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Abstract

Background: There is a lack of validated tools to assess potential disease progression and hospitalisation decisions
in patients presenting to the emergency department (ED) with a suspected infection. This study aimed to identify
suitable blood biomarkers (MR-proADM, PCT, lactate and CRP) or clinical scores (SIRS, SOFA, qSOFA, NEWS and CRB-
65) to fulfil this unmet clinical need.

Methods: An observational derivation patient cohort validated by an independent secondary analysis across nine
EDs. Logistic and Cox regression, area under the receiver operating characteristic (AUROC) and Kaplan-Meier curves
were used to assess performance. Disease progression was identified using a composite endpoint of 28-day mortality, ICU
admission and hospitalisation > 10 days.

Results: One thousand one hundred seventy-five derivation and 896 validation patients were analysed with respective
28-day mortality rates of 7.1% and 5.0%, and hospitalisation rates of 77.9% and 76.2%. MR-proADM showed greatest
accuracy in predicting 28-day mortality and hospitalisation requirement across both cohorts. Patient subgroups with high
MR-proADM concentrations (≥ 1.54 nmol/L) and low biomarker (PCT < 0.25 ng/mL, lactate < 2.0mmol/L or CRP < 67mg/
L) or clinical score (SOFA < 2 points, qSOFA < 2 points, NEWS < 4 points or CRB-65 < 2 points) values were characterised
by a significantly longer length of hospitalisation (p < 0.001), rate of ICU admission (p < 0.001), elevated mortality risk (e.g.
SOFA, qSOFA and NEWS HR [95%CI], 45.5 [10.0–207.6], 23.4 [11.1–49.3] and 32.6 [9.4–113.6], respectively) and a greater
number of disease progression events (p < 0.001), compared to similar subgroups with low MR-proADM concentrations
(< 1.54 nmol/L). Increased out-patient treatment across both cohorts could be facilitated using a derivation-derived MR-
proADM cut-off of < 0.87 nmol/L (15.0% and 16.6%), with decreased readmission rates and no mortalities.
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Conclusions: In patients presenting to the ED with a suspected infection, the blood biomarker MR-proADM could most
accurately identify the likelihood of further disease progression. Incorporation into an early sepsis management protocol
may therefore aid rapid decision-making in order to either initiate, escalate or intensify early treatment strategies, or
identify patients suitable for safe out-patient treatment.

Keywords: MR-proADM, Sepsis, SOFA, qSOFA, Disease progression, Emergency department

Background
All infections have the potential to manifest into life-
threatening conditions, depending on the virulence of the
infecting organism and the subsequent pathophysiological
host response [1]. An early diagnosis and assessment of
infection severity is therefore crucial in order to initiate
appropriate therapeutic strategies.
Recent changes to the definition and diagnostic criteria

used to identify sepsis have resulted in an emphasis on
the identification of a dysregulated host response and
the presence of life-threatening organ dysfunction [2, 3].
The use of the Sequential Organ Failure Assessment
(SOFA) score as part of the clinical criteria to identify
and characterise sepsis [2], rather than an emphasis on
the non-specific systemic inflammatory response syn-
drome (SIRS) [4], has proven controversial due to the
complex nature of the score. The alternative quick SOFA
(qSOFA) score to screen infected patients likely to have
a poor outcome has also been reported to have signifi-
cant sensitivity and kinetical limitations [1, 5–8]. In both
cases, a focus on the identification of high severity pa-
tients may lead to either a delayed therapeutic response
or inappropriate discharge decisions in those with ini-
tially low severities but a high potential for disease pro-
gression [9, 10]. Such patients at risk of this transitional
status have previously been described as “pre-septic”
[10]. Conversely, the unnecessary hospitalisation of pa-
tients with uncomplicated infections who are at no fur-
ther risk of disease progression can lead to an additional
increase in clinical workload and financial burden. Thus,
a more accurate assessment of the pathophysiological
host response to infection, and the potential for further
disease development, is essential [11, 12].
The use of biological markers which have a high sensi-

tivity for assessing disease severity and are significantly
increased during the initial stages of sepsis development
may therefore be of significant clinical interest in facili-
tating early therapeutic decisions [13]. Biomarkers such
as procalcitonin (PCT) and C-reactive protein (CRP) are
already well established in the field of infectiology [14,
15], whilst elevated lactate levels can reflect significant
infection-related cellular dysfunction despite being in-
creased due to other pathophysiological abnormalities
[2]. Conversely, the clinical utility of novel biomarkers

such as mid-regional proadrenomedullin (MR-proADM)
remains less clear. Recent studies have shown
MR-proADM concentrations to be rapidly induced in
response to LPS stimulation [16] and invasive fungal in-
fections [17], as well as in the initial stages of sepsis de-
velopment [18] and progression towards sepsis-related
multiple organ failure [19, 20]. Thus, MR-proADM may
be of significant clinical relevance in settings such as the
ED where an early assessment of the potential for fur-
ther disease progression is vital.
This study therefore aimed to investigate the performance

of each biomarker (MR-proADM, PCT, lactate and CRP)
and clinical score (SIRS, SOFA, qSOFA, NEWS and
CRB-65) in patients presenting to the emergency department
with a suspected infection in order to identify (i) those with
an increased risk of further disease progression and mortal-
ity, and (ii) patients with uncomplicated infections where
out-patient treatment may be most appropriate.

Methods
Study design and ethical approval
This study analysed and compared results from two pa-
tient cohorts. The derivation cohort consisted of patients
prospectively enrolled after presenting to the EDs of five
hospitals in England, France, Italy, Sweden and Spain be-
tween August 2016 and July 2017, with further patients
added from a subgroup of a previously published cohort
from the Netherlands [21]. The validation cohort con-
sisted of a retrospective subgroup analysis of patients
presenting to the EDs of three hospitals in France,
Switzerland and the USA [22]. Both cohorts were en-
rolled in accordance with the Helsinki Declaration. Eth-
ical approval was granted from the relevant boards or
governance bodies of each participating hospital, where
appropriate, and informed consent obtained from all pa-
tients or next of kin. The manuscript was drafted ac-
cording to the Standards for the Reporting of Diagnostic
accuracy studies STARD criteria [23].

Inclusion and exclusion criteria
Adult patients (≥ 18 years) were enrolled based on a clin-
ical suspicion of infection which could be made accord-
ing to main presenting symptoms, vital signs, blood
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culture request or laboratory findings obtained during
ED assessment. Exclusion criteria included non-adult pa-
tients, pregnancy or refusal to participate. Inclusion and
exclusion criteria were similar between the derivation
and validation cohorts. An initial blood draw was pro-
spectively taken as part of the routine ED assessment
across all sites, and surplus samples stored at − 80 °C for
subsequent biomarker measurements.

Study endpoints and analytical aims
Study endpoints and analytical aims were defined as
follows: 28-day mortality: all-cause mortality within
28 days following enrolment. Hospitalisation: hospital
admission with a subsequent stay of > 24 h. Out-pa-
tients: patients presenting to and discharged from the
ED on the same day. Intensive Care Unit (ICU) ad-
mission: all-cause ICU admission within 28 days fol-
lowing enrolment. Uncomplicated infections:
composite end-point comprising of an absence of
28-day mortality and ICU admission, and a total hos-
pitalisation of ≤ 10 days. Disease progression: compos-
ite end-point comprising of 28-day mortality, ICU
admission and a total hospitalisation of > 10 days,
similar to the criteria outlined in a previous investiga-
tion [24].

Data collection and biomarker measurements
Existing comorbidities, demographics and concomitant
medications were noted on arrival, and results from
subsequent routine laboratory and microbiology tests
recorded. CRP and lactate measurements were con-
ducted at each respective site. Surplus blood samples
were retrospectively batch tested for PCT and
MR-proADM using a commercially available double
sandwich immunoassay (KRYPTOR™, Thermo Fisher
Scientific, Germany), with results made unavailable
throughout patient enrolment and hospitalisation.
Clinical scores including SIRS, SOFA, qSOFA, NEWS
and CRB-65 were retrospectively calculated whenever
possible. For the purposes of this analysis, the SOFA
score was used as the reference standard due to its
role in clinically characterising infected patients
within the Third International Consensus Definitions
for Sepsis and Septic Shock [2], whilst MR-proADM
was taken as the index test. Sepsis was classified ac-
cording to both previous and current definitions, with
no differentiation made between sepsis, severe sepsis
or septic shock subgroups (Sepsis-2) [4], or sepsis
and septic shock subgroups (Sepsis-3) [2].

Statistical analysis
Data were reported using mean (standard deviation)
for the symmetrically distributed variable of age, and

median [first quartile–third quartile] for the duration
of total hospitalisation, biomarker and clinical score
variables, which showed a skewed distribution. Differ-
ences in demographic and clinical characteristics with
regard to 28-day mortality were assessed using the
chi-square (χ2) test for categorical variables, Student’s
t test for age, and the Mann-Whitney U test for all
other continuous variables. Statistical procedures con-
ducted for each analytical aim were as follows: 28-day
mortality prediction: Receiver operating characteristic
(ROC) curves and areas under the curve (AUC) de-
termined the parameter with the greatest predictive
value, with 95% confidence intervals [95% CI] com-
pared to determine significance. Youden’s criterion
was used to establish optimal cut-off values, with sen-
sitivity, specificity, negative and positive predictive
values (NPV, PPV), negative and positive likelihood
ratios (LR-, LR+) and diagnostic odds ratios (DOR)
also reported. Kaplan-Meier curves identified patient
subgroups using optimised or pre-determined cut-offs,
with hazard ratios (HR) calculated between subgroups.
Univariate and multivariate Cox regression models
were performed to assess the association with survival
time. Potential confounding variables were selected
based on a univariate analysis (p value < 0.005 after
applying a Bonferroni correction), and subsequently
included in the multivariate analysis as adjusting vari-
ables. Survival time was censored at 28 days following
ED presentation. Results were presented as the hazard
ratio (HR) per 1 interquartile-range increase, with
corresponding 95% CI. Enrichment for uncomplicated
infections and patients showing disease progression:
Patients were initially categorised into two groups
based on cut-offs for each biomarker and score with
respect to 28-day mortality. The parameter with the
highest 28-day mortality predictive value was subse-
quently selected and patient populations further cate-
gorised to identify subgroups enriched for
uncomplicated infections or patients showing disease
progression. 28-day mortality and ICU admission
rates, overall hospitalisation duration and the compos-
ite endpoints for uncomplicated infection and disease
progression were compared between subgroups using
the long-rank test for mortality, the chi-square (χ2)
test for the composite scores and ICU admission, and
the Mann-Whitney U test for the overall length of
hospitalisation. Hospitalisation and out-patient treat-
ment decisions: ROC and AUC were calculated for
each parameter. Univariate and multivariate logistic
regression assessed the association with hospitalisation
decisions, with results presented as the odds ratio
(OR) per 1 interquartile-range increase. Derivation
and validation cohorts were subsequently pooled to
derive improved 28-day mortality and hospitalisation
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cut-off values. A diagnostic meta-analysis was per-
formed to calculate either the pooled hazard ratio for
28-day mortality or odds ratio for hospitalisation deci-
sions for the biomarker or score with the highest der-
ivation and validation cohort values. The presence of
statistical heterogeneity between cohorts was assessed by
the I2 test [25], with values of 25%, 50% or 75% regarded
as indicative of low, moderate or high statistical hetero-
geneity, respectively. Post-test probabilities based on vari-
ous pre-test probabilities (5% or 20% risk for 28-day
mortality and hospitalisation) were illustrated using a
Fagan nomogram [26]. A Bonferroni correction addressed
the issue of multiple testing where appropriate. Optimised
cut-offs for the biomarker or score with the highest pre-
dictive 28-day mortality and hospitalisation values were
used to allocate patients to either virtual hospitalisation or
out-patient treatment groups. Out-patients who later
re-presented to the ED and were hospitalised were
counted as readmissions. Both virtual and observed hospi-
talisation, out-patient treatment, readmission and 28-day
mortality rates were subsequently calculated and

compared. A p value < 0.05 was considered statistically
significant. All data were analysed using the statistics soft-
ware R (version 3.1.2), unless otherwise stated. Due to the
exploratory nature of the derivation cohort, no a priori
sample size calculation was performed.

Results
Patient characteristics
A total of 1567 derivation patients were screened at
baseline, with the exclusion of 392 patients predomin-
antly due to missing information or insufficient surplus
blood (Fig. 1). Thus, 1175 derivation patients were in-
cluded in the final analysis, compared to 896 validation
patients. The derivation cohort comprised of signifi-
cantly older patients with a longer length of hospitalisa-
tion and a higher prevalence of suspected respiratory
infection (all p < 0.001; Table 1), and is further described
in Additional file 1: Table S1. Comparison of biomarker
concentrations between cohorts found no differences be-
tween MR-proADM or PCT concentrations, whilst CRP

Fig. 1 Flow chart describing the enrolment of patients. CNS central nervous system, MR-proADM mid-regional proadrenomedullin, N number,
SOFA Sequential Organ Failure Assessment
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values were significantly higher in the validation cohort
(p < 0.001).

28-day mortality prediction
There were no significant differences in the all-cause
28-day mortality rate between the derivation (N = 84;
7.1%) and validation (N = 45; 5.0%) cohorts. Patient
demographics and clinical characteristics according to
survival are reported in Table 2 (derivation cohort) and
Additional file 1: Table S2 (validation cohort), with pa-
tients further classified according to Sepsis-2 and
Sepsis-3 definitions (Additional file 1: Table S3). All bio-
markers and scores were significantly increased in the
non-surviving patients of both cohorts (p < 0.001).

Univariate Cox regression analysis found that
MR-proADM had the strongest association in predicting
28-day mortality in the derivation and validation cohorts
(Table 3). In a multivariate analysis, the derivation
cohort model was adjusted for the influence of age and
existing cardiovascular, neurological, renal and malig-
nancy comorbidities, with similar results found when
the model was applied to the validation cohort (Table 4).
AUC analysis across both cohorts found that
MR-proADM had a significantly greater accuracy com-
pared to other biomarkers and scores (Fig. 2). Applica-
tion of the optimised derivation cut-off in the validation
cohort is reported in Additional file 1: Table S4. Results
were similar to those obtained in the derivation and val-
idation cohorts using their respective optimised cut-offs.

Table 1 Patient characteristics between derivation and validation cohorts

Patient characteristics Derivation cohort (N = 1175) Validation cohort (N = 896) p value

Demographics

Age (years) (mean, SD) 63.3 (20.9) 58.8 (21.0) < 0.001

Male Sex (N, %) 592 (50.4%) 473 (52.8%) 0.266

Disposition

Hospital admission (N, %) 915 (77.9%) 567 (76.2%) 0.397

Hospital length of stay (days) (median, Q1–Q3) 4 [1–9] 2 [0–6] < 0.001

ICU admission (N, %) 32 (2.7%) 49 (5.5%) 0.001

28-day mortality (N, %) 84 (7.1%) 45 (5.0%) 0.098

Hospital mortality (N, %) 108 (9.2%) 38 (4.2%) < 0.001

Comorbidities

Cardiovascular disease (N, %) 363 (30.9%) 354 (39.5%) 0.003

Diabetes (N, %) 216 (18.4%) 142 (15.8%) 0.131

Malignancy (N, %) 228 (19.4%) 186 (20.8%) 0.445

Neurological disorders (N, %) 135 (11.5%) 67 (7.5%) 0.002

Respiratory disease (N, %) 378 (32.2%) 52 (5.8%) < 0.001

Renal disease (N, %) 82 (7.0%) 169 (18.9%) < 0.001

Suspected source of infection

Fever of unknown origin (N, %) 98 (8.3%) 139 (18.4%) < 0.001

Intra-abdominal (N, %) 158 (13.4%) 79 (10.5%) 0.051

Respiratory (N, %) 498 (42.4%) 258 (34.2%) < 0.001

Skin and soft tissue (N, %) 96 (8.2%) 61 (8.1%) 0.943

Urogenital (N, %) 278 (23.7%) 164 (21.7%) 0.323

Other (N, %) 47 (4.0%) 53 (7.0%) 0.010

Biomarkers

MR-proADM (nmol/L) (median, Q1–Q3) 1.09 [0.69–1.71] 1.03 [0.68–1.78] 0.888

PCT (ng/mL) (median, Q1–Q3) 0.17 [0.07–0.77] 0.14 [0.08–0.48] 0.244

CRP (mg/L) (median, Q1–Q3) 32 [10–120] 56 [15–142] < 0.001

Values expressed in percentages (%) indicate the proportion of patients within each cohort for each variable. Data are presented as mean (standard deviation, SD)
or median [first quartile (Q1)–third quartile (Q3)] where specified. The chi-square (χ2) test was used to determine significance between the cohorts for categorical
variables, Student’s t test for the variable of age and Mann-Whitney U test for hospitalisation duration and biomarker concentrations. CRP C-reactive protein, ICU
intensive care unit, MR-proADM mid-regional proadrenomedullin, N number, PCT procalcitonin
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Table 2 Derivation cohort characteristics with regards to 28-day mortality

Patient characteristics Total patient cohort (N = 1175) Survivors (N = 1091) Non-survivors (N = 84) p value

Demographics

Age (years) (mean, SD) 63.3 (20.9) 62.0 (20.9) 79.7 (11.6) < 0.001

Male gender (N, %) 592 (50.4%) 543 (49.8%) 49 (58.3%) 0.130

Disposition

Hospital admission (N, %) 915 (77.9%) 831 (76.2%) 84 (100.0%) < 0.001

Hospital length of stay (days) (median, Q1–Q3) 4 [1–9] 4 [1–9] 11 [5–17] < 0.001

ICU admission (N, %) 32 (2.7%) 18 (1.6%) 14 (16.7%) < 0.001

Comorbidities

Cardiovascular disease (N, %) 363 (30.9%) 316 (29.0%) 47 (56.0%) < 0.001

Diabetes (N, %) 216 (18.4%) 196 (18.0%) 20 (23.8%) 0.183

Immunodeficiency (N, %) 64 (5.4%) 56 (5.1%) 8 (9.5%) 0.088

Liver disease (N, %) 31 (2.6%) 28 (2.6%) 3 (3.6%) 0.580

Malignancy (N, %) 228 (19.4%) 198 (18.1%) 30 (35.7%) < 0.001

Neurological disorders (N, %) 135 (11.5%) 116 (10.6%) 19 (22.6%) < 0.001

Respiratory disease (N, %) 378 (32.2%) 344 (31.5%) 34 (40.5%) 0.091

Renal disease (N, %) 82 (7.0%) 68 (6.2%) 14 (16.7%) < 0.001

Infectious source

Bone and Joint (N, %) 13 (1.1%) 13 (1.2%) 0 (0.0%) 0.315

Cardiac (N, %) 6 (0.5%) 5 (0.5%) 1 (1.2%) 0.364

Central nervous system (N, %) 13 (1.1%) 10 (0.9%) 3 (3.6%) 0.025

Fever of unknown origin (N, %) 98 (8.3%) 87 (8.0%) 11 (13.1%) 0.100

Foreign object (N, %) 5 (0.4%) 4 (0.4%) 1 (1.2%) 0.264

Intra-abdominal (N, %) 158 (13.4%) 153 (14.0%) 5 (6.0%) 0.007

Respiratory—lower (N, %) 413 (35.1%) 369 (33.8%) 44 (52.4%) < 0.001

Respiratory—upper (N, %) 85 (7.2%) 85 (7.8%) 0 (0.0%) 0.008

Skin and soft tissue (N, %) 96 (8.2%) 89 (8.2%) 7 (8.3%) 0.901

Surgical-related (N, %) 10 (0.9%) 10 (0.9%) 0 (0.0%) 0.379

Urogenital (N, %) 278 (23.7%) 266 (24.4%) 12 (14.3%) 0.041

Microbiological findings

Blood cultures taken (N, %) 888 (75.6%) 823 (75.4%) 65 (77.4%) 0.689

Positive blood cultures (N, %) 227 (19.3%) 205 (18.8%) 22 (26.2%) 0.099

Gram-positive bacteria (N, %) 120 (10.2%) 108 (9.9%) 12 (14.3%) 0.201

Gram-negative bacteria (N, %) 179 (15.2%) 166 (15.2%) 13 (15.5%) 0.949

Fungal cultures (N, %) 9 (0.8%) 8 (0.7%) 1 (1.2%) 0.643

Viral PCR (N, %) 40 (3.4%) 39 (3.6%) 1 (1.2%) 0.246

Other (N, %) 9 (0.8%) 8 (0.7%) 1 (1.2%) 0.830

Biomarkers and clinical scores

MR-proADM (nmol/L) (median, Q1–Q3) 1.09 [0.69–1.71] 1.02 [0.67–1.59] 2.65 [1.81–4.67] < 0.001

PCT (ng/mL) (median, Q1–Q3) 0.17 [0.07–0.77] 0.16 [0.07–0.61] 0.94 [0.23–3.12] < 0.001

Lactate (mmol/L) (median, Q1–Q3) 1.60 [1.14–2.30] 1.55 [1.10–2.23] 2.40 [1.50–3.50] < 0.001

CRP (mg/L) (median, Q1–Q3) 32 [10–120] 30 [10–112] 102 [28–178] < 0.001

SIRS (points) (median, Q1–Q3) 2 [1–3] 2 [1–3] 3 [2–3] < 0.001

SOFA (points) (median, Q1–Q3) 2 [0–3] 1 [0–3] 4 [2–6] < 0.001

qSOFA (points) (median, Q1–Q3) 0 [0–1] 0 [0–1] 1 [1–2] < 0.001
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Pooling of the combined 2071 derivation and validation
patients resulted in an identical cut-off to that of the
derivation cohort (Additional file 1: Table S5), with
meta-analysis reporting similar overall hazard ratios and
a moderate degree of heterogeneity between cohorts
(Additional file 1: Figure S1). Varying the pre-test preva-
lence of 28-day mortality (low mortality risk: 5%, or high
mortality risk: 20%) resulted in high positive and low
negative post-test probabilities for MR-proADM in each
case (Additional file 1: Figure S2).
Kaplan-Meier curves using the optimised

MR-proADM derivation cut-off could identify similar
low and high disease severity subgroups within the
derivation (low vs. high severity: N = 810 vs. 365;
0.9% vs. 21.1% mortality; p < 0.001; Fig. 3a) and valid-
ation (low vs. high severity: N = 612 vs. 284; 0.7% vs.
14.4% mortality; p < 0.001) cohorts, with comparable
Cox regression analysis results (Additional file 1: Table
S6). Identification of disease severity using other bio-
markers and scores resulted in a lower discrimination and

hazard ratio between subgroups (Fig. 3b–f; Additional file 1:
Table S6).

Enrichment for uncomplicated infections
Based on its high predictive value for 28-day mortality,
MR-proADM was subsequently selected to further strat-
ify patients following initial classification with other bio-
markers and scores. The presence of low biomarker
(PCT < 0.25 ng/mL, lactate < 2.0mmol/L or CRP < 67mg/L)
or clinical score (SOFA < 2 points, qSOFA < 2 points, NEWS
< 4 points or CRB-65 < 2 points) values resulted in a high
number of uncomplicated infections (Additional file 1:
Table S7), which could be further enriched using
MR-proADM concentrations < 1.54 nmol/L, resulting in
the identification of large patient populations with low
mortality rates, low ICU admission rates, low lengths of
hospitalisation and a higher number of uncomplicated in-
fections according to the composite endpoint (Fig. 4;
Additional file 1: Figure S3–8 and Table S8).

Table 2 Derivation cohort characteristics with regards to 28-day mortality (Continued)

Patient characteristics Total patient cohort (N = 1175) Survivors (N = 1091) Non-survivors (N = 84) p value

NEWS (points) (median, Q1–Q3) 4 [2–7] 4 [2–7] 8 [5–10] < 0.001

CRB-65 (points) (median, Q1–Q3) 1 [0–2] 1 [0–1] 2 [1–2] < 0.001

Values expressed in percentages (%) indicate either the proportion of the total patient cohort, surviving or non-surviving patients at 28 days for each variable,
where applicable. Data are presented as mean (standard deviation, SD) or median [first quartile (Q1)–third quartile (Q3)] where appropriate. The chi-square (χ2)
test was used to determine significance between surviving and non-surviving patients for categorical variables, Student’s t test for the variable of age, and
Mann-Whitney U test for hospitalisation duration, biomarker and clinical score variables. CRB-65 Severity score for community-acquired pneumonia, CRP C-reactive
protein, ICU intensive care unit, MR-proADM mid-regional proadrenomedullin, N number, NEWS National Early Warning Score, PCR polymerase chain reaction, PCT
procalcitonin, qSOFA quick Sequential Organ Failure Assessment, SIRS systemic inflammatory response syndrome, SOFA Sequential Organ Failure Assessment

Table 3 Univariate Cox regression for the prediction of 28-day mortality in the derivation and validation cohorts

Biomarker or clinical score Patients (N) Mortality (N) LR χ2 DF p value C-index HR IQR [95% CI]

Derivation cohort

MR-proADM 1175 84 166.4 1 < 0.001 0.869 5.4 [4.2–6.9]

PCT 1166 84 42.4 1 < 0.001 0.713 2.1 [1.7–2.6]

Lactate 746 59 25.3 1 < 0.001 0.678 2.2 [1.6–2.9]

CRP 1170 83 19.7 1 < 0.001 0.649 2.5 [1.6–3.8]

SIRS 965 84 12.2 1 < 0.001 0.640 1.9 [1.3–2.8]

SOFA 1175 84 83.5 1 < 0.001 0.827 2.6 [2.2–3.1]

qSOFA 1175 84 73.4 1 < 0.001 0.836 3.2 [2.5–4.0]

NEWS 1058 81 53.0 1 < 0.001 0.734 3.1 [2.3–4.2]

CRB-65 1175 84 75.8 1 < 0.001 0.838 2.6 [2.1–3.2]

Validation cohort

MR-proADM 896 45 84.2 1 < 0.001 0.881 3.8 [2.9–5.0]

PCT 884 45 32.4 1 < 0.001 0.770 2.0 [1.6–2.5]

CRP 780 42 19.4 1 < 0.001 0.703 3.1 [1.7–5.6]

CI confidence interval, CRB-65 severity score for community-acquired pneumonia, CRP C-reactive protein, DF degrees of freedom, HR hazard ratio, IQR interquartile
range, LR likelihood ratio, MR-proADM mid-regional proadrenomedullin, N number, NEWS National Early Warning Score, PCT procalcitonin, qSOFA quick Sequential
Organ Failure Assessment, SIRS systemic inflammatory response syndrome, SOFA Sequential Organ Failure Assessment
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Table 4 Multivariate Cox regression for the prediction of 28-day mortality in the derivation and validation cohorts

Biomarker or clinical score Patients (N) Mortality (N) LR χ2 DF p value C-index HR IQR [95% CI]

Derivation cohort

MR-proADM 1175 84 196.6 6 < 0.001 0.883 5.2 [3.9–6.9]

PCT 1166 84 112.0 6 < 0.001 0.813 2.0 [1.6–2.5]

Lactate 746 59 59.2 6 < 0.001 0.771 2.2 [1.6–3.0]

CRP 1170 83 97.3 6 < 0.001 0.787 2.6 [1.7–4.0]

SIRS 965 84 91.6 6 < 0.001 0.779 2.1 [1.4–3.0]

SOFA 1175 84 143.3 6 < 0.001 0.840 2.9 [2.4–3.7]

qSOFA 1175 84 117.7 6 < 0.001 0.825 2.5 [1.9–3.2]

NEWS 1058 81 105.2 6 < 0.001 0.803 2.5 [1.8–3.4]

CRB-65 1175 84 99.3 6 < 0.001 0.793 2.0 [1.5–2.5]

Validation cohort

MR-proADM 896 45 114.6 6 < 0.001 0.899 3.7 [2.6–5.2]

PCT 884 45 80.7 6 < 0.001 0.847 1.6 [1.3–2.1]

CRP 780 42 75.2 6 < 0.001 0.837 2.4 [1.2–4.6]

Age, cardiovascular, neurological, renal and malignancy comorbidities were used as adjusting variables within the multivariate derivation cohort model, and subsequently
applied to the validation cohort. CI confidence interval, CRB-65 severity score for community-acquired pneumonia, CRP C-reactive protein, DF degrees of freedom, HR
hazard ratio, IQR interquartile range, LR likelihood ratio, MR-proADM mid-regional proadrenomedullin, N number, NEWS National Early Warning Score, PCT procalcitonin,
qSOFA quick Sequential Organ Failure Assessment, SIRS systemic inflammatory response syndrome, SOFA Sequential Organ Failure Assessment

Fig. 2 ROC curve and AUC analysis for 28-day mortality prediction within the derivation (a) and validation (b) cohorts following presentation to
the emergency department. AUC area under the curve, CRB-65 severity score for community-acquired pneumonia, CRP C-reactive protein, LR- negative
likelihood ratio, LR+ positive likelihood ratio, MR-proADM mid-regional proadrenomedullin, NEWS National Early Warning Score, OR diagnostic odds
ratio, NPV negative predictive value, PCT procalcitonin, PPV positive predictive value, qSOFA quick Sequential Organ Failure Assessment, ROC receiver
operating characteristic, SIRS systemic inflammatory response syndrome, SOFA Sequential Organ Failure Assessment
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Enrichment for patients at risk of disease progression
Conversely, the presence of low biomarker or score values
with MR-proADM concentrations ≥ 1.54 nmol/L resulted
in smaller patient populations, but with a significantly
higher mortality and ICU admission rate, significantly lon-
ger length of hospitalisation, and a significantly higher
number of disease progression events than found within

the subgroups for low biomarker or score values and
MR-proADM concentrations < 1.54 nmol/L (Fig. 4; Add-
itional file 1: Table S9–10).
Even in patients where both SOFA and qSOFA values

were < 2 points, MR-proADM concentrations were signifi-
cantly higher in the non-surviving (N = 11; 2.02 [1.64–3.68]
nmol/L) as opposed to surviving (N = 564; 0.76 [0.57–1.12]

Fig. 3 Kaplan-Meier analysis to identify disease severity subgroups using biomarkers and clinical scores within the derivation patient population
according to MR-proADM (a), lactate (b), SOFA (c), qSOFA (d), NEWS (e) and CRB-65 (f) cut-offs. CRB-65 severity score for community-acquired
pneumonia, MR-proADM mid-regional proadrenomedullin, NEWS National Early Warning Score, qSOFA quick Sequential Organ Failure Assessment,
SOFA Sequential Organ Failure Assessment
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nmol/L; p < 0.001) patient population. The average time of
death was 11 [9–16.5] days with no significant differences
found in other standard laboratory parameters.

Hospitalisation and out-patient treatment decisions
No significant differences in hospitalisation or out-patient
treatment rates were found between the derivation

(N = 915; 77.9% and N = 260; 22.1%) and validation
(N = 567; 76.2% and N = 177; 23.8%) cohorts following
ED presentation, with patients selected for out-patient
treatment having similar 14-day rehospitalisation
(derivation: N = 10; 5.3% vs. validation: N = 9; 5.1%)
and 28-day mortality (derivation: N = 0; 0.0% vs. valid-
ation: N = 1; 0.6%) rates.

Fig. 4 Kaplan-Meier analysis to identify patient populations enriched for either uncomplicated infections or further disease progression within the
derivation cohort. Patients were stratified according to a combination of MR-proADM and lactate (a), PCT (b), SOFA (c), qSOFA (d), NEWS (e) and
CRB-65 (f) cut-offs. CRB-65 severity score for community-acquired pneumonia, MR-proADM mid-regional proadrenomedullin, NEWS National Early
Warning Score, PCT procalcitonin, qSOFA quick Sequential Organ Failure Assessment, SOFA Sequential Organ Failure Assessment
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Univariate logistic regression found that MR-proADM
had the strongest association with hospitalisation deci-
sions across both cohorts (Additional file 1: Table S11).
In a multivariate analysis, the derivation cohort was ad-
justed for the same confounding variables as within the
28-day mortality model, yielding similar results for both
cohorts (Additional file 1: Table S12). Comparable accur-
acies were obtained for derivation and validation AUC
analyses (Fig. 5), with results using the optimised
derivation cut-off in the validation cohort reported in
Additional file 1: Tables S13–14. Pooling of the com-
bined 2071 derivation and validation patients resulted in
an identical cut-off to that of the validation cohort
(Additional file 1: Table S15), with meta-analysis reporting
similar overall odds ratios and a high degree of heterogen-
eity between cohorts (Additional file 1: Figure S9). Varying
the pre-test prevalence for patient hospitalisation (low
hospitalisation risk: 5%, or high hospitalisation risk:
20%) resulted in both high positive and low negative
post-test probabilities for MR-proADM in each case
(Additional file 1: Figure S10).
A total of 436 (37.1%) derivation and 362 (40.4%)

validation patients had MR-proADM values below the

optimised hospitalisation derivation cut-off (< 0.87
nmol/L), representing a potential increase in the der-
ivation and validation out-patient populations of
15.0% and 16.6%, respectively. In addition, both sub-
groups had lower 14-day readmission rates compared
to the actual out-patient population and no mortal-
ities up to 28 days (Additional file 1: Figure S11–12).
Conversely, application of the optimised derivation
MR-proADM cut-off would have resulted in the hos-
pitalisation of 53 (20.4%) derivation and 44 (24.9%)
validation patients initially deemed suitable for
out-patient treatment, including 7 (70.0%) derivation
and 4 (44.4%) validation out-patients who presented
to the emergency department an average of 1 day
later and were subsequently hospitalised.

Discussion
In this derivation and validation analysis of 2071 sus-
pected infection patients presenting to 9 emergency de-
partments across Europe and the USA, MR-proADM
measurement at presentation could accurately assess dis-
ease severity and identify specific patient populations
based on the likelihood of subsequent disease

Fig. 5 ROC curve and AUC analysis for hospitalisation decisions within the derivation (a) and validation (b) cohorts following presentation to the
Emergency Department. AUC area under the curve, CRB-65 severity score for community-acquired pneumonia, CRP C-reactive protein, LR-
negative likelihood ratio, LR+ positive likelihood ratio, MR-proADM mid-regional proadrenomedullin, NEWS National Early Warning Score, NPV
negative predictive value, OR diagnostic odds ratio, PCT procalcitonin, PPV positive predictive value, ROC receiver operating characteristic, qSOFA
quick Sequential Organ Failure Assessment, SOFA Sequential Organ Failure Assessment
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progression. This is of particular importance in patients
with few pathophysiological signs and symptoms, as in-
dicated by low SOFA, qSOFA or NEWS scores, where
initial treatment may either be withheld, delayed or in-
sufficient. Our study therefore, for the first time, high-
lights the use of MR-proADM in potentially identifying
this patient population in order to initiate appropriate
treatment strategies at the earliest opportunity.
An early and accurate identification of this key patient

demographic, however, may be complicated by the lack of
pathognomonic symptoms and the highly complex, het-
erogeneous and multifaceted host response to infection
[27]. An early diagnosis of developing sepsis therefore in-
variably requires a complex clinical investigation incorpor-
ating numerous factors such as presenting symptoms,
physician judgement, and standard laboratory and bio-
marker tests. Accordingly, earlier indicators of deteriorat-
ing host response are essential in order to provide relevant
information at the earliest opportunity possible [19]. In
this respect, MR-proADM is an interesting biomarker
candidate, with previous studies showing increased con-
centrations in response to deteriorating microcirculatory
integrity and resulting capillary leak, thus reflecting the
early stages of developing organ dysfunction [28–31]. An
early assessment of microcirculatory function may there-
fore contribute significant information as part of an initial
multi-modal clinical examination, and provide a more ac-
curate method of assessing disease progression and the effi-
cacy of therapeutic interventions compared to the use of
conventional biomarkers or scoring systems [30].
Based on the results of this study, two clinically import-

ant uses for MR-proADM can be proposed: (i) an early es-
calation of treatment in patients with MR-proADM
concentrations ≥ 1.5 nmol/L, thus identifying an already
high level of disease severity or a high potential for further
development and progression, and (ii) a decreased number
of hospital admissions allowing a safe increase in
out-patient treatment in patients with MR-proADM con-
centrations < 0.9 nmol/L.
First, an early identification of further disease develop-

ment and progression in patients with uncomplicated in-
fections and minimal organ dysfunction is crucial in order
to initiate, escalate or intensify treatment at the earliest
opportunity. Our results identified a large patient popula-
tion with few clinical or laboratory signs which would
prompt an immediate and urgent therapeutic response.
The presence of elevated MR-proADM concentrations in
a subset of these patients, however, resulted in long
lengths of hospitalisation, a high likelihood of mortality,
increased ICU admission rates, and a high number of pa-
tients satisfying the composite endpoint for disease
progression, compared to those with low MR-proADM
levels. Such findings may facilitate specific interventions
such as the rapid administration of antibiotics and fluids,

the use of adjunctive sepsis therapies, or additional
diagnostic testing in order to prevent potential cases of
under-treatment or inappropriate discharge. In addition, a
more personalised and tailored therapeutic approach may
be most beneficial in patients with the highest
MR-proADM concentrations (e.g. > 2.75 nmol/L [19]),
with the early admission onto a high dependency or inten-
sive care unit to initiate aggressive therapeutic strategies,
such as those targeting extravascular fluid accumulation,
potentially decreasing further organ dysfunction or pro-
gression towards multiple organ failure [20, 32]. Interest-
ingly, MR-proADM concentrations > 2.75 nmol/L in our
study (N = 126; 10.7%) resulted in a 28-day mortality rate
of 30.2%, similar to the 32.5% found in the intensive care
study of Elke et al. [19] in patients with corresponding
concentrations (N = 759; 73.7%).
Few studies have reported similar findings to ours. In-

deed, numerous investigations have focussed on mortal-
ity and adverse event prediction in patients with
community-acquired pneumonia (CAP), comparing
MR-proADM performance to clinical scores such as
CURB-65 and the Pneumonia Severity Index (PSI), with
a moderate to good discriminatory performance found
for both endpoints and similar cut-offs compared to our
analysis [33–38]. Similar results were also reported for
mortality prediction outside the intensive care setting
using SOFA and qSOFA scores in the recent sepsis-3
definitions [2], thus partially confirming and validating
results from our analysis.
Findings observed in our study may, in part, be ex-

plained by the rapidly induced kinetical profile of
MR-proADM in response to LPS addition, compared to
other parameters such as procalcitonin and C-reactive
protein [16]. Initial microcirculatory dysfunction due to in-
fection is likely to drive the expected physiological devel-
opment towards organ dysfunction and ultimate multiple
organ failure [39]. Hence, measurement of MR-proADM
values upon ED presentation may provide an early indica-
tion concerning potential disease progression [30]. Similar
findings have also been observed in an intensive care set-
ting in patients with high MR-proADM concentrations
and initially low or moderate levels of organ dysfunction
that progressed towards sepsis-related multiple organ fail-
ure [19, 20, 40]. Indeed, continuously elevated concentra-
tions, despite decreasing PCT levels over the first 24 h of
treatment, indicated a high likelihood of subsequent treat-
ment failure and disease progression, thus providing an
early and independent prompt with which to change or
modify treatment [19]. The use of MR-proADM to identify
the likelihood of infection-related disease progression may
therefore be of significant clinical value irrespective of clin-
ical setting or initial disease severity.
Second, a more accurate identification of uncomplicated

infections with a low risk of further progression may
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improve initial hospitalisation and out-patient treatment
decision-making. Our results found a similar performance
of MR-proADM within both the derivation and validation
cohorts, with comparable increases in outpatient num-
bers, a lack of subsequent mortality and decreased rehos-
pitalisation rates.
Surprisingly, only few studies with relatively small pa-

tient populations have previously investigated the accuracy
of hospitalisation and out-patient treatment decisions in
infected patients using MR-proADM. Of these, Travaglino
et al. [41] observed a poor performance in 128 patients
with high fever and mixed infections, as opposed to the
high discriminatory performance found by Starre et al.
[42] in 321 urinary tract infection (UTI) patients. A recent
secondary analysis of 313 UTI patients by Stalenhoef et al.
[24] found similar results to our analysis using a compar-
able cut-off, with increased out-patient treatment, no mor-
tality and fewer cases of subsequent rehospitalisation.
Conversely, Albrich et al. [43] tested a novel algorithm
combining CURB-65 and MR-proADM values in an inter-
ventional setting of 313 lower respiratory tract infection
(LRTI) patients [44], resulting in significantly increased
out-patient numbers and decreased overruling and re-
admission rates compared to a control group triaged using
CURB-65 alone [45]. Results from our study are therefore
derived from the largest sample size of patients with a sus-
pected infection presenting to the ED with initial hospital-
isation and out-patient treatment decision data to date.
The high performance of MR-proADM as a stand-alone
parameter as opposed to in combination with a clinical
score may facilitate easier use in high patient settings such
as the ED, although further observational and interven-
tional studies with similarly large patient populations are
required to confirm and validate our findings. The gener-
ation of corresponding health economic data would also
be beneficial in highlighting potential cost savings from in-
creased out-patient treatment.
Our study has several limitations. Firstly, the absence of

subsequent biomarker and clinical score measurements
after hospital admission only allow assumptions to be
made concerning disease progression and sepsis develop-
ment, according to current definitions [2]. Similar studies
investigating MR-proADM kinetics in LRTI patients over
72 h have previously shown a decreased survival probabil-
ity in patients with increasing or continuously elevated
concentrations [46]. Nevertheless, future studies should
be designed considering additional variables such as SOFA
score kinetics between admission and either 48 or 72 h to
investigate developing organ dysfunction and sepsis pro-
gression as relevant endpoints. In addition, the inclusion
of hospitalisation duration as a variable in the composite
endpoint for identifying uncomplicated infections and dis-
ease progression may not take numerous time-dependent
internal and external clinical factors into account, and

could result in different findings if an alternative discrim-
inatory value is used. Secondly, clinical scores in the valid-
ation cohort could not be calculated due to the absence of
key clinical data, thus, a direct comparison between co-
horts was not possible. Finally, mortality and hospitalisa-
tion prevalence in other hospitals and clinical settings may
significantly differ with one another, leading to the calcula-
tion of different negative and positive predictive values,
and resulting in study results which are not directly
transferrable.
We note several strengths. Firstly, the comparative use of

two large, independent, multicentre patient populations en-
sured a high degree of internal validity, with similar patient
demographics between cohorts. Nevertheless, future studies
would greatly benefit from the inclusion of further EDs
from alternative geographies, different income-settings and
hospitals with significantly different triage procedures, in
order to rule-out any significant influence on results and in-
crease the reproducibility of the findings. Secondly, the use
of optimised derivation MR-proADM cut-offs resulted in
similar findings across both cohorts with regard to the
identification of disease severity and out-patient treatment,
strengthening its potential use in both areas.

Conclusions
MR-proADM measurement upon ED presentation may
allow for an early identification of patients with suspected
infection who may suffer from subsequent disease pro-
gression. Conversely, a more accurate identification of
those with uncomplicated infections and the rule-out of
further disease progression may facilitate an increased rate
of out-patient treatment with a low number of subsequent
readmissions. Incorporation of MR-proADM into an early
sepsis management protocol may therefore aid rapid clin-
ical decision making and subsequent treatment decisions
in the emergency department, thus improving persona-
lised sepsis strategies.
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