CI  Confidence interval
CRP  C-reactive protein
CRRT   Continuous renal replacement therapy
CT  Computed tomography
ICU  Intensive care unit
IQR  Interquartile range
N/A  Not applicable



Page 13 of 15Johnsson et al. Intensive Care Medicine Experimental           (2023) 11:10  

OR  Odds ratio
ROC  Receiver operating characteristic
SAPS3  Simplified acute physiology score III
SIR  Swedish intensive care registry
SOFA  Sequential organ failure assessment

Supplementary Information
The online version contains supplementary material available at https:// doi. org/ 10. 1186/ s40635- 023- 00494-7.

Additional file 1. Table S1. Characteristics of control population and patients fulfilling ARDS critera but 
lacking radiology. Data regarding general characteristics, outcomes, organ dysfunction and illness severity are 
presented below. Patients included in the study were compared to those excluded, and the p-values refer to that 
comparison.Proportions (%) are within their subgroups unless otherwise specified. SD: standard deviation; IQR: inter-
quartile range; CCI: Charlson Comorbidity Index; SAPS3: Simplified Acute Physiology Score III; SOFA: Sequential Organ 
Failure Assessment; bio-ADM: circulating bioactive adrenomedullin; CRP: C-Reactive Protein; ICU: intensive care unit. 
IMV: invasive mechanical ventilation. Table S2. Characteristics of included and excluded patients. Data regarding 
general characteristics, outcomes, organ dysfunction and illness severity are presented below. Patients included in 
the study were compared to those excluded, and the p-values refer to that comparison.Proportions (%) are within 
their subgroups unless otherwise specified. SD: standard deviation; IQR: interquartile range; CCI: Charlson Comorbid-
ity Index; SAPS3: Simplified Acute Physiology Score III; SOFA: Sequential Organ Failure Assessment; bio-ADM: circulat-
ing bioactive adrenomedullin; CRP: C-Reactive Protein; ICU: intensive care unit. IMV: invasive mechanical ventilation.

Acknowledgements
We would like to thank all staff at the ICUs of Skåne University Hospital in Malmö and Lund for contributing to this study. 
In addition, this study would not have been possible without the kind contribution of SphingoTec GmbH, who analysed 
our blood samples free of charge.

Author contributions
PJ and AF designed the study. HF and AF are the principal investigators of the SWECRIT biobank. PJ and AnF col-
lected data. A specialist cardiothoracic radiologist, CT, read and interpreted the chest radiographs and CTs. PJ and AF 
interpreted the data and performed statistical analyses. PJ and AF wrote the first draft. All authors read, provided critical 
revisions, and approved the final manuscript.

Funding
Open access funding provided by Lund University. AF was supported by research grants from the Governmental funding 
of clinical research within the Swedish National health service 2019:YF0053, the Crafoord Foundation 2022, and the Lions 
Foundation. HF was supported by research grants from the Governmental funding of clinical research within the Swed-
ish National health service, the Swedish Heart and Lung foundation and the Trolle-Wachteister foundation.

Availibility of data and materials
The datasets generated and analysed during the current study are not publicly available due to limitations in the ethical 
approval of the study and data management policies of Region Skåne. However, they are available from the correspond-
ing author upon reasonable request.

Declarations

Ethics approval and consent to participate
The study was approved by the Regional Ethical Committee in Lund, Sweden, with reference numbers DNR 2015/267 
and DNR 2020/02395. Patients who did not consent to participate could withdraw through an opt-out procedure.

Consent for publication
Not applicable.

Competing interests
All authors declare that they have no competing interests, no financial or other interests in SphingoTec GmbH and have 
not been influenced by SphingoTec GmbH in writing this research paper. Bioactive ADM was analysed free of charge by 
SphingoTec GmbH, Neuendorfstraße 15A, 16761 Hennigsdorf, Germany.

Received: 14 September 2022   Accepted: 21 January 2023

References
 1. Ashbaugh DG, Bigelow DB, Petty TL, Levine BE (1967) Acute respiratory distress in adults. Lancet 2(7511):319–323
 2. Bellani GEA (2016) Epidemiology, patterns of care, and mortality for patients with acute respiratory distress syn-

drome in intensive care units in 50 countries. JAMA 315(8):788–800
 3. Ranieri VM, Rubenfeld GD, Thompson BT, Ferguson ND, Caldwell E, Fan E, Camporota L, Slutsky AS, Ranieri V, 

Rubenfeld GD, Thompson B, Ferguson ND, Caldwell E, Fan E, Camporota L, Slutsky AS, Antonelli M, Anzueto A, Beale 

https://doi.org/10.1186/s40635-023-00494-7


Page 14 of 15Johnsson et al. Intensive Care Medicine Experimental           (2023) 11:10 

R, Brochard L, Brower R, Esteban A, Gattinoni L, Rhodes A, Vincent JL, Bersten A, Needham D, Pesenti A (2012) Acute 
respiratory distress syndrome: the Berlin Definition. JAMA 307(23):2526–2533

 4. Thompson BT, Chambers RC, Liu KD (2017) Acute respiratory distress syndrome. N Engl J Med 377(19):1904–1905
 5. Ito JT, Lourenço JD, Righetti RF, Tibério IFLC, Prado CM, Lopes FDTQS (2019) Extracellular matrix component remod-

eling in respiratory diseases: what has been found in clinical and experimental studies? Cells 8(4):342
 6. Fan E, Brodie D, Slutsky AS (2018) Acute respiratory distress syndrome: advances in diagnosis and treatment. JAMA 

319(7):698–710
 7. Spadaro S, Park M, Turrini C, Tunstall T, Thwaites R, Mauri T, Ragazzi R, Ruggeri P, Hansel TT, Caramori G, Volta CA 

(2019) Biomarkers for acute respiratory distress syndrome and prospects for personalised medicine. J Inflamm 
(London) 16:1

 8. Reilly JP, Calfee CS, Christie JD (2019) Acute respiratory distress syndrome phenotypes. Semin Respir Crit Care Med 
40(1):19–30

 9. Kitamura K, Kangawa K, Kawamoto M, Ichiki Y, Nakamura S, Matsuo H, Eto T, Kitamura K, Kangawa K, Kawamoto M, 
Ichiki Y, Nakamura S, Matsuo H, Eto T (2012) Adrenomedullin: a novel hypotensive peptide isolated from human 
pheochromocytoma. 1993. Biochem Biophys Res Commun 425(3):548–555

 10. Jougasaki M, Burnett JC (2000) Adrenomedullin: potential in physiology and pathophysiology. Life Sci 
66(10):855–872

 11. Martinez A, Miller MJ, Unsworth EJ, Siegfried JM, Cuttitta F (1995) Expression of adrenomedullin in normal human 
lung and in pulmonary tumors. Endocrinology 136(9):4099–4105

 12. Voors AA, Kremer D, Geven C, Ter Maaten JM, Struck J, Bergmann A, Pickkers P, Metra M, Mebazaa A, Düngen HD, 
Butler J (2019) Adrenomedullin in heart failure: pathophysiology and therapeutic application. Eur J Heart Fail 
21(2):163–171

 13. Cockcroft JR, Noon JP, Gardner-Medwin J, Bennett T (1997) Haemodynamic effects of adrenomedullin in human 
resistance and capacitance vessels. Br J Clin Pharmacol 44(1):57–60

 14. Hippenstiel S, Witzenrath M, Schmeck B, Hocke A, Krisp M, Krüll M, Seybold J, Seeger W, Rascher W, Schütte H, Sut-
torp N (2002) Adrenomedullin reduces endothelial hyperpermeability. Circ Res 91(7):618–625

 15. García Ponce A, Citalán Madrid AF, Vargas Robles H, Chánez Paredes S, Nava P, Betanzos A, Zarbock A, Rottner K, 
Vestweber D, Schnoor M (2016) Loss of cortactin causes endothelial barrier dysfunction via disturbed adrenomedul-
lin secretion and actomyosin contractility. Sci Rep 6:29003

 16. Marino R, Struck J, Maisel AS, Magrini L, Bergmann A, Di Somma S (2014) Plasma adrenomedullin is associated with 
short-term mortality and vasopressor requirement in patients admitted with sepsis. Crit Care 18(1):34

 17. Mebazaa A, Geven C, Hollinger A, Wittebole X, Chousterman BG, Blet A, Gayat E, Hartmann O, Scigalla P, Struck J, 
Bergmann A, Antonelli M, Beishuizen A, Constantin JM, Damoisel C, Deye N, Di Somma S, Dugernier T, Francois B, 
Gaudry S, Huberlant V, Lascarrou JB, Marx G, Mercier E, Oueslati H, Pickkers P, Sonneville R, Legrand M, Laterre PF, 
Adren OSSSI (2018) Circulating adrenomedullin estimates survival and reversibility of organ failure in sepsis: the 
prospective observational multinational adrenomedullin and outcome in sepsis and septic shock-1 (adrenoss-1) 
study. Crit Care 22:1–12

 18. Lundberg OHM, Lengquist M, Spångfors M, Annborn M, Bergmann D, Schulte J, Levin H, Melander O, Frigyesi A, 
Friberg H (2020) Circulating bioactive adrenomedullin as a marker of sepsis, septic shock and critical illness. Crit Care 
24(1):636

 19. Geven C, Bergmann A, Kox M, Pickkers P (2018) Vascular effects of adrenomedullin and the anti-adrenomedullin 
antibody adrecizumab in sepsis. Shock 50(2):132–140

 20. Laterre PF, Pickkers P, Marx G, Wittebole X, Meziani F, Dugernier T, Huberlant V, Schuerholz T, François B, Lascarrou JB, 
Beishuizen A, Oueslati H, Contou D, Hoiting O, Lacherade JC, Chousterman B, Pottecher J, Bauer M, Godet T, Karakas 
M, Helms J, Bergmann A, Zimmermann J, Richter K, Hartmann O, Pars M, Mebazaa A, Castanares D, Collienne C, 
Gèrards L, Hantson P, Montiel V, Berghe C, Dujardin MF, Gielens L, Renard S, Jorens P, Asfar P, Plantefève G, Duranteau 
J, Weiss E, Vuillard C, Fedou AL, Goudelin M, Evrard B, Daix T, Desachy A, Vignon P, Duchambon AA, Baudrillart 
L, Bourzeix P, Gay A, Prevost C, Chalot C, Herafa I, Engels P, Maëlle M, Abeud LF, Berton L, Cerlinskaite K, Deye N, 
Fournier MC, Hadjam T, Hollinger A, Javanainen T, Jourdaine C, Legrand M, Louadah B, Neuschwander A, Clere-
Jehl R, Demiselle J, Merdji H, Monnier A, Mercier E, Kluge S, Zarbock A, van Zanten ARH, Vermeijden W, Dormans T 
(2021) Safety and tolerability of non-neutralizing adrenomedullin antibody adrecizumab (HAM8101) in septic shock 
patients: the AdrenOSS-2 phase 2a biomarker-guided trial. Intensive Care Med 47(11):1284–1294

 21. Müller HC, Witzenrath M, Tschernig T, Gutbier B, Hippenstiel S, Santel A, Suttorp N, Rosseau S (2010) Adrenomedullin 
attenuates ventilator-induced lung injury in mice. Thorax 65(12):1077–1084

 22. Müller-Redetzky HC, Will D, Hellwig K, Kummer W, Tschernig T, Pfeil U, Paddenberg R, Menger MD, Kershaw O, Gru-
ber AD, Weissmann N, Hippenstiel S, Suttorp N, Witzenrath M (2014) Mechanical ventilation drives pneumococcal 
pneumonia into lung injury and sepsis in mice: protection by adrenomedullin. Crit Care 18(2):73

 23. Simon TP, Stoppe C, Breuer T, Stiehler L, Dreher M, Kersten A, Kluge S, Karakas M, Zechendorf E, Marx G, Martin L 
(2021) Prognostic value of bioactive adrenomedullin in critically ill patients with COVID-19 in Germany: an observa-
tional cohort study. J Clin Med 10(8):1667

 24. Gregoriano C, Koch D, Kutz A, Haubitz S, Conen A, Bernasconi L, Hammerer-Lercher A, Saeed K, Mueller B, Schuetz P 
(2021) The vasoactive peptide MR-pro-adrenomedullin in COVID-19 patients: an observational study. Clin Chem Lab 
Med 59(5):995–1004

 25. Karakas M, Jarczak D, Becker M, Roedl K, Addo MM, Hein F, Bergmann A, Zimmermann J, Simon TP, Marx G, Lütge-
hetmann M, Nierhaus A, Kluge S (2020) Targeting endothelial dysfunction in eight extreme-critically ill patients with 
COVID-19 using the anti-adrenomedullin antibody adrecizumab (HAM8101). Biomolecules 10(8):1171

 26. von Elm E, Altman DG, Egger M, Pocock SJ, Gøtzsche PC, Vandenbroucke JP (2007) The strengthening the reporting 
of observational studies in epidemiology (STROBE) statement: guidelines for reporting observational studies. Lancet 
370(9596):1453–1457

 27. Singer M, Deutschman CS, Seymour CW, Shankar-Hari M, Annane D, Bauer M, Bellomo R, Bernard GR, Chiche JD, 
Coopersmith CM, Hotchkiss RS, Levy MM, Marshall JC, Martin GS, Opal SM, Rubenfeld GD, van der Poll T, Vincent 



Page 15 of 15Johnsson et al. Intensive Care Medicine Experimental           (2023) 11:10  

JL, Angus DC (2016) The third international consensus definitions for sepsis and septic shock (Sepsis-3). JAMA 
315(8):801–810

 28. Charlson ME, Pompei P, Ales KL, MacKenzie CR (1987) A new method of classifying prognostic comorbidity in longi-
tudinal studies: development and validation. J Chronic Dis 40(5):373–383

 29. Moreno RP, Metnitz PG, Almeida E, Jordan B, Bauer P, Campos RA, Iapichino G, Edbrooke D, Capuzzo M, Le Gall J-R 
(2005) SAPS 3—from evaluation of the patient to evaluation of the intensive care unit part 2: development of a 
prognostic model for hospital mortality at ICU admission. Intensive Care Med 31(10):1345–1355

 30. Vincent JL, Moreno R, Takala J, Willatts S, De Mendonça A, Bruining H, Reinhart CK, Suter PM, Thijs LG (1996) The 
SOFA (Sepsis-related Organ Failure Assessment) score to describe organ dysfunction/failure. On behalf of the 
Working Group on Sepsis-Related Problems of the European Society of Intensive Care Medicine. Intensive Care Med 
22(7):707–710

 31. Lengquist M, Lundberg OHM, Spångfors M, Annborn M, Levin H, Friberg H, Frigyesi A (2020) Sepsis is underre-
ported in Swedish intensive care units: a retrospective observational multicentre study. Acta Anaesthesiol Scand 
64(8):1167–1176

 32. Weber J, Sachse J, Bergmann S, Sparwaßer A, Struck J, Bergmann A (2019) Sandwich immunoassay for bioactive 
plasma adrenomedullin. J Appl Lab Med 2(2):222–233. https:// doi. org/ 10. 1373/ jalm. 2017. 023655

 33. Fawcett T (2006) An introduction to roc analysis. Pattern Recogn Lett 27(8):861–874. https:// doi. org/ 10. 1016/j. patrec. 
2005. 10. 010

 34. DeLong ER, DeLong DM, Clarke-Pearson DL (1988) Comparing the areas under two or more correlated receiver 
operating characteristic curves: a nonparametric approach. Biometrics 3:837

 35. Pelosi P, D’Onofrio D, Chiumello D, Paolo S, Chiara G, Capelozzi VL, Barbas CS, Chiaranda M, Gattinoni L (2003) Pulmo-
nary and extrapulmonary acute respiratory distress syndrome are different. Eur Respir J Suppl 42:48–56

 36. Calfee CS, Janz DR, Bernard GR, May AK, Kangelaris KN, Matthay MA, Ware LB (2015) Distinct molecular phenotypes 
of direct vs indirect ARDS in single-center and multicenter studies. Chest 147(6):1539–1548

 37. Ware LB, Koyama T, Zhao Z, Janz DR, Wickersham N, Bernard GR, May AK, Calfee CS, Matthay MA (2013) Biomark-
ers of lung epithelial injury and inflammation distinguish severe sepsis patients with acute respiratory distress 
syndrome. Crit Care 17(5):253

 38. Albaiceta GM, Brochard L, Dos Santos CC, Fernández R, Georgopoulos D, Girard T, Jubran A, López-Aguilar J, Man-
cebo J, Pelosi P, Skrobik Y, Thille AW, Wilcox ME, Blanch L (2021) The central nervous system during lung injury and 
mechanical ventilation: a narrative review. Br J Anaesth 127(4):648–659

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1373/jalm.2017.023655
https://doi.org/10.1016/j.patrec.2005.10.010
https://doi.org/10.1016/j.patrec.2005.10.010

	Plasma bioactive adrenomedullin on intensive care unit admission is associated with acute respiratory distress syndrome: an observational study
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Introduction
	ARDS
	Adrenomedullin
	Objectives

	Methods
	Study design
	Setting
	Participants
	Variables
	Data sourcesmeasurement
	Bias
	Study size
	Statistical analysis

	Results
	Participants
	Demographicsdescriptive data
	Bio-ADM and ARDS development
	Bio-ADM and ARDS mechanism
	Bio-ADM and mortality in ARDS

	Discussion
	Conclusion
	Acknowledgements
	References


