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Abstract
Background

Sepsis-3, the recent sepsis definitions, was modified based on a scoring system focused on organ failure; however, it
would remain a time-consuming process to detect septic patients using these definitions. Adrenomedullin (AM) is a
biomarker for diagnosing sepsis and septic shock, monitoring treatment efficacy, and prognosis. We conducted a study
to assess the accuracy of AM for diagnosing and prognosing sepsis and septic shock based on the Sepsis-3 definitions.

Methods

This is a prospective observational single-center study. Patients admitted to the intensive care unit (ICU) were
retrospectively categorized as non-sepsis, sepsis, or septic shock by Sepsis-3 definitions. Total AM (tAM) and mature AM
(mAM) were measured upon ICU admission. Receiver operating characteristics (ROC) analyses were performed by
calculating the area under the curve (AUC) for diagnosis and prognosis of sepsis and septic shock.

Results

A total of 98 patients were enrolled in the final analysis. Among these, 42, 22, and 34 patients were assigned to non-
sepsis, sepsis, and septic shock, respectively. tAM and mAM levels significantly increased according to the severity of
sepsis. The AUCs of tAM/mAM for diagnosing sepsis and septic shock were 0.879/0.848 and 0.858/0.830, respectively,
whereas those of procalcitonin (PCT)/presepsin (PSEP) were 0.822/0.682 and 0.811/0.661, respectively. The AUCs of
tAM/mAM on Day 1 and 3 for predicting 28-day mortality of septic patients were 0.669/0.5741 and 0.931/0.892,
respectively, whereas those of sequential organ failure assessment (SOFA) score/lactate were 0.669/0.824 and
0.922/0.794, respectively.

Conclusions

Both tAM and mAM are reliable, early biomarkers to diagnose sepsis and septic shock according to the Sepsis-3
definitions, and are comparable to PCT. Furthermore, AM level on Day 3 is a reliable biomarker to predict 28-day mortality
due to sepsis, which is comparable to that of the SOFA score and lactate level.

Background
Sepsis is a common clinical condition, characterized as a systemic microbial infection and subsequent organ failure
often leading to death [1–3]. Despite the development of various diagnostic and therapeutic modalities, sepsis- and
septic shock-associated mortality remains high [1–3]. In-hospital mortality from septic shock is 20–50% [1–3], although
mortality rates vary depending on the expertise and experience of each medical center. According to the most recent
Center for Disease Control (CDC) report, it is estimated that sepsis affects approximately 1.7 million individuals in the
United States annually, causing the death of 270,000 individuals, and 1 out of every 3 hospital deaths [4]. Sepsis should
be diagnosed as soon as possible to potentiate the effects of early evidence-based treatment and intensive care, which
can improve survival and decrease in-hospital mortality rates [5]; however, clinical and laboratory findings for sepsis are
non-specific and bacterial culture results are not readily available, so sepsis diagnosis and risk stratification of septic
patients is often delayed [6]. Biomarkers such as C reactive protein (CRP) and procalcitonin (PCT) are widely used to
differentiate between systemic inflammatory response syndrome (SIRS), sepsis, and septic shock, as well as for patient
risk stratification [7, 8]. Accordingly, characterizing new diagnostic biomarkers to identify patients in early stages of
sepsis or septic shock is essential, as mortality rates due to septic shock are still unacceptably high despite modern
intensive care medicine.
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Adrenomedullin (AM) is a potent vasodilator peptide originally identified in tissue extracts of human pheochromocytoma
[9]. In the present day, AM is known to be produced in several organs and tissues [10]. It has various physiological effects
on the cardiovascular system, renal function, and central nervous system, including the regulation of blood pressure and
vascular tone, increasing cardiac output, promoting diuresis and natriuresis, inhibiting aldosterone secretion, and
suppressing fluid intake [9–13]. Blood AM levels increase in patients with heart failure, myocardial infarction, pulmonary
hypertension, SIRS, inflammatory bowel diseases, renal failure, and sepsis [10, 15–18]. For sepsis, bioactive mature
forms of AM (mAM or bio-AM) and the mid-region of AM (MR-proADM or proADM) are closely associated with sequential
organ failure assessment (SOFA) or acute physiology and chronic health evaluation (APACHE) II scores, and can be
useful as diagnostic and prognostic biomarkers [19–28]. These studies, however, were based on the Sepsis-1 or Sepsis-2
definitions. Thus, we conducted this study to assess the diagnostic and prognostic value of AM for sepsis and septic
shock using the Sepsis-3 definitions, which define sepsis as infection and organ failure [29].

Methods

Study design
This prospective, observational, single-center study was conducted in accordance with the principles of the Declaration
of Helsinki and was approved by the Hospital Ethical Committee for Human Studies (Ref: 0-0317) on 1 December 2014,
and retrospectively registered with the Japanese Clinical Trial Registry “UMIN-CTR” (Ref: UMIN000036474). General
informed consent was obtained from all short-term observational patients and written informed consent was obtained
from all long-term observational patients (age ≥ 20 years). Strengthening the Reporting of Observational Studies in
Epidemiology (STROBE) guidelines were followed to prepare this manuscript. For analysis, patients were classified as
non-sepsis, sepsis, or septic shock according to the Sepsis-3 definitions; sepsis was defined as a SOFA score of 2 or more
following infection, and septic shock was defined as a mean atrial pressure (MAP) < 65 mmHg or lactate concentration > 
2 mmol/L, despite fluid resuscitation with ≥ 30 mL/kg crystalloid or 5% albumin, in patients diagnosed with sepsis [29].
Exclusion criteria were age < 20 years, pregnancy, trauma, postoperative patients, or lack of informed consent.

In the short-term observational patients, residual artery blood gas samples, which were obtained close to the time of
admission; and 6 hours, 12 hours, 18 hours, and 24 hours post-admission to the ICU; were used to measure AM, to
eliminate additional blood sample collection and reduce the burden on patients. In long-term observational patients,
blood samples were collected at the time of consent and on Days 3, 5, and 7.

Data collection
Clinical data obtained from electronic medical records included demographics, diagnosis, chronic comorbidities,
laboratory test results, microbiology, and biomarker levels. The SOFA score, which consisted of six organ-specific scoring
items including the respiratory system, cardiovascular system, liver, coagulation, and kidneys, was calculated daily. All
blood samples except for blood culture specimens were collected from an arterial catheter. Either or both PCT and
presepsin (PSEP) were measured upon admission.

Biomarker measurements
AM derives from AM precursor in a two-step enzymatic reaction. First, 185-amino acid AM precursors, known as
preproadrenomedullin, are converted to glycine-extended AM, which are 53-amino acid, inactive, intermediate form of AM
(iAM). Subsequently, by enzymatic amidation, iAM are converted to bioactive mature AM (mAM), 52-amino acid peptide
with an amide group at the C-terminus [30, 31]. Although both iAM and mAM forms circulate in the bloodstream, over
85% of total plasma AM is inactive iAM. Comparative radioimmunoassays used in previous studies could not distinguish
between iAM and mAM; hence, AM sometimes indicated total AM (tAM = iAM + mAM). In our study, plasma levels of both
mAM and tAM were measured by a specific fluorescence immunoassay (Tosoh Corporation, Tokyo, Japan) with two
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independent antibodies: one that bound to the ringed structure for the tAM assay and the other that bound to the middle
region between the ring and the C-terminal portion of the peptide for the mAM assay, as previously described [32, 33].
Plasma PSEP level was measured with a rapid chemiluminescent enzyme immunoassay (CLEIA) using a PATHFAST
immunoanalyzer (Mitsubishi Chemical Medience, Tokyo, Japan).

Additionally, we obtained data on PCT, white blood cell (WBC) count, C-reactive protein (CRP), platelets, creatinine, and
prothrombin time-international normalized ratio (PT-INR), which were routinely measured at the central laboratory.

Statistical Analysis
Statistical analysis was performed using MedCalc 17 (MedCalc Software bvba, Ostend, Belgium). Data were expressed
as the median (IQR: interquartile range) or with exact numbers. Continuous variables were compared using Mann-
Whitney U or Kruskal-Wallis tests as appropriate. Receiver operating characteristic (ROC) analysis and comparison of the
area under the curve (AUC) were performed to evaluate the predictability of biomarkers to diagnose and prognose sepsis
and septic shock. Retrospective power analysis was performed by G*Power (Version 3.1.9.3, Dusseldorf University,
Dusseldorf, Germany) software [34]. P < 0.05 was considered statistically significant.

Results

Patient characteristics
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Table 1
Clinical characteristics of patients admitted to ICU by Sepsis-3 classification

  All (n = 98) Short-term monitoring (n = 55) Long-term monitoring (n = 
43)

Non-
sepsis
(n = 42)

Sepsis
(n = 22)

Septic
shock
(n = 34)

Non-
sepsis
(n = 25)

Sepsis
(n = 12)

Septic
shock
(n = 18)

Non-
sepsis
(n = 17)

Sepsis
(n = 10)

Septic
shock
(n = 
16)

Age (y),
median
(IQR)

66.5
(56.3–
76.0)

66.5
(52.5–
76.0)

72.5
(60.0–
79.8)

68.0
(61.0–
76.0)

67.0
(49.3–
74.0)

67.5
(55.8–
80.5)

63.0
(54.0–
75.0)

66.5 (59.5–
77.5)

73.5
(66.5–
77.8)

Male, n (%) 32 (76) 14 (64) 23 (68) 18 (72) 6 (50) 11 (61) 14 (82) 8 (80) 12
(75)

Diagnosis, n
(%)

                 

Abdominal
Disorder

8 (19) 4 (18) 12 (35) 3 (12) 2 (17) 6 (33) 5 (29) 2 (20) 6 (38)

Abscess 1 (2) 0 (0) 2 (6) 0 (0) 0 (0) 1 (6) 1 (6) 0 (0) 1 (6)

Aortic
Disorder

3 (7) 0 (0) 0 (0) 3 (12) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)

Blood
Stream
Infection

0 (0) 4 (18) 5 (15) 0 (0) 3 (25) 2 (11) 0 (0) 1 (10) 3 (19)

Heart
Failure

10 (24) 0 (0) 0 (0) 9 (36) 0 (0) 0 (0) 1 (6) 0 (0) 0 (0)

Neurological
Disorder

1 (2) 1 (5) 1 (3) 1 (4) 1 (8) 0 (0) 0 (0) 0 (0) 1 (6)

Respiratory
Disorder

8 (19) 8 (36) 7 (21) 3 (12) 3 (25) 4 (22) 5 (29) 5 (50) 3 (19)

Skin/Soft
tissue
Disorder

3 (7) 1 (5) 2 (6) 2 (8) 1 (8) 2 (11) 1 (6) 0 (0) 0 (0)

Urinary
Disorder

3 (7) 2 (9) 3 (9) 2 (8) 1 (8) 1 (6) 2 (12) 1 (10) 2 (13)

Others 5 (12) 2 (9) 2 (6) 3 (12) 1 (8) 2 (11) 2 (12) 1 (10) 0 (0)

28-day
mortality, n
(%)

6 (14.3) 2 (9.1) 15
(45.5)

3 (12.0) 2 (16.7) 7 (38.9) 3 (17.6) 0 (0) 8
(53.3)

Data are expressed as median (IQR) or numbers of patients (percentage). ICU; intensive care unit, IQR; interquartile
range.

Between January 2015 and November 2018, 98 patients were enrolled in this study (Fig. 1), 43 consecutive patients from
January 2015 to August 2017 were included in the long-term observational group, and 55 consecutive patients from
September 2017 to November 2018 were included in the short-term observational group. There were 22 and 34 patients
diagnosed by Sepsis-3 definitions with sepsis and septic shock, respectively, and 42 diagnosed as non-sepsis. Clinical
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characteristics are shown in Table 1. The abdomen and respiratory tract were the most common infection sites, whereas
heart failure was the most common reason for ICU admission in non-sepsis patients. We could not track the outcome of
one septic shock patient in the long-term observational group, because the patient changed hospitals. The overall 28-day
mortality was 23.7% (Fig. 1 and Table 1). The 28-day mortality due to sepsis and septic shock was 30.4% (sepsis: 9.1%,
septic shock: 45.5%).

Table 2
Clinical parameters of patients at ICU admission

Clinical
parameters

Non-sepsis (n = 42) Sepsis (n = 22) Septic shock (n = 34) p-
value

n median (IQR) n median (IQR) n median (IQR)

tAM (pmol/L) 42 19.0 (10.9–35.8) 22 49.1 (34.4–89.7) 34 168.0 (77.6–
295.0)

< 
0.001

mAM (pmol/L) 42 2.2 (1.2–3.7) 22 4.7 (3.0–8.2) 34 10.7 (6.4–23.1) < 
0.001

Procalcitonin
(∝g/L)

37 0.3 (0.1–1.6) 22 3.5 (0.5–13.4) 34 23.2 (2.1–61.2) < 
0.001

Presepsin (ng/L) 36 663 (298.5–
1231)

22 942 (446–3188) 33 1443 (662–
2447)

0.064

SOFA score 42 6 (3–8) 21 7 (6–11) 34 11 (8–13) < 
0.001

Lactate
(mmol/L)

42 1.3 (1.0–2.2) 22 1.3 (1.0–1.9) 34 3.7 (2.3–5.5) < 
0.001

WBC (/mL) 41 10
600

(8125–14
525)

21 9200 (1950–17
050)

34 10
400

(4125–15
950)

0.76

CRP (mg/mL) 39 3.9 (0.8–10.8) 21 12.3 (7.7–20.7) 34 18.6 (8.9–27.5) < 
0.001

Platelet (× 
109/L)

41 178 (111–203) 21 120 (34–246) 34 99 (34–145) 0.002

PT-INR 39 1.37 (1.11–1.84) 20 1.28 (1.11–1.57) 34 1.53 (1.24–
1.87)

0.049

Creatinine
(mg/dL)

41 0.9 (0.7–2.2) 21 1.3 (0.7–1.6) 34 2.4 (1.1–2.9) 0.006

Data are expressed as median (IQR) and analyzed with the Kruskal-Wallis test. ICU, intensive care unit; IQR;
interquartile range; tAM, total adrenomedullin; mAM, adrenomedullin; SOFA, sequential organ failure assessment;
WBC, white blood cell; CRP, C-reactive protein; PT-INR, prothrombin time-international normalized ratio.

Clinical parameters including laboratory results, SOFA scores, and AM on ICU admission are presented in Table 2. tAM,
mAM, PCT, PSEP, SOFA scores, and lactate levels, biomarkers of sepsis, are shown in Fig. 2. tAM, mAM, PCT, SOFA scores,
and lactate levels increased significantly according to the severity of sepsis. tAM, mAM, and PCT levels were particularly
divergent between patients categorized as non-sepsis and those categorized as sepsis/septic shock. There was no
significant difference in SOFA score, PSEP, and lactate levels between the non-sepsis and sepsis groups (Fig. 2 and
Table 2). Comparisons of tAM and mAM levels at various time points post-admission for short- and long-term
observation patients classified as non-sepsis and sepsis/septic shock are shown in Fig. 3a and 3b. tAM and mAM in the
septic/septic shock group were significantly higher than those in the non-sepsis group within 24 hours of admission and
from admission to Day 3, respectively.
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ROC analysis for the diagnosis of sepsis and septic shock
Table 3

Diagnostic performance of each clinical parameter in sepsis/septic shock patients at ICU admission

Clinical
parameters

Cutoff AUC (95% CI) Sensitivity
(%)

Specificity
(%)

PPV
(%)

NPV
(%)

LR+ LR- p-
value

tAM 39.6 pmol/L 0.879 (0.814–
0.945)

76.8 81.0 84.3 72.3 4.03 0.29 < 
0.001

mAM 5.1 pmol/L 0.848 (0.773–
0.923)

69.6 85.7 86.7 67.9 4.87 0.35 < 
0.001

Procalcitonin 1.3 ∝g/L 0.822 (0.737–
0.907)

74.1 75.7 81.6 66.7 3.05 0.34 < 
0.001

Presepsin 1270 ng/L 0.682 (0.570–
0.794)

50.9 86.1 84.8 53.4 3.67 0.57 0.622

SOFA score 8 0.772 (0.679–
0.866)

60.0 83.3 82.5 61.4 3.60 0.48 0.370

Lactate 1.8 mmol/L 0.664 (0.553–
0.775)

66.1 69.1 74.0 60.4 2.13 0.49 < 
0.001

WBC 8700 /mL 0.553 (0.437–
0.669)

45.5 68.3 65.8 48.3 1.43 0.80 0.021

CRP 7.4 mg/dL 0.764 (0.663–
0.865)

78.2 71.8 79.6 70.0 2.77 0.30 < 
0.001

Platelet 134 × 109/L 0.693 (0.586–
0.800)

67.3 70.7 75.5 61.7 2.30 0.46 0.004

PT-INR 1.26 0.532 (0.405–
0.659)

64.8 46.2 62.5 48.6 1.20 0.76 < 
0.001

Creatinine 1.3 mg/dL 0.638 (0.521–
0.755)

58.2 68.3 71.1 54.9 1.83 0.61 0.002

ICU, intensive care unit; tAM, total adrenomedullin; mAM, mature adrenomedullin; SOFA, sequential organ failure
assessment; WBC, white blood cell; CRP, C-reactive protein; PT-INR, prothrombin time-international normalized ratio;
AUC, area under curve; CI, confidence interval; PPV, positive predictive value; NPV, negative predictive value; LR+,
positive likelihood ratio; LR-, negative likelihood ratio.
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Table 4
Significance level of pairwise comparisons of ROC curves in sepsis/septic shock patients at ICU admission

Clinical parameters AUC p-value of pairwise comparison of ROC curves

tAM mAM SOFA score Lactate Procalcitonin Presepsin

tAM 0.872 - 0.093 0.010 < 0.001 0.221 < 0.001

mAM 0.824 - - 0.110 0.008 0.889 0.009

SOFA score 0.734 - - - 0.325 0.107 0.283

Lactate 0.656 - - - - 0.024 0.867

Procalcitonin 0.817 - - - - - 0.014

Presepsin 0.669 - - - - - -

Pairwise comparison was performed in 87 patients, which had every clinical parameter. ICU, intensive care unit; tAM,
total adrenomedullin; mAM, mature adrenomedullin; SOFA, sequential organ failure assessment; ROC, receiver
operating characteristic; AUC, area under curve.
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Table 5
Diagnostic performance of each clinical parameter in septic shock patients at ICU admission

Clinical
parameters

Cutoff AUC (95% CI) Sensitivity
(%)

Specificity
(%)

PPV
(%)

NPV
(%)

LR+ LR- p-
value

tAM 57.9 pmol/L 0.858 (0.775–
0.941)

82.9 82.5 72.5 89.7 4.75 0.21 < 
0.001

mAM 6.1 pmol/L 0.830 (0.745–
0.915)

77.1 81.0 69.2 86.4 4.05 0.28 < 
0.001

Procalcitonin 9.6 ∝g/L 0.811 (0.722–
0.900)

66.7 86.2 73.3 82.0 4.83 0.39 < 
0.001

Presepsin 1270 ng/L 0.661 (0.547–
0.775)

55.9 75.4 57.6 74.1 2.28 0.58 0.020

SOFA score 8 0.816 (0.730–
0.902)

74.3 77.4 65.0 84.2 3.29 0.33 0.657

Lactate 1.9 mmol/L 0.828 (0.740–
0.916)

88.6 74.6 66.0 92.2 3.49 0.15 < 
0.001

WBC 6600 /mL 0.529 (0.401–
0.657)

37.1 82.0 54.2 69.4 2.06 0.77 < 
0.001

CRP 14.8 mg/dL 0.734 (0.630–
0.838)

65.7 76.3 62.2 78.9 2.77 0.45 < 
0.001

Platelet 134 × 109/L 0.701 (0.596–
0.805)

74.3 62.3 53.1 80.9 1.97 0.41 < 
0.001

PT-INR 1.35 0.633 (0.521–
0.746)

68.6 53.5 47.1 73.8 1.47 0.59 < 
0.001

Creatinine 1.8 mg/dL 0.698 (0.591–
0.804)

62.9 75.4 59.5 78.0 2.56 0.49 0.006

ICU, intensive care unit; tAM, total adrenomedullin; mAM, mature adrenomedullin; SOFA, sequential organ failure
assessment; WBC, white blood cell; CRP, C-reactive protein; PT-INR, prothrombin time-international normalized ratio;
AUC, area under curve; CI, Confidence interval; PPV, positive predictive value; NPV, negative predictive value; LR+,
positive likelihood ratio; LR-, negative likelihood ratio.
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Table 6
Significance level of pairwise comparisons of ROC curves in septic shock patients at ICU admission

Clinical parameters AUC p-value of pairwise comparison of ROC curves

tAM mAM SOFA score Lactate Procalcitonin Presepsin

tAM 0.859 - 0.144 0.276 0.575 0.312 0.003

mAM 0.815 - - 0.730 0.836 0.955 0.018

SOFA score 0.793 - - - 0.626 0.767 0.033

Lactate 0.828 - - - - 0.815 0.012

Procalcitonin 0.813 - - - - - 0.025

Presepsin 0.657 - - - - - -

Pairwise comparison was performed in 87 patients, which had every clinical parameter. ICU, intensive care unit; tAM,
total adrenomedullin; mAM, mature adrenomedullin; SOFA, sequential organ failure assessment; ROC, receiver
operating characteristic; AUC, area under curve.

To compare the diagnostic accuracy of sepsis and septic shock using each biomarker, we performed an ROC curve
analysis and determined the AUCs. The AUCs of tAM, mAM, PCT, PSEP, SOFA scores, and lactate levels for the diagnosis
of sepsis/septic shock were 0.879, 0.848, 0.822, 0.682, 0.772, and 0.664, respectively (Fig. 4a and Table 3). The AUCs of
tAM and mAM for the diagnosis of sepsis were significantly higher than those of lactate (p < 0.001 and p = 0.008,
respectively) and PSEP (p < 0.001 and p = 0.009, respectively) (Table 4). The cutoff points of tAM and mAM for the
diagnosis of sepsis were 39.6 pmol/L (≈ 237.6 ng/L) (AUC: 0.879, 95% CI: 0.773–0.923, sensitivity: 76.8%, specificity:
81.0%) and 5.1 pmol/L (≈ 30.6 ng/L) (AUC: 0.848, 95% CI: 0.814–-0.945, sensitivity: 69.6%, specificity: 85.7%),
respectively (Table 3). The positive likelihood ratio (LR+) of mAM for the diagnosis of sepsis was 4.87, which was the
highest value among all clinical parameters (Table 3). The negative likelihood ratio (LR-) of tAM for the diagnosis of
sepsis was 0.29, which was the lowest value among all clinical parameters (Table 3).

The AUCs of tAM, mAM, PCT, PSEP, SOFA score, and lactate levels for the diagnosis of septic shock were 0.858, 0.830,
0.811, 0.661, 0.816, and 0.828, respectively. (Fig. 4b and Table 5). The AUCs of tAM and mAM were significantly higher
than those of PSEP (p = 0.0033 and p = 0.0184, respectively) (Table 6). The cutoff points of tAM and mAM for the
diagnosis of septic shock were 57.9 pmol/L (≈ 347.4 ng/L) and 6.1 pmol/L (≈ 36.6 ng/L), respectively. The highest LR + 
for the diagnosis of septic shock was 4.83 in PCT.

ROC analysis to predict 28-day mortality associated with sepsis and
septic shock
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Table 7
Comparison of clinical parameters of survivors and non-survivors in sepsis/septic shock (Day 1)

Clinical parameters Survivor Non-survivor p-value Power

n median (IQR) n median (IQR)

tAM (pmol/L) 17 57.9 (34.9–178.0) 8 153 (87.3–304.0) 0.180  

mAM (pmol/L) 17 6.4 (3.0–14.3) 8 5.9 (3.9–7.4) 0.560  

Procalcitonin (∝g/L) 17 10.4 (1.2–31.0) 8 16.8 (1.0–93.6) 0.462  

Presepsin (ng/L) 17 664 (377–1400) 8 960 (571–2027) 0.396  

SOFA score 17 7 (5.8–11.3) 8 11.5 (11.0–13.5) 0.113  

Lactate (mmol/L) 17 1.9 (0.9–2.8) 8 4.0 (3.3–5.8) 0.010 0.579

WBC (/mL) 17 10 400 (3150–16 475) 8 12 250 (4900–23 150) 0.522  

CRP (mg/mL) 17 13.6 (5.1–23.7) 8 15.4 (8.7–19.2) 0.600  

Platelet (× 109/L) 17 109 (38–187) 8 138 (76–198) 0.705  

PT-INR 17 1.30 (1.16–1.70) 8 1.61 (1.33–2.43) 0.081  

Creatinine (mg/dL) 17 1.2 (1.0–1.6) 8 2.1 (1.2–2.8) 0.200  

Data are expressed as the median (IQR) and analyzed with a Mann-Whitney U-test. Retrospective power analyses
were performed with G*Power Post hoc t-tests (Two-tails, α = 0.05). IQR; interquartile range; tAM, total adrenomedullin;
mAM, mature adrenomedullin; SOFA, sequential organ failure assessment; WBC, white blood cell; CRP, C-reactive
protein; PT-INR, prothrombin time-international normalized ratio.
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Table 8
Comparison of clinical parameters of survivors and non-survivors in sepsis/septic shock (Day 3)

Clinical parameters Survivor Non-survivor p-value Power

n median (IQR) n median (IQR)

tAM (pmol/L) 17 22.0 (18.1–40.3) 6 132 (102–221) 0.002 0.960

mAM (pmol/L) 17 3.2 (2.2–4.9) 6 10.8 (8.7–14.2) 0.005 0.924

Procalcitonin (∝g/L) 14 12.6 (3.7–19.7) 6 40.7 (7.7–127.0) 0.288  

Presepsin (ng/L) 12 632 (285–884) 6 1050 (746–2013) 0.090  

SOFA score 17 5 (4–9.3) 6 12.5 (12–15) 0.003 0.988

Lactate (mmol/L) 17 1.2 (1.1–1.5) 6 2.1 (1.8–2.6) 0.036 0.615

WBC (/mL) 17 10 900 (6400–21 100) 6 9550 (5000–24 600) 0.529  

CRP (mg/mL) 17 12.3 (6.4–22.3) 6 19.5 (9.5–34.5) 0.363  

Platelet (× 109/L) 17 69 (42–200) 6 63 (46–102) 0.575  

PT-INR 15 1.24 (1.13–1.35) 6 1.41 (1.24–1.52) 0.094  

Creatinine (mg/dL) 17 1.0 (0.5–1.7) 6 1.2 (0.8–2.7) 0.345  

Data are expressed as the median (IQR) and analyzeded with a Mann-Whitney U-test. Retrospective power analyses
were performed with G*Power Post hoc t-tests (Two-tails, α = 0.05). IQR; interquartile range; tAM, total adrenomedullin;
mAM, mature adrenomedullin; SOFA, sequential organ failure assessment; WBC, white blood cell; CRP, C-reactive
protein; PT-INR, prothrombin time-international normalized ratio.

In sepsis/septic shock patients, tAM and mAM levels in non-survivors on Day 3 were significantly higher than those in
survivors, whereas there was no significant difference in tAM and mAM levels on admission day (Day 1) between
survivors and non-survivors (Tables 7 and 8).

Table 9
Prognostic performance of each clinical biomarker for 28-day mortality for patients

with sepsis/septic shock
Clinical parameters AUC (p-value)

Day 1 (n = 25) Day 3 (n = 23) Day 5 (n = 11)
tAM 0.669 (0.173) 0.931 (< 0.001) 0.911 (< 0.001)
mAM 0.574 (0.553) 0.892 (< 0.001) 0.667 (0.011)
SOFA score 0.669 (0.108) 0.922 (< 0.001) 0.889 (< 0.001)
Lactate 0.824 (< 0.001) 0.794 (0.013) 0.889 (< 0.001)
Platelet 0.548 (0.721) 0.578 (0.554) 0.556 (< 0.001)
AUC, area under curve. tAM, total adrenomedullin; mAM, mature adrenomedullin; SOFA,
sequential organ failure assessment.
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Discussion
This is a prospective, single-center study investigating the diagnostic performance of plasma adrenomedullin (total and
mature AM) for sepsis and septic shock defined by Sepsis-3, and the prognostic performance of AM for 28-day mortality
of patients with sepsis. In this study, we demonstrated that (1) AM is a competent biomarker with the greatest diagnostic
accuracy for sepsis and septic shock among the biomarkers we evaluated, (2) AM can accurately diagnose sepsis and
septic shock at ICU admission, and (3) AM has the potential to prognose 28-day mortality for patients with sepsis,
especially from Day 2 to Day 5 post-ICU admission, as do SOFA score and lactate levels.

Sepsis-3 definitions and sepsis biomarkers
Sepsis is a life-threatening event caused by microbial infection-induced multiple organ failure. In 1992, the American
College of Chest Physicians and the Society of Critical Care Medicine (SCCM) first proposed the definition and diagnosis
of sepsis based on the SIRS criteria, referred to as Sepsis-1 [35]. Subsequently, in 2001, the SCCM, the American College
of Chest Physicians, the European Society of Intensive Care Medicine, the American Thoracic Society, and the Surgical
Infection Society refined the diagnostic criteria of sepsis, called Sepsis-2, and defined “severe sepsis” [36]. The SCCM and
the European Society of Intensive Care Medicine published the Sepsis-3 definition and diagnostic criteria in 2016, which
removed SIRS and severe sepsis from the original Sepsis-1 concept, and redefined sepsis using the SOFA score [29]. As
described by Fang and colleagues, when two or more SIRS criteria (Sepsis-1 and − 2) or the increment in SOFA score ≥ 2
(Sepsis-3) were applied to predict 21-day all-cause mortality in infected patients without prior chronic organ dysfunction,
the sensitivity was 96.0% or 91.0%, and the specificity was 8.3% or 21.9%, respectively [37]. Sepsis-3 diagnostic criteria
may narrow the sepsis population, because the SOFA score represents the severity of the condition, whereas the SIRS
score represents a clinically evident host response to infection.

Diagnosis by Sepsis-3 definitions is based on identifying the infection and SOFA scoring. Although hematological,
biochemical, and microbiological laboratory tests are essential to diagnose sepsis, culture-based infection diagnosis
takes time [8], and failure to identify sepsis in the early stages delays effective treatment, resulting in high mortality.
Thus, major efforts have been made to find biomarkers that allow early diagnosis of sepsis [7, 8]. Recently, TREM-1,
HMGB1, PCT, and PSEP were identified and validated as sepsis biomarkers. PCT, widely regard as one of the most useful
sepsis biomarkers, is recommended by the Surviving Sepsis Campaign Guideline (SSCG) [29]; however, PCT is not an
ideal diagnostic biomarker. For patients on steroids, or patients with local infection alone or infection with atypical
bacteria, PCT results can be falsely negative. Moreover, PCT levels may increase after cardiac arrest or surgery, and in

Table 10
Prognostic performance of AM for 28-day mortality for patients with sepsis/septic shock

Biomarkers Day Cutoff (pmol/L) AUC (95% CI) Sensitivity (%) Specificity (%) PPV (%) NPV (%) LR+ LR-
tAM 1 64.2 0.669 (0.426–0.912) 87.5 58.8 50.0 90.9 2.12 0.21

3 72.5 0.931 (0.791–1.000) 83.3 100 100 94.4 - 0.17
5 27.5 0.911 (0.758–1.000) 100 80.0 50.0 100 5.00 0

mAM 1 6.5 0.574 (0.331–0.816) 75.0 47.1 40.0 80.0 1.42 0.53
3 5.4 0.892 (0.714–1.000) 83.3 88.2 71.0 94.0 7.08 0.19
5 5.5 0.844 (0.579–1.000) 66.7 93.3 66.7 93.3 9.96 0.36

AM, adrenomedullin; AUC, area under curve; CI, Confidence interval; tAM, total adrenomedullin; mAM, mature
adrenomedullin; PPV, positive predictive value; NPV, negative predictive value; LR+, positive likelihood ratio; LR-, negative
likelihood ratio.
ROC analysis was performed to predict 28-day mortality in septic patients (Table 9). The AUCs of tAM, mAM, and SOFA
scores on Day 3 were 0.931, 0.892, and 0.922, respectively, whereas lactate was the only potential for biomarker (AUC of
0.824) to predict 28-day mortality on Day 1. The cutoff points of tAM and mAM for 28-day mortality on Day 3 were
72.5 pmol/L (≈ 435.0 ng/L) (sensitivity: 83.3%, specificity: 100%) and 5.4 pmol/L (≈ 32.4 ng/L) (sensitivity: 83.3%,
specificity: 88.2%), respectively (Table 10).
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patients with severe trauma [8]. Thus, in this study, we evaluated the blood concentration of AM, which is elevated in
sepsis [19–28], as an additional potential biomarker to diagnose sepsis and septic shock defined by Sepsis-3.

Two molecular forms of AM in circulation
Kitamura et al. reported that two major molecular forms of AM circulate in the blood of humans, biologically active
mature AM (mAM) with an amidated C-terminus, and inactive intermediate AM (iAM) with a non-amidated C-terminal
glycine [30, 31]. Numerous prior studies assessed AM levels in plasma and tissue, but the immunoreactive AM detected
in these studies was the tAM level, which includes both mAM and iAM. The clinical significance of iAM is still unclear.
Some reports showed similar changes in mAM and iAM [33, 38, 39]. Although iAM is biologically inactive, one study
demonstrated that following conversion to mAM, it exerted vasodilatory action in isolated rat aortas ex vivo and took
much longer to achieve maximum relaxation than mAM, suggesting that iAM may act as a hormone reservoir [40].
Bioactive AM would be an informative biomarker; however, its short half-life (approximately 22 minutes) and the AM-
binding protein, complement factor H, hinder the reliable measurement of bioactive AM [27, 28, 41]. To address these
problems, mid-regional pro-adrenomedullin (MR-proADM or proADM), another fragment of the AM precursor peptide, has
been introduced as an alternative biomarker [27, 28]. Although it had been presumed that MR-proADM represented the
sum of synthesized iAM and mAM, the ratio between MR-proADM and bioactive AM can vary, thus MR-proADM does not
always reflect the actual amount of bioactive AM [40]. Recently, Weber et al. reported a new assay to reliably measure the
bioactive mature form of AM (which they referred to as bio-ADM) [42], and bio-ADM in patients with sepsis is more
strongly associated with clinical outcome relative to MR-proADM concentrations [24]. In our mAM assay, the limits of
detection and quantitation were 0.133 and 0.085 pM, respectively, according to Clinical and Laboratory Standards
Institute (CLSI) protocols. Intra- and inter-assay coefficients of variation were 1.8% and 5.1%, respectively [33]. However,
we did not assess the impact of complement factor H on our mAM assay. Thus, we believe our mAM assay is as reliable
as the bio-ADM assay reported by Weber et al., unless complement factor H concentration is especially high.

AM and other clinical study parameters
Consistent with previous studies, we observed that at ICU admission, tAM and mAM were moderately elevated in patients
with sepsis (without shock), whereas, they were highly elevated in patients with septic shock [19–28]. In contrast, SOFA
score, PSEP, and lactate levels in patients with sepsis (without shock) were not significantly different from those in the
non-sepsis group. The SOFA score and lactate levels of non-sepsis patients were elevated because the non-sepsis group
contained patients who had severe diseases with organ failure or organ dysfunction such as acute heart failure, acute
pancreatitis, acute hepatic failure, and acute interstitial pneumonitis. When non-sepsis patients were admitted to the ICU,
the average PSEP level was 663 ng/L, which was as same as cutoff value (670 ng/L) for sepsis diagnosis reported by
Nakamura et al [43]. As described in previous reports [43, 44], this high PSEP level may be associated with renal
dysfunction, because the creatinine level of non-sepsis patients was also elevated.

Diagnostic performance of AM at ICU admission for patients with
sepsis and septic shock, as defined by Sepsis-3
Although multiple reports have claimed that bioactive AM and MR-proADM could prognose the severity of sepsis, the
progression to septic shock, or sepsis-related mortality [19–28], there has been little mention of the performance of AM
for diagnosing sepsis using the latest Sepsis-3 definitions. In this study, we found that among all clinical parameters
examined, tAM had the highest diagnostic accuracy for sepsis at ICU admission, and the diagnostic accuracy of mAM for
sepsis was also high (Table 3).

Bernal-Morell et al. reported that to diagnose sepsis, the AUCs of MR-proADM, CRP, PCT, and lactate were 0.771 (95% CI:
0.692–0.850), 0.643 (95% CI: 0.547–0.739), 0.695 (95% CI: 0.604–0.786), and 0.483 (95% CI: 0.383–0.583), respectively
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[45]. Wacker et al. reported that the AUC of PCT for sepsis diagnosis was 0.85 (95% CI: 0.81–0.88, sensitivity: 77%,
specificity: 79%) [46]. Kondo et al. reported that the AUC of PCT and PSEP were 0.84 (95% CI: 0.81–0.87, sensitivity: 80%,
specificity: 75%) and 0.87 (95% CI: 0.84–0.90, sensitivity: 84%, specificity: 73%), respectively [47]. These reports suggest
that PCT and PSEP are high-quality, diagnostic biomarkers of sepsis. The diagnostic performance of PCT in our study
was consistent with these previous reports. Additionally, we found that the ability of tAM and mAM to diagnose sepsis
was equivalent to that of PCT; however, the diagnostic performance of PSEP was lower than that reported by previous
studies. As described previously, the PSEP levels in the non-sepsis group in our study may have been elevated due to
renal dysfunction [44].

The diagnostic performances of tAM and mAM for septic shock were highest among the clinical parameters evaluated at
ICU admission, and were equivalent to the diagnostic performance of lactate and PCT for septic shock. Chen et al.
reported that the AUC for the diagnostic performance of AM for severe sepsis and septic shock defined by Sepsis-2 was
0.847 (95% CI: 0.797–0.898, cutoff value: 41.24 ng/L, sensitivity: 67.6%, and specificity: 90.0%) [25]. The AUC for
diagnostic performance of AM for sepsis and septic shock in our study is consistent with previous reports, although we
used Sepsis-3 diagnostic criteria and prior studies used Sepsis-1 or Sepsis-2 criteria. These findings suggest that AM
levels increase as the severity of sepsis increases, thus, AM may be a suitable diagnostic biomarker for point-of-care
testing.

Predictive performance of AM for the prognosis of patients with
sepsis
Prognosing the clinical outcome of sepsis patients with MR-proADM and bioactive AM levels has also been described
[19–21, 23, 24, 26, 27]. Chen et al. reported that the AUC of AM to predict the risk of in-hospital mortality was 0.773 (95%
CI: 0.738–0.808, cutoff value: 34.49 ng/L, sensitivity: 81.6%, specificity: 60.8%) [26]. Marino et al. demonstrated that bio-
ADM levels at ICU admission strongly correlated with 28-day mortality. Patients with ADM levels > 70 ng/L had a 28-day
survival rate of 55%. For patients in this group whose ADM levels remained above 70 ng/L through Day 4 post-
admission, the survival rate was 36%. In contrast, when ADM levels were below 70 pg/mL the survival rate was 100%
[24]. Furthermore, Mebazaa et al. reported that in patients with bio-ADM > 70 ng/L on admission, a decrease in bio-ADM
levels to below 70 ng/L on Day 2 was associated with recovery of organ function on Day 7 and better 28-day outcomes
(9.5% mortality), whereas persistently elevated bio-ADM levels on Day 2 were associated with prolonged organ
dysfunction and high 28-day mortality (38.1% mortality) [20]. In our study, tAM and mAM levels on Day 1 could not
predict 28-day sepsis-related mortality; however, their levels on Day 3 showed a high predictive value for sepsis-related
mortality by ROC analysis. In fact, the AUCs of tAM and mAM were the highest among the biomarkers evaluated. These
results suggest that both tAM and mAM levels reflect the severity of organ damage and mortality will increase if organ
damage continues.

Previous reports suggested that increasing AM levels correlated worsening prognoses for patients with sepsis [48]. In
contrast, AM can have a tissue protective effect in vitro and in vivo. Moreover, AM is highly anticipated as a new
therapeutic agent for inflammatory bowel disease [10]. Although some preclinical animal studies have evaluated the
effects of AM or AM antibody therapy for sepsis [49], it is still unclear if AM will have beneficial therapeutic effects for
patients with sepsis. There is an ongoing, multi-center study evaluating AM-binding antibody therapy for sepsis
(AdrenOSS-2) [50]. The results of this study may finally characterize the efficacy of AM therapy for patients with sepsis.

Limitations
Our study has several limitations. The effect of complement factor H on the mAM assay used in our study is not yet
known. The sample size was small. The laboratory data, which are obtained in daily routine and used by the practicing
clinicians (except for PSEP) were not measured using the same blood sample used for AM measurement. Furthermore,
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this study was performed as a small, single-center study focusing on the diagnostic performance of AM for sepsis and
septic shock based on Sepsis-3 definitions. Thus, future randomized, controlled, multi-center studies should seek to verify
our study results.

Conclusions
We found that AM plasma levels at ICU admission can diagnose sepsis and septic shock according to the latest Sepsis-3
definitions with accuracy that is high and comparable to PCT. Furthermore, except for ICU admission day, AM levels
acquired during the first week of an ICU stay can also predict 28-day, sepsis-related mortality with accuracy comparable
to predictions derived by co-assessing SOFA scores and lactate levels.
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Figure 1

Flow chart of patient enrollment and classification by Sepsis-3 definitions. *Short-term observation was done within 24
hours of ICU admission. **Long-term observation was done within 7 days of ICU admission. We could not track the
outcome of one septic shock patient in the long-term observational group. ICU, intensive care unit.
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Figure 2

Comparative plasma expression of biomarkers and SOFA scores among non-sepsis, sepsis, and septic shock patients.
Group comparisons were performed using Kruskal-Wallis and post-hoc Mann-Whitney U test. *p < 0.05, **p < 0.01, ***p <
0.001. NS, non-sepsis; S, sepsis; SS, septic shock; tAM, total adrenomedullin; mAM, mature adrenomedullin; SOFA,
sequential organ failure assessment.
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Figure 3

Comparative plasma levels of tAM and mAM of non-sepsis and sepsis/septic shock patients. (a) Short-term observations
were acquired within 24 hours of ICU admission. (b) Long-term observations were acquired within 7 days of ICU
admission. Group comparisons were performed using the Mann-Whitney U test; *p < 0.05, **p < 0.01, ***p < 0.001. NS,
non-sepsis; S, sepsis; SS, septic shock; tAM, total adrenomedullin; mAM, mature adrenomedullin.
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Figure 4

Receiver operating characteristics (ROC) analyses of biomarkers for the diagnosis/prognosis of sepsis and septic shock.
(a) ROC analyses of biomarkers for patients diagnosed with sepsis or septic shock as defined by Sepsis-3. (b) ROC
analyses of biomarkers for patients with septic shock as defined by Sepsis-3. ROC analyses were performed by
calculating the area under the curve (AUC). tAM, total adrenomedullin; mAM, mature adrenomedullin; SOFA, sequential
organ failure assessment score.


