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Abstract: Background: Neonatal sepsis is a serious condition with high mortality, espe-
cially in premature and low-birth-weight neonates. This study aims to examine whether
the haemostatic profile of neonates with sepsis defers depending on the type of bacteria
(Gram-positive or Gram-negative), by using the method of Rotational Thromboelastom-
etry (ROTEM). Methods: This single-centre prospective cohort study was conducted on
128 neonates with sepsis, including 95 cases caused by Gram-negative pathogens and
33 cases caused by Gram-positive bacteria. All participants were hospitalised in the Neona-
tal Intensive Care Unit (NICU). ROTEM parameters were compared between neonates with
Gram-positive and Gram-negative infections. Results: The ROTEM parameters were found
to be significantly different between neonates suffering from Gram-positive versus Gram-
negative infections, with Gram-positive pathogens associated with an increased clotting
potential compared to Gram-negative pathogens. This is reflected in the higher ROTEM
values such as A10, α-angle, and MCF in the EXTEM and INTEM assays. Multivariant anal-
ysis showed that Gram-positive infections were linked to increased clot thickness at 10 min
(coefficient: 8.9, CI: 2.8–15.0, p = 0.004), higher maximum clot stability (coefficient: 10.4,
CI: 4.3–16.6, p = 0.001), and a bigger α-angle (coefficient: 8.0, CI: 2.7–13.2, p = 0.003). Similar
findings were observed in the INTEM assay parameters. Conclusions: Neonatal sepsis
caused by Gram-positive bacteria leads to a hypercoagulable haemostatic state, whereas
neonates with sepsis caused by Gram-negative bacteria exhibit a more hypocoagulable
profile and a higher incidence of haemorrhagic episodes. These findings provide valuable
insights into the haemostatic disorders associated with sepsis, and may aid in developing
an individualised approach for the treatment of those disorders, dependent on and adapted
for the specific type of causative organism.

Keywords: neonatal sepsis; Gram-positive bacteria; Gram-negative bacteria; neonatal
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1. Introduction
Sepsis is a life-threatening condition caused by a dysregulated host response to an

infection and characterised by severe multi-organ dysfunction [1]. Despite neonates being
particularly susceptible to sepsis, incidence data for this age group are limited or lacking
in many countries [2]. According to the 2016–2017 Global Burden of Disease (GBD) Study
report, it is estimated that there are annually 1.3 million cases of neonatal sepsis recorded
globally (95% CI 0.8–2.3 millions) [3], resulting in approximately 203,000 sepsis-related deaths
(95% CI 178,700–267,100) [4]. In 2018, it was estimated that 375,000 neonatal deaths were
attributed to sepsis, a number representing 15% of all neonatal deaths globally [5]. The
prognosis of neonatal sepsis is largely dependent on timely recognition and appropriate
therapeutic management, but the clinical signs and symptoms of sepsis are often non-specific,
making diagnosis challenging and potentially delaying treatment [6,7]. Early recognition
is vital, as delayed or inappropriate use of antibiotics can severely impact the morbidity
and mortality outcomes of sick neonates with sepsis. On the other hand, the overuse of
antibiotics can adversely affect the microbiome, contribute to organ dysfunction, or cause
idiosyncratic toxicities [8,9]. The variations in host responses and the virulence mechanisms
of different pathogens must be considered when treating patients with bacteraemia. The
attributes of the causative pathogen hold prognostic significance. Studies reported higher
mortality rates for infections caused by Gram-negative bacteria (10–40%) compared to those
caused by Gram-positive bacteria (7–27%) [10,11]. Moreover, antimicrobial resistance (AMR)
has risen significantly worldwide over the past decade. Currently, approximately 50–70%
of Gram-negative bacteria responsible for neonatal sepsis are multidrug resistant (MDR),
leading to greater morbidity and mortality, extended hospital stays, and increased healthcare
costs [12]. Additionally, there is an urgent need for the development of new therapeutic
strategies beyond conventional antibiotics, as the prompt initiation of appropriate antimicro-
bial therapy is vital for the effective management of sepsis [13]. A targeted therapy with an
individualised dosing scheme and duration of treatment, guided by diagnostic biomarkers
and patient responses to treatment, could help rationalise antibiotic use without increas-
ing risks of undertreatment, and therefore, could contribute to increased effectiveness and
safety. Validation of such biomarkers in different geographical and economic environments
is integral to ensure that their sensitivity and specificity remain reliable in different clinical
conditions and aetiologies of sepsis. The development of such diagnostic tests would aid
appropriate escalation or de-escalation of treatment in patients with suspected sepsis. Blood
culture remains the gold standard in the diagnosis of sepsis [14,15]. Nevertheless, its limita-
tions are the increased timeframe to obtain results, which ranges from 48 to 72 h or more,
and false negative results, especially from neonates with low birth weight, where obtaining
adequate blood volume for culture may be difficult. Diagnosis remains challenging in the
early stages of disease due to the non-specific nature of clinical signs and symptoms, and
therefore, relies largely on laboratory tests such as full blood count (FBC) and serum levels
of C-reactive protein (CRP), rather than the time-consuming blood culture [16,17]. Recent
studies have highlighted the role of procalcitonin (PCT) [18,19] and persepsin as potential
biomarkers with high sensitivity and specificity for the diagnosis of neonatal sepsis [20–24].
However, it remains unclear how laboratory markers differ according to the onset of infection
and the type of bacteria, either Gram-positive or Gram-negative. A recent study found that
neonatal late-onset sepsis (LOS) caused by Gram-negative bacteria is associated with higher
CRP levels and lower platelet (PLT) numbers, with the authors suggesting that both CRP
and PLT values can be useful biomarkers for differentiating sepsis caused by Gram-negative
versus Gram-positive bacteria in term neonates [25].

The activation of clotting pathways is frequently observed in severely unwell patients
with sepsis. Sepsis disrupts the physiological fine balance between prothrombotic and
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antithrombotic factors, severely disturbing the homeostasis of the coagulation system and
leading to the increased production of thrombin, reduced anticoagulant activity, and sup-
pression of fibrinolysis. This condition is known as Sepsis-Induced Coagulopathy (SIC) and
it is a frequent and severe complication observed in 24% of patients with septicaemia and
66% of patients with septic shock. The development of SIC is linked with adverse clinical
outcomes and increased mortality, as it leads to disseminated intravascular coagulation
(DIC), multi-organ dysfunction syndrome (MODS), and increased clotting risk [26–28].
The close relationship between haemostatic disorders and host inflammatory responses
constitutes an important link in the pathogenesis of severe infection and sepsis [29]. The
clotting activation pathways, along with the regulatory mechanisms developed by bacteria
in response, could be the targets of novel therapeutic strategies for the treatment of infec-
tious diseases. Despite this, there are only few studies that have assessed the haemostatic
profile of septic patients depending on the type of pathogen causing sepsis, and these
are virtually non-existent in the neonatal population [30,31]. The aim of this study is to
evaluate whether the haemostatic profile of septic neonates is affected by the type of bac-
teria causing sepsis. More specifically, this study intends to find any differences between
the values of rotational thromboelastometry (ROTEM) parameters in septic neonates with
either Gram-positive or Gram-negative sepsis and assess the potential of ROTEM values in
differentiating Gram-positive from Gram-negative bacterial infections.

2. Results
2.1. Baseline Characteristics of Study Cohort

Overall, 128 neonates with septicaemia were included in the study. Among them,
95 (74.2%) had an infection caused by Gram-negative pathogens, while for 33 (15.8%)
neonates, the causative pathogen was Gram-positive bacteria. The most common pathogens
in neonates with Gram-negative infections included Klebsiella spp. other than Klebsiella
pneumioniae (n = 28. 29.4%), Enterobacter cloacae (n = 27, 28.4%), Klebsiella oxytoca (n = 18.
18.9%), and Pseudomonas aeruginosa (n = 6, 6.3%). The most common pathogen in neonates
with Gram-positive infections was Staphylococcus epidermidis (n = 22, 66.6%), followed by
Staphylococcus haemolyticus (n = 6, 18.1%). The median gestational age was similar for both
groups (medians: 32.0 weeks, p = 0.91), while neonates with Gram-positive and Gram-
negative pathogens also did not differ in terms of sex (males: 63.6% vs. 60%, p = 0.92) or
birth weight (medians: 1490 g vs. 1480 g, respectively, p = 0.97; Table 1).

Table 1. Characteristics of the study population.

Septic Neonates Due to
Gram-Negative Pathogens

(Group A = 95)

Septic Neonates Due to
Gram-Positive Pathogens

(Group B = 33)
p-Value

Gestational age (weeks) 32.8 ± 5.2,
32.0 (28.0–38.0)

32.6 ± 3.9,
32.0 (30.0–35.0) 0.91

Gender (males %) 60 (63.1) 21 (63.6) 0.92

Birth weight (g) 1986.6 ± 1104.4,
1480 (1010–2900)

1887.5 ± 967.2,
1490 (1010–2580) 0.97

Cases of death 16 (16.8) 1 (3.0) 0.044

Bronchopulmonary dysplasia (BPD) 40 (42.1) 15 (45.4)

0.50
Mild 9 (9.4) 5 (15.1)

Moderate 2 (2.1) 2 (6.0)
Severe 29 (30.5) 8 (24.2)
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Table 1. Cont.

Septic Neonates Due to
Gram-Negative Pathogens

(Group A = 95)

Septic Neonates Due to
Gram-Positive Pathogens

(Group B = 33)
p-Value

Retinopathy of prematurity (ROP) 37 (38.9) 13 (39.3)
0.55Without treatment 26 (27.3) 7 (21.2)

With treatment 11 (11.5) 6 (18.1)

Patent ductus arteriosus (PDA) 19 (20.0) 5 (15.1)
0.89Without treatment 4 (4.2) 1 (3.0)

Medical treatment 15 (15.7) 4 (12.1)

Respiratory distress syndrome (RDS) 76 (80.0) 21 (63.6) 0.059

Intraventricular haemorrhage (IVH) 42 (44.2) 18 (51.4) 0.30

Neonatal bleeding assessment tool (NeoBAT)
No haemorrhage 38 (40) 26 (78.7)

0.003
Mild haemorrhage 18 (18.9) 4 (12.1)

Moderate haemorrhage 15 (15.7) 1 (3.0)
Major haemorrhage 16 (16.8) 1 (3.0)
Severe haemorrhage 8 (8.4) 1 (3.0)

Intrauterine growth retardation (IUGR) 9 (9.4) 3 (8.5) 0.94

Acute kidney injury (AKI) 33 (34.7) 5 (15.1) 0.034

Regarding other comorbidities, the incidence of bronchopulmonary dysplasia was
similar in neonates with Gram-positive and Gram-negative pathogens (42.1% vs. 45.4%,
p = 0.50), as well as the incidence of respiratory distress syndrome (63.6% vs. 80.0%,
p = 0.059), and intraventricular haemorrhage (44.2% vs. 51.4%, p = 0.30). However, acute
kidney injury was less common in neonates with Gram-positive bacteria than in those with
Gram-negative bacteria (15.1% vs. 34.7%, p = 0.034; Table 1).

Regarding the laboratory findings in the two study groups, neonates that had a Gram-
positive infection had a higher platelet count (median: 169.0 × 103/mL vs. 60.0 × 103/mL,
p = 0.005), lower white blood cell count (median: 9.6 × 103/mL vs. 13.4 × 103/mL,
p = 0.037), and lower CRP levels (median: 30.5 mg/L vs. 53.9 mg/L, p = 0.005) compared
to neonates with an isolated Gram-negative pathogen. Moreover, neonates with Gram-
positive pathogens had a lower TOLLNER score (median: 7.0 vs. 11.5, p < 0.001), lower
nSOFA score (median: 2.0 vs. 5.0, p = 0.001), and lower modified NEOMOD score (median:
5.0 vs. 8.9, p = 0.001) compared to neonates with Gram-negative bacteria (Table 2).

Table 2. Laboratory data and clinical scores of the study cohort.

Variables
Septic Neonates Due to

Gram-Negative Pathogens
(Group A = 95)

Septic Neonates Due to
Gram-Positive Pathogens

(Group B = 33)
p-Value

WBC
(count × 103/mL)

15.1 ± 9.9,
13.4 (6.8–20.0)

12.1 ± 9.7,
9.6 (7.2–13.3) 0.037

Neutrophils (%) 64.1 ± 15.3,
64.0 (54.5–75.3)

55.2 ± 19.7,
53.0 (43.0–70.0) 0.016

PLTs
(count × 103/mL)

105.8 ± 107.2,
60.0 (25.0–142.0)

178.9 ± 143.0,
169.0 (66.0–280.0) 0.005

CRP (mg/L) 72.5 ± 61.4,
53.9 (28.4–108.0)

40.7 ± 40.4,
30.5 (11.0–54.0) 0.005
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Table 2. Cont.

Variables
Septic Neonates Due to

Gram-Negative Pathogens
(Group A = 95)

Septic Neonates Due to
Gram-Positive Pathogens

(Group B = 33)
p-Value

TOLLNER score 11.3 ± 4.3,
11.5 (9.0–14.5)

7.3 ± 4.6,
7.0 (5.0–11.0) <0.001

nSOFA score 5.3 ± 3.7,
5.0 (3.0–8.0)

2.8 ± 3.2,
2.0 (0.0–4.0) 0.001

Modified NEOMOD score 7.4 ± 3.2,
8.0 (5.0–10.0)

5.3 ± 2.7,
5.0 (4.0–7.0) 0.002

Abbreviations: WBC, white blood cells; PLTs, platelets; CRP, C-reactive protein; NEOMOD, neonatal multiple
organ dysfunction; nSOFA, neonatal sequential organ failure assessment.

These findings indicate that Gram-negative bacteria were associated with a worse
clinical presentation and more severe infections. This is further supported by the fact that
the mortality rate was higher in neonates with Gram-negative pathogens (16.6% vs. 3.0%,
p = 0.044; Table 1).

2.2. ROTEM Parameters

Several ROTEM parameters deferred between neonates with Gram-positive and Gram-
negative infections, indicating that Gram-positive pathogens may be associated with an
accelerated coagulation potential compared to Gram-negative pathogens (Table 3). Specifically,
neonates with Gram-positive infections had higher clot amplitude at 10 min (EXTEM A10
medians: 51.5 mm vs. 40 mm, p = 0.001), higher maximum clot firmness (EXTEM MCF
medians: 61 mm vs. 49 mm, p < 0.001), and higher alpha angle (EXTEM alpha◦: 76.0◦ vs. 72.5◦,
p = 0.004) compared to neonates with Gram-negative infections (Figure 1). Moreover, the same
hypercoagulable status was evident from the results of the INTEM and FIBTEM methods
of ROTEM analysis, since neonates with Gram-positive infections had higher INTEM A10,
INTEM MCF, and FIBTEM A10, and a higher alpha angle in INTEM and FIBTEM assays.
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neonates with Gram-positive and Gram-negative infection.
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Table 3. ROTEM parameters among the study groups.

Variables
Septic Neonates Due to

Gram-negative Pathogens
(Group A = 95)

Septic Neonates Due to
Gram-positive Pathogens

(Group B = 33)
p-Value

EXTEM CT (s) 77.1 ± 87.2,
58.0 (51.0–74.0)

53.3 ± 9.4,
51.0 (48.0–60.0) 0.008

EXTEM CFT (s) 283.7 ± 375.3,
151.0 (90.0–347.5)

146.6 ± 207.5,
87.0 (67.0–129.0) 0.001

EXTEM A10 (mm) 39.4 ± 16.3,
40.0 (26.0–53.0)

49.3 ± 13.5,
51.5 (41.0–58.5) 0.001

EXTEM MCF (mm) 47.8 ± 16.0,
49.0 (36.0–59.0)

58.8 ± 13.3,
61.0 (53.0–66.0) <0.001

EXTEM Alpha angle (◦) 67.4 ± 15.0,
72.5 (61.0–78.0)

75.6 ± 5.5,
76.0 (73.0–79.0) 0.004

EXTEM LI60 (%) 96.2 ± 4.2,
98.0 (94.0–100.0)

94.2 ± 4.0,
93.0 (91.0–98.0) 0.011

INTEM CT (s) 293.0 ± 560.1,
221.0 (177.5–278.0)

196.9 ± 59.8,
206.5 (166.0–226.0) 0.11

INTEM CFT (s) 326.3 ± 495.8,
156.0 (90.0–367.0)

156.7 ± 281.9,
89.5 (58.0–126.5) <0.001

INTEM A10 (mm) 38.6 ± 15.9,
39.0 (24.0–51.0)

48.4 ± 13.1,
47.0 (42.0–58.0) 0.003

INTEM MCF (mm) 47.3 ± 14.6,
49.0 (35.0–58.0)

55.2 ± 10.2,
56.5 (48.5–61.5) 0.008

INTEM Alpha angle (◦) 63.5 ± 13.9,
66.0 (57.0–74.0)

72.7 ± 7.1,
73.5 (69.5–78.0) <0.001

INTEM LI60 (%) 96.6 ± 3.8,
98.0 (95.0–100.0)

95.0 ± 4.4,
95.0 (91.0–99.0) 0.12

FIBTEM CT (s) 179.7 ± 789.9,
55.0 (46.0–67.0)

49.6 ± 11.8,
50.5 (45.0–55.0) 0.042

FIBTEM A10 (mm) 17.2 ± 7.6,
17.0 (12.0–22.0)

22.5 ± 9.7,
20.0 (18.0–27.0) 0.004

FIBTEM MCF (mm) 22.2 ± 11.4,
20.0 (14.0–28.0)

25.1 ± 10.6,
23.5 (19.0–29.0) 0.16

FIBTEM Alpha angle (◦) 74.2 ± 11.0,
77.0 (72.0–80.0)

78.0 ± 5.8,
78.5 (76.0–82.0) 0.038

FIBTEM LI60 (%) 99.4 ± 2.4,
100.0 (100.0–100.0)

98.8 ± 3.8,
100.0 (100.0–100.0) 0.40

Abbreviations: CT, clotting time; CFT, clot formation time; A10, clot amplitude at 10 min; MCF, maximum clot
firmness; LI60, lysis index at 60 min.

The strong association between Gram-positive pathogens and a higher coagulation
dynamic, as reflected by a higher clot amplitude at 10 min and a higher maximum clot
firmness, was also supported by the results of the multivariable linear regression analysis
(Table 4).
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Table 4. Results of multivariable regression analysis for ROTEM parameters as dependent variables,
with gestational age, birth weight, sex, and type of pathogen (Gram-positive vs. Gram-negative) as
independent variables.

ROTEM Parameters Gram-Positive Pathogen

Coefficient 95% CI p-Value

EXTEM CT (s) −24.5 −54.7–5.6 0.11

EXTEM CFT (s) −121.7 −252.6–9.0 0.06

EXTEM A10 (mm) 8.9 2.8–15.0 0.004

EXTEM MCF (mm) 10.4 4.3–16.6 0.001

EXTEM alpha angle (◦) 8.0 2.7–13.2 0.003

EXTEM LI60 (%) −1.8 −3.6–0.001 0.050

INTEM CT (s) −97.7 −309.2–113.7 0.36

INTEM CFT (s) −153.7 −352.4–44.8 0.12

INTEM A10 (mm) 8.7 2.1–15.2 0.009

INTEM MCF (mm) 7.1 1.2–13.0 0.017

INTEM alpha angle (◦) 8.5 3.1–13.9 0.002

INTEM LI60 (%) −1.4 −3.3–0.3 0.11

FIBTEM CT (s) −110.7 −398.3–176.7 0.44

FIBTEM A10 (mm) 5.0 1.4–8.5 0.006

FIBTEM MCF (mm) 2.3 −2.4–7.0 0.33

FIBTEM alpha angle (◦) 3.9 −0.7–8.1 0.10

FIBTEM LI60 (%) −0.6 −1.9–0.7 0.37
Abbreviations: CI, confidence interval; CT, clotting time; CFT, clot formation time; A10, clot amplitude at 10 min;
MCF, maximum clot firmness; LI60, lysis index at 60 min.

Specifically, the multivariable regression analysis adjusted for sex and birth weight
revealed that an infection by Gram-positive pathogens was associated with a higher EXTEM
clot amplitude at 10 min (coefficient: 8.9, 95% Confidence Interval [CI]: 2.8–15.0, p = 0.004),
a higher EXTEM maximum clot firmness (coefficient: 10.4, 95% Confidence Interval [CI]:
4.3–16.6, p = 0.001), and a higher EXTEM alpha angle (coefficient: 8.0, 95% Confidence
Interval [CI]: 2.7–13.2, p = 0.003). The same INTEM parameters were associated with
Gram-positive pathogens, as shown in Table 4.

3. Discussion
In this study, and for the first time in the international literature, there was an evalua-

tion of the haemostatic profile of septic neonates using the ROTEM method. The analysis
was performed based on the type of pathogen, differentiating between Gram-negative
and Gram-positive bacteria. ROTEM parameter assessment of neonates with both Gram-
positive and Gram-negative septicaemia revealed a significantly hyper-coagulant state in
neonates with Gram-positive sepsis compared to neonates with Gram-negative pathogens,
which were characterised by a more hypo-coagulant profile and more episodes of haem-
orrhage. This approach enables a more individualised understanding of haemostatic
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dysfunction related to sepsis and provides valuable information for targeted therapeutic
interventions depending on the aetiology of bacterial sepsis.

Sepsis constitutes one the main causes of morbidity and mortality in children world-
wide [1,32]. The mechanisms via which bacteria cause sepsis and septic shock include
both a bacterial component (such as cell wall and bacterial secretions) and the host’s im-
mune and tissue level responses [33,34]. The severity of sepsis caused by Gram-positive
versus Gram-negative bacteria has been debated [13,35]. A recent systematic review and
meta-analysis showed that sepsis caused by Gram-negative bacteria is linked with higher
serum concentrations of inflammatory markers and greater disease severity compared to
Gram-positive sepsis [36]. Both animal studies and clinical models have shown that the
haemodynamic response to sepsis is similar in both those two types of bacteria [37–39].
This observation led to the hypothesis that the proinflammatory mediators that participate
in the pathophysiology of sepsis are identical, irrespective of the type of causative bacteria,
and consequently led to the expectation that the inhibition of certain mediators may have a
similar effect on patients with both Gram-positive and Gram-negative sepsis. Despite that,
recent studies have shown that this approach is not justified. Specifically, anti-inflammatory
factors such as the soluble TNF p75 receptor have been proven effective for patients suf-
fering from Gram-negative sepsis, but can be harmful for patients with Gram-positive
sepsis [40,41]. Previous clinical studies that involved administration of high dose corti-
costeroids, platelet activation factor receptor antagonists, and anti-endotoxin therapy had
shown promise in patients with sepsis due to Gram-negative organisms, but no significant
effect on infections with Gram-positive bacteria [42]. This differentiation further highlights
the significance of a tailored approach to sepsis, one that will take into consideration the
type of infectious agent in order to achieve optimal therapeutic results [43].

In the current study, it was found that in neonates, sepsis caused by Gram-positive
bacteria causes a hypercoagulable haemostatic response that is characterised by increased
values of the ROTEM A10, α-angle, and MCF in the EXTEM and INTEM tests, findings
that remained consistent after adjusting for confounding factors such as birth weight,
sex, and gestational age, which have previously been shown to affect the haemostatic
profile of neonates [44–50]. These findings indicate an enhanced clot formation in the
initial stages of sepsis caused by Gram-positive bacteria in comparison to Gram-negative
bacteria, and show that a hypercoagulable state is the initial haemostatic response to sepsis
caused by Gram-positive bacteria. Similar findings have been observed in septic premature
and adult pigs when infected with Gram-positive bacteria [51,52]. In the case of Gram-
negative septicaemia, according to the study findings, neonates have a hypocoagulable
profile, reflected in the ROTEM parameters. It should be noted that the ROTEM parameters
A10 and MCF integrate the contribution of platelet numbers and functionality, fibrinogen
concentration, fibrin polymerization, and factor XIII effect on clot stability [53,54].

In terms of platelets, this study showed that the number of platelets was significantly
reduced in neonates suffering from Gram-negative sepsis. Platelets, in addition to their
main function in haemostasis, actively participate in host defences by phagocytosis of
pathogens and the production of cytotoxic free radicals and oxidative molecules. It is
hypothesised that a combination of factors such as diffuse endothelial damage, bacterial or
fungal toxins, increased platelet activation, and DIC leads to the increased consumption
of platelets during sepsis. The data suggest that a combination of increased platelet
destruction with an insufficient increase in platelet production leads to thrombopenia
during episodes of sepsis in neonates. Studies have shown that neonates with very low
birth weight have a limited capacity to respond to thrombopenia, both in terms of platelet
production and thrombopoietin secretion [55]. This inadequate response may be further
exacerbated during episodes of sepsis, where the host may also be experiencing reduced
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energy reserves or liver dysfunction, further compromising their ability to replenish their
platelets [56]. Some pathogenic organisms appear to have developed mechanisms that
inhibit platelet activation, which helps with their survival inside their host [57]. Many
studies have examined thrombopenia in relation to different microorganisms and have
suggested using low platelet numbers as an early marker of sepsis [58], but so far there is an
ongoing debate, as different studies have yielded different results. Some infectious agents
such as Gram-negative bacteria, fungi, and coagulase negative staphylococci have been
reported to significantly impact platelet numbers when they are causing sepsis [57,59–61].
In a study by Eissa and El-Farrash [61], neonates with Gram-negative sepsis had the lowest
numbers of platelets and reticulated platelets (RP), and highest levels of thrombopoietin
(TPO) and reticulated platelet percentage (RP%), followed by those with fungal sepsis.
The number of platelets was inversely correlated with TPO levels and RP% and was
directly associated with absolute RP numbers. Scheifele et al. [62] examined the association
between endotoxinaemia and thrombopenia during episodes of necrotising enterocolitis
(NEC). In their study, 49% of the patients had detectable endotoxin-like activity (ELA)
and 28% had a platelet nadir below 100.000/mm3. Of those with detectable ELA, 47%
developed thrombopenia, whilst only 9.5% of patients without detectable ELA developed
thrombopenia. In another study, Rowe et al. [63] examined 93 post-op paediatric surgical
patients and noted that 71% of the patients with Gram-negative sepsis had platelet numbers
below 100.000/mm3, whereas all non-septic patients, or those with Gram-positive sepsis,
had platelet numbers above 150.000/mm3. It was additionally shown that platelet numbers
recovered when patients received appropriate treatment for sepsis.

The thrombopenia observed in Gram-negative sepsis may be due to increased platelet
destruction caused by mechanisms such as binding and antibody-mediated activation.
Lipopolysaccharides (LPS), which constitute the main ingredient of Gram-negative bacteria
cell walls, have been proven to cause thrombopenia in experimental models in acellu-
lar extracts. The inflammatory response caused by LPS may activate the consumption
and destruction of platelets, aggravating the haemostatic instability in Gram-negative
sepsis [64–67]. Platelets express many receptors on their surface that bacteria can poten-
tially bind to, including complement receptors, FcγRII, Toll type receptors (TLR), and
integrins such as GPIIb–IIIa or GPIb that are typically part of the haemostatic response.
Bacteria bind to these receptors either directly or indirectly, through fibrinogen, fibronectin,
complement protein C1q, von Willebrand factor, etc. A few studies have noted the ability of
activated platelets to internalise bacteria such as Staphylococcus aureus or Porphyromonas gin-
givalis [68]. Recently, the increased expression of GPIIb/IIIa surface receptors on activated
platelets has been recognised in infections from staphylococcus aureus, signifying direct
and indirect platelet activation as part of an «immunothrombosis» response to bacterial in-
vasion [69–72]. During systematic inflammation, P-selectin is expressed on platelet surfaces,
facilitating platelet aggregation and the binding of platelets to leucocytes, along with tissue
factor expression by monocytes, both contributing to the initial platelet activation through
the formation of Neutrophil Extracellular Traps (NETs), which trap bacteria, concentrate
antibacterial agents, and enhance thrombosis [70]. Additionally, the fact that bacteria can
bind to platelets through receptors that participate in the haemostasis cascade indicates that
they can cause platelet aggregation, something already described for Streptococcus sanguinis,
S. epidermidis, and C. pneumoniae [68,73].

The best-defined antibacterial function of haemostasis is fibrin formation at the site
of infection, which immobilises bacteria and prevents their spread to adjacent tissues. It
has been known for decades that the fibrin network restricts the spread of bacteria to
the circulatory system and reduces the risk of systemic infections [74]. Mice that have
fibrinogen deficiency were observed to have increased susceptibility to infections from
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streptococcus pyogenes (group A streptococci [GAS]) due to reduced fibrin formation [75]. For
pathogens such as Staphylococcus aureus and Escherichia coli, their entrapment in the fibrin
clot is dependent of factor XIII (FXIII), as these bacteria are directly linked to the fibrin fibres
through anchor points that are cross-linked with factor XIII. In factor XIII, deficiency bacteria
are more loosely held within the fibrin network [76]. Additionally, FXIII contributes to
GAS entrapment in the site of infection, thus activating an eradication mechanism through
the production of antimicrobial peptides [77]. Staphylococcus aureus appears to be able to
recruit and activate FXIII within fibrin clots that are formed between the von Willebrand
factor-binding protein (vWbp) and coagulase (Coa). The activated FXIII stabilises fibrin
fibres, rendering them resistant to degradation and enhancing thrombi formed within
abscesses, thus potentially protecting the bacteria from the host’s immune responses [78].
Fibronectin, which is a FXIIIa substrate, is linked with these clots, improving the mechanical
qualities of fibrin [79,80]. In addition, Fibronectin-binding protein A (FnbpA) acts as a
substrate to FXIIIa, resulting in the homopolar connection of FnbpA with fibronectin and
fibrin/fibrinogen [81]. This process not only stabilises fibrin clots, preventing destruction
from phagocytes, but also helps S. aureus to embed its own proteins within the fibrin
network, allowing for immunological escape and survival of the bacteria within the host’s
tissues [82]. These mechanisms point to the significance of FXIII not only for the stabilisation
of the clot, but also in the body’s immunological responses. Our results are consistent with
the literature that has shown FXIII to play an important role in disorders of haemostasis
during sepsis, some of them specific to certain infectious agents.

Initially, bacteraemia and endotoxinaemia lead to increased fibrinolytic activity due to
the release of plasminogen activators from endothelial cells. However, this pro-fibrinolytic
activity is immediately followed by the suppression of fibrinolysis. It appears that in
sepsis, fibrinolysis, though activated, is insufficient to counteract fibrin formation, and that
increased fibrin formation can cause organ dysfunction and even death [83–86]. It is worth
noting that in our study, septic neonates due to Gram-positive bacteria exhibited increased
fibrinolytic activity compared to those with Gram-negative sepsis, as expressed by the
EXTEM LI60 values in the ROTEM test. When we adjusted our analysis for confounding
variables, the statistical difference in the LI60 values between the two groups disappeared.
This finding may be due to the reduced levels of fibrinolysis inhibitors in premature
neonates, which is characteristic of developmental haemostasis. The population of our
study was mainly premature neonates with a mean gestational age of 32 weeks (similar for
both groups). In preterm neonates, haemostatic system immaturity is expressed through
reduced activity of fibrinolysis inhibitors, which can explain the absence of statistically
significant LI60 after adjusting for cofounders such as gestational age, birth weight, and
sex [44]. Moreover, because viscoelastic tests assess the haemostatic system holistically, the
parameters assessing fibrinolysis do not constitute a quantification of fibrinolytic activity
as such, but rather express the equilibrium between clot formation and degradation [87].
Thus, a disordered fibrinolytic response may exist, but it is overshadowed by the intensely
hypo-coagulant profile exhibited by neonates with Gram-negative sepsis. According to
a different study assessing the diagnostic value of ROTEM in the early recognition of
disorders of fibrinolysis in septic neonates [88], the clinical usefulness of parameters LI60
or ML was limited in relation to differentiating between neonates with confirmed sepsis,
suspected sepsis, and healthy neonates, and for assessing the outcome of sepsis.

In our study, it was observed that neonates with sepsis from Gram-negative bacteria
had a significantly worse clinical condition compared to neonates with Gram-positive
sepsis, as shown by their higher TOLLNER, nSOFA, and modified NEOMOD scores. Addi-
tionally, the increased incidence of haemorrhages and higher mortality in neonates with
Gram-negative pathogens confirm the severity of those cases, and these findings fully
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align with the hypo-coagulant profile of those neonates in the ROTEM tests. This hypo-
coagulant profile reflects disorders of haemostasis that appear to contribute both to the
worse outcomes and increased mortality of the neonatal population with Gram-negative
sepsis. Also, from previous studies by our research team it has been shown that the
ROTEM CT, CFT, MCF, A10, and A20 values reflect not only the severity of the haemostatic
deficiency of premature neonates with evident haemorrhagic tendency, but also their out-
comes [88–95], findings that align with those of studies on adults with septicaemia [96,97].
Gram-negative bacteria are frequently implicated in the pathogenesis of sepsis and septic
shock, but the exact mechanism of that remains uncertain [98,99]. Variations in bacterial
virulence mechanisms lead to distinct host responses, including differences in the activation
of signalling pathways and the regulation of host cell apoptosis—either stimulation or sup-
pression [13,100,101]. These differences can significantly affect patient outcomes and should
be taken into account when managing bacteraemia. Moreover, there is a pressing need to
develop innovative therapeutic approaches beyond conventional antibiotics, as initiating
appropriate antimicrobial treatment promptly is essential for effectively addressing sepsis.

The activation of the clotting system during sepsis is a common occurrence, caused
by a generalised inflammatory response to bacterial antigens, mediated through the tissue
factor pathway [102]. The combination of activated clotting pathways with the disruption
of anticoagulant mechanisms and inadequate fibrinolysis can lead to the life threatening
complication of Disseminated Intravascular Coagulation—DIC, also an abbreviation for
“Death is Coming” [103]. During the transition from compensated to decompensated
DIC there is a gradual consumption and depletion of clotting factors, accompanied by
the formation of microthrombi [102], which can lead to significant haemorrhage, severe
complications, multi-organ deficiency, and death. In septic patients, the early recognition
and treatment of DIC can prevent those severe complications and improve clinical outcomes.
The well-documented hallmarks of DIC on conventional clotting tests are thrombopenia,
prolonged prothrombin time (PT), increased fibrin degradation products (FDPs), and
low fibrinogen levels as clotting factors are depleted due to excessive clot formation
and increased fibrinolysis. These deranged clotting results are typically evident in the
advanced stages of DIC, but are usually absent it the early stage [102], rendering them
ineffective for the early detection of DIC, prior to its decompensated state and its major
haemostatic implications.

Conventional clotting screening (PT, aPTT) does not include cellular elements
(platelets, red blood cells, etc.), only provides limited information on segments of the
clotting cascade such as initial platelet-less thrombin formation, and cannot provide any
information on fibrinolysis or platelet functionality [104–106]. Those tests can also be af-
fected by factors such as proteins interacting with very low-density lipoproteins–C-reactive
protein complexes (VLDL-C) or antiphospholipid antibodies, thus not presenting a true
reflection of the patient’s haemostatic status [107]. Conversely, ROTEM offers a compre-
hensive evaluation of both the plasma and the cellular clotting system with whole blood
analysis, offering data that reflect with greater accuracy the production of thrombin and
the actual clotting process. Platelets play an important role in the primary “explosive”
thrombin generation, and the use of specialised thromboelastometry parameters can help
analyse clot stability and assess fibrinolysis better than conventional clotting tests that
are limited in the initial phase of coagulation [104]. The use of the EXTEM, INTEM, and
FIBTEM tests combined with the evaluation of ROTEM parameter values offers a more
detailed picture of various components of the coagulation cascade and of the process of
fibrin polymerization [108]. Additionally, in contrast to conventional clotting screening,
ROTEM can detect the fine variations in the balance between coagulation and fibrinolysis in
real time, offering a more realistic assessment of the patient’s true haemostatic status, and
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thus becoming a critical tool in the early recognition and management of DIC, especially in
sepsis, where clotting dysfunction can evolve rapidly and with severe consequences [109].
There are cases mentioned in the literature of patients with septicaemia presenting with
hypercoagulability detected through ROTEM, despite conventional screening indicating
increased risk of haemorrhage [109,110]. This raises concerns given that according to the
current protocols, fresh frozen plasma transfusions and clotting factor administration are
common practices in septic patients prior to surgical procedures or central line insertion,
potentially increasing risk of complications. Furthermore, this highlights the crucial role
of ROTEM for the precise evaluation of hyper- or hypocoagulability and the improved
clinical management of critical conditions such as sepsis, allowing for more targeted and
safer therapies. It is widely recognised that sepsis is a heterogeneous condition, influenced
by factors such as host genetics, patient age, comorbidities, source of infection, causative
pathogen, and the organ systems involved. These factors collectively determine the host’s
response to sepsis, which can vary according to different sepsis endotypes [111]. Despite
this variability, certain therapeutic approaches remain consistent across cases. Currently,
efforts are underway to identify distinct clinical subgroups of sepsis patients with treat-
able features, including a coagulopathic subtype, through the use of advanced molecular
techniques [112]. Sepsis-induced coagulopathy, a crucial factor to recognise in the clinical
management of neonatal sepsis, is often overlooked compared to other forms of organ
dysfunction. Monitoring the haemostatic profile is essential in sepsis management, as dis-
ruptions in coagulation can significantly impact the patient’s clinical progression. Impaired
haemostasis is linked to an increased risk of thrombosis or bleeding complications, which
underscores the importance of assessing haemostatic parameters for the early detection
and appropriate treatment of sepsis. Increasing understanding of the basic underlying
mechanisms allows us to successfully stabilise individual uncompensated subsystems,
such as coagulation, in septic neonates. We must learn to embrace these steps in order to
achieve better outcomes, particularly in terms of survival, for vulnerable neonates facing
this devastating disease.

In terms of the limitations of this study, this is a single-centre study with a relatively
small number of patients, so its results should be interpreted with caution. There was
no correlation between ROTEM results and conventional clotting tests, as the latter were
not performed in the neonates of the study. The variation in the timing of ROTEM mea-
surements even within the first day of development of sepsis and the absence of serial
measurements could also affect our results, as sepsis is a dynamic process. The host’s
inflammatory response to an infectious organism usually leads to an initial pro-thrombotic
phase in the septic patient, but the continuing consumption of clotting factors due to on-
going clotting eventually leads to haemostatic instability. Thus, the evaluation of clotting
disorders in acute sepsis is a complex and time sensitive process that is best conducted
using serial measurements. On the other hand, the fact that the data are from a single centre
limits the effect of different clinical practices and ensures homogeneity in the assessment
and the recognition of early clinical signs and symptoms of sepsis.

4. Materials and Methods
This is a single-centre, prospective cohort study conducted over a period of 4 years

(March 2020–March 2024), which included preterm and term neonates with sepsis hos-
pitalised at the Neonatal Intensive Care Unit (NICU) of the General Hospital of Nikaia,
Piraeus. Ethics approval was granted by the Scientific Council on 26 February 2020, (5/24),
with the study’s protocol designed, implemented, and reported according to the Declara-
tion of Helsinki. Informed consent was provided by either the parents or guardians of the
participating neonates. The protocol included a diagram with the physical examination
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findings and the laboratory results for every neonate of the study, filled in by two members
of the research team (RS, AK).

4.1. Definitions

Sepsis was defined as a clinical condition characterised by the isolation of bacteria in
the blood culture. Regarding diagnosing sepsis from coagulase-negative staphylococcus
(CoNS), two consecutive positive blood cultures with the same CoNS strain, one posi-
tive blood culture and concurrent presence of two clinical signs, or laboratory findings
indicative of infection, are required [90,113]. The occurrence of specific clinical symptoms
and/or laboratory findings indicative of sepsis, which necessitate the initiation of antibiotic
treatment, was assessed [113,114]:

Clinical symptoms and signs: (i) temperature instability, (ii) feeding intolerance,
(iii) apnea/need for oxygen therapy or mechanical ventilation, (iv) bradycardia/tachycardia,
(v) tissue hypoxia, hypotension, (vi) irritability/lethargy, (vii) pallor, jaundice, and haem-
orrhagic rash. Risk factors for infection, based on perinatal history, include premature and
prolonged rupture of membranes (>18 h), maternal fever during labour, and chorioamnionitis.

Laboratory findings: (i) metabolic acidosis or increased lactic acid (>2 mmol/L),
(ii) leukocyte count (<5000 or ≥20,000/mm3), (iii) absolute neutrophil count >5400/mm3 or
<1000/mm3, (iv) ratio of immature to total neutrophils (I/T) > 0.27 in full-term neonates and
>0.22 in preterm neonates, (v) thrombocytopenia (PLT < 100,000/mm3), and (vi) increased
CRP levels (>5 mg/L).

4.2. Exclusion Criteria

Neonates that had previously received fresh frozen plasma or platelet transfusion, with
congenital clotting disorders, with personal or family history of haemorrhagic disorders,
or known or suspected major congenital or chromosomal disorders were excluded from
the study.

4.3. Outcome Measurements

All neonates participating in the study had a detailed family, obstetric, perinatal, and
neonatal history, obtained along with their demographic data. Any neonate with suspected
infection had the following investigations taken prior to starting antibiotic treatment:

Blood culture—a blood sample was obtained from each neonate under aseptic con-
ditions from a peripheral artery and was inoculated with sterile technique in an aerobic
culture bottle (BacT Alert PF, Biomerieux, Lyon, France). The microorganisms were iden-
tified through the BacT/ALERT system, their Gram-stain, and their growth patterns on
specific growth mediums (agar).

Full blood count, acid–base balance, arterial blood sample for pH, anion gap, lactate
levels; biochemical profile- liver function tests, urea and electrolytes, creatinine, glucose, cal-
cium, and CRP- were obtained. Depending on their clinical condition, neonates with clinical
suspicion of infection may have had a urine culture, cerebrospinal fluid or other biological
fluid cultures, or imaging investigations (such as X-ray or ultrasound) to help identify
the focus of infection. In addition, repeat samples were collected for infection markers
whenever clinically indicated, and up until the antimicrobial therapy was completed.

4.4. Rotational Thromboelastometry (ROTEM) Technique

In neonates with suspected infection, ROTEM examination was performed immedi-
ately upon clinical suspicion and along with the indicated infection screening. For the
ROTEM measurements, the 4-channel «rotational thromboelastometry» device was used
(ROTEM® Whole Blood Haemostasis System Rotation Thromboelastography Tem Innova-
tions GmbH, Munich, Germany). All whole blood samples were examined in the ROTEM®
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within 30 min from venepuncture. The tests’ thromboelastographic curves were recorded
for a period of observation of 90 min. ROTEM was performed in whole blood samples and
according to the manufacturer’s specifications. The following ROTEM tests were obtained:
EXTEM: assessment of extrinsic coagulation pathway; INTEM: assessment of intrinsic
coagulation pathway; and FIBTEM: by addition of a potent platelet inhibitor and complete
suppression of platelet contribution to clot formation and stabilisation, it can assess the
qualitative and quantitative sufficiency of fibrinogen. All blood samples were carefully
examined for fibrin clots, with rejection of any sample with a presence of microthrombi.
The following EXTEM variables were measured: clotting time (CT, in s), clot formation
time (CFT, in s), the clot size–width at 10 min (A10), α-angle (ao), maximum clot firmness
(MCF, in mm), and clot lysis index at 60 min (LI60, %). Neonates of the study, in addi-
tion to their appropriate infection screening, had their Neonatal Sequential Organ Failure
Assessment (nSOFA) score [115,116], TOLLNER score [117], and modified NEOMODS
score [118] calculated. Incidences of haemorrhage were categorised by their severity using
the modified Neonatal Bleeding Assessment Tool (NeoBAT) [119]. The study population
consisted of neonates who had not received any antibiotic therapy for a minimum of 48 h
prior to their enrolment.

4.5. Statistical Analysis

Descriptive statistics of the data were calculated in the first phase of the statistical anal-
ysis. For continuous variables means ± SD, medians and interquartile ranges (IQR) were
calculated, while for categorical frequencies, percentages were presented. Demographics,
clinical characteristics, and laboratory findings between neonates with Gram-negative vs.
Gram-positive pathogens were compared using the non-parametric Wilcoxon rank-sum
test or the chi-square test, depending on whether variables were continuous or categorical.
To evaluate whether the type of pathogen (Gram-negative vs. Gram-positive) was inde-
pendently associated with altered haemostatic dynamics, a multivariable linear regression
analysis was performed with ROTEM parameters as the dependent variables, and gram
type, gender, birth weight, and age of gestation as the independent variables. The Stata
15.0 software (Stata Corp., College Station, TX, USA) was used for the statistical analysis,
while statistical significance was set at p value < 0.05.

5. Conclusions
Sepsis is a complex condition with multiple aetiologies and pathophysiological path-

ways. The recognition of different host responses according to the type of infectious agent
is of critical importance for the choice of the optimal therapeutic strategy. This study
has revealed crucial differences in the haemostatic profiles of neonates with septicaemia
depending on the type of bacteria. ROTEM showed hypercoagulability in neonates with
Gram-positive sepsis, whereas neonates with Gram-negative sepsis had a hypo-coagulant
profile and increased incidence of haemorrhagic episodes. These findings highlight the
potential for targeted therapeutic strategies based on the causative bacterial pathogen to
optimise outcomes in neonatal sepsis. Additionally, this study emphasises the importance
of ROTEM for the evaluation of risks of hyper- or hypocoagulability in critical situations
such as sepsis. More studies centred around the use of ROTEM in the characterisation of
neonatal sepsis are needed to confirm or expand on our findings, and to assess how these
can be translated into clinical practice and the improvement of therapeutic strategies for
this devastating condition.
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