
Citation: Overbeek, R.; Leitl, C.J.;

Stoll, S.E.; Wetsch, W.A.; Kammerer,

T.; Mathes, A.; Böttiger, B.W.; Seifert,

H.; Hart, D.; Dusse, F. The Value of

Next-Generation Sequencing in

Diagnosis and Therapy of Critically Ill

Patients with Suspected Bloodstream

Infections: A Retrospective Cohort

Study. J. Clin. Med. 2024, 13, 306.

https://doi.org/10.3390/jcm13020306

Academic Editor: Karim Bendjelid

Received: 13 December 2023

Revised: 30 December 2023

Accepted: 3 January 2024

Published: 5 January 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Journal of

Clinical Medicine

Article

The Value of Next-Generation Sequencing in Diagnosis and
Therapy of Critically Ill Patients with Suspected Bloodstream
Infections: A Retrospective Cohort Study
Remco Overbeek 1,* , Christoph J. Leitl 1 , Sandra E. Stoll 1 , Wolfgang A. Wetsch 1 , Tobias Kammerer 1 ,
Alexander Mathes 1 , Bernd W. Böttiger 1 , Harald Seifert 2 , Dominique Hart 1 and Fabian Dusse 1

1 Department of Anaesthesiology and Intensive Care Medicine, Faculty of Medicine,
University Hospital Cologne, University of Cologne, 50937 Cologne, Germany

2 Institute for Medical Microbiology, Immunology and Hygiene, Faculty of Medicine,
University Hospital Cologne, University of Cologne, 50935 Cologne, Germany

* Correspondence: remco.overbeek@uk-koeln.de

Abstract: Bloodstream infection (BSI), a frequent cause of severe sepsis, is a life-threatening com-
plication in critically ill patients and still associated with a high mortality rate. Rapid pathogen
identification from blood is crucial for an early diagnosis and the treatment of patients with suspected
BSI. For this purpose, novel diagnostic tools on the base of genetic analysis have emerged for clinical
application. The aim of this study was to assess the diagnostic value of additional next-generation
sequencing (NGS) pathogen test for patients with suspected BSI in a surgical ICU and its potential
impact on antimicrobial therapy. In this retrospective single-centre study, clinical data and results
from blood culture (BC) and NGS pathogen diagnostics were analysed for ICU patients with sus-
pected BSI. Consecutive changes in antimicrobial therapy and diagnostic procedures were evaluated.
Results: 41 cases with simultaneous NGS and BC sampling were assessed. NGS showed a statistically
non-significant higher positivity rate than BC (NGS: 58.5% (24/41 samples) vs. BC: 21.9% (9/41);
p = 0.056). NGS detected eight different potentially relevant bacterial species, one fungus and six
different viruses, whereas BC detected four different bacterial species and one fungus. NGS results
affected antimicrobial treatment in 7.3% of cases. Conclusions: NGS-based diagnostics have the
potential to offer a higher positivity rate than conventional culture-based methods in patients with
suspected BSI. Regarding the high cost, their impact on anti-infective therapy is currently limited.
Larger randomized prospective clinical multicentre studies are required to assess the clinical benefit
of this novel diagnostic technology.

Keywords: next-generation sequencing; sepsis; antimicrobial therapy; DISQVER; pathogen detection;
blood culture

1. Introduction

Bloodstream infection (BSI), a frequent cause of severe sepsis, is a life-threatening
complication in critically ill patients, and is associated with a high mortality rate [1,2].
Rapid pathogen identification is essential for early diagnosis and initiation of targeted
antimicrobial treatment of patients with suspected BSI in intensive care medicine [3]. On
the one hand, sufficient anti-infective treatment is crucial for survival. On the other hand,
the avoidance of overtreatment and side effects of unnecessary antimicrobial therapy can
improve patients’ outcome, as emphasized in the “surviving sepsis campaign” [2,4] and
could also decrease antimicrobial selection pressure and avoid antimicrobial resistance.
Currently, blood culture is the gold standard method for diagnosis of BSI, despite its limited
sensitivity, relatively long turn-around-time and potential for contamination [2,5]. The
delay in pathogen identification regularly requires empirical broad-spectrum antimicrobial
therapy in critically ill patients, which contributes to the evolution of resistant pathogens
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and increased drug toxicity, ultimately reducing survival rates [4]. Alternative molecular
diagnostic techniques, such as PCR-based methods, offer more rapid results, but only a
limited number of pathogens can be detected and results can be ambiguous [6,7].

Next-generation sequencing (NGS) is a promising alternative offering an open ap-
proach for pathogen detection. NGS is based on the unbiased sequence analyses of circulat-
ing cell-free deoxyribonucleic acid (cfDNA) from plasma [8]. As cfDNA can originate from
bacterial, fungal, parasitic and viral microorganisms, NGS can detect multiple pathogens in
a single sample, which could be particularly beneficial in patients with suspected polymi-
crobial infections or unknown focus. While the use of empirical antibiotics can significantly
lower the detection rate of conventional methods by about 20%, NGS is less affected by
previous antimicrobial treatment [9,10]. Therefore, NGS can potentially enhance patient
outcomes and lower healthcare expenses by offering potentially faster and more sensitive
infection diagnosis and guiding appropriate treatment decisions [11–14].

NGS has multiple applications including pathogen detection and discovery, species
characterization, virulence profiling, and the exploration of the microbiome and micro-
ecological factors influencing health [15]. Potential implications of NGS, in addition to
BC, include identification of the causative pathogen in patients presenting with an infec-
tious syndrome when faced with negative cultures or when traditional diagnostics fail
to fully explain the patient’s clinical presentation [16]. Previous research has shown that
NGS improves the aetiological identification in, for example, neonatal and paediatric sep-
sis, particularly in the context of negative cultures and in the identification of unusual
microorganisms [17].

The aim of this study was to assess the potential diagnostic value of add-on NGS
pathogen diagnostics in critical ill patients with suspected BSI in an intensive care unit
(ICU) and its impact on antimicrobial therapy.

2. Materials and Methods
2.1. Setting

This retrospective, observational single-centre cohort study analysed data of patients
who underwent NGS diagnostics from December 2020 to January 2023 of two German
surgical ICUs of a quaternary teaching hospital consisting of 24 beds in total (Department
of Anaesthesiology and Intensive Care Medicine, University Hospital of Cologne, Ger-
many). During the observed time a total of 3662 patients were admitted to both ICUs. We
included adult patients (>18 years) with suspected BSI (based on the clinical symptoms
and laboratory indications of sepsis [2]) who had undergone NGS diagnostics in addition
to simultaneous BC. Patients with confirmed SARS-CoV-2 infection were excluded.

The study was approved by the Ethics Committee of the Medical Faculty of the
University of Cologne (Reference No. 21-1444).

2.2. Blood Culture and Real-Time PCR

Blood samples were collected from patients through sterile venepuncture or a newly
inserted central venous catheter (CVC) after proper disinfection as per the institutional
standards [18]. Two pairs of blood cultures (aerobic and anaerobic, each with a volume of
approximately 10 mL) were obtained and inoculated using the BACTEC system (Becton
Dickinson, Heidelberg, Germany). The BC bottles were then sent to the institutional
laboratory for analysis according to the institutional standard. The samples were incubated
for up to seven days.

On suspicion of a viral infection by the attending physician or by detection of viral
cfDNA by NGS, additional real-time PCR from blood samples were conducted.

2.3. Next-Generation Sequencing

In our study, we used the DISQVER® pathogen test (Noscendo GmbH, Duisburg,
Germany) for NGS analysis. The digital diagnostic platform is able to identify approxi-
mately 1500 described pathogens and provides results within 24 h. It distinguishes between
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significant concentrations of pathogen DNA and potential microbial contaminants, such as
coagulase-negative staphylococci (CNS), by utilizing a sepsis-indicating quantifier (SIQ)
score during the calculation process [8,19].

NGS blood samples (10 mL) were obtained using the same procedure as described
above and collected into stabilizing blood tubes (Cell-Free DNA BCT CE, Streck, La Vista,
NE, USA). These samples were shipped at room temperature to a specialized laboratory
(Noscendo GmbH, Reutlingen, Germany) via a medical logistics service provider. The
blood samples were then separated into plasma by centrifugation at 1600× g for 10 min
at 4 ◦C, and the plasma supernatant was transferred to a fresh reaction tube. A second
centrifugation step at 16,000× g for 10 min at 4 ◦C was performed and the supernatants
were again transferred. The cfDNA was isolated from fresh plasma aliquots using the
QIAsymphony DSP Circulating DNA Kit (Qiagen, Hilden, Germany) on the QIAsymphony
SP instrument. Sequencing libraries were prepared from 1 ng input cfDNA. All laboratory
and sequencing procedures were accompanied by adequate controls. DNA libraries were
sequenced using a NextSeq1000 or NextSeq2000 (Illumina, San Diego, CA, USA) with 75 bp
read length in single end mode and at least 24 million reads per sample [8].

The DNA sequences from the sample were then compared to the DISQVER® reference
database to identify pathogens. The analysis time for this method is less than 24 h from the
time the sample is received by the laboratory. The treating clinician received the reports via
an online portal after email notification.

2.4. Data Collection and Review

Patient data, including demographics, comorbidities, length of ICU and hospital stay,
and discharge information, were collected retrospectively from electronic and paper med-
ical records using a standardized case report form. Laboratory data and clinical scores
obtained on admission, the day of sample collection and on five consecutive days after the
first sample collection were recorded as well as therapeutic measures (e.g., mechanical ven-
tilation, antimicrobial treatment and vasopressor support). Microbiological tests performed
within five days of the initial NGS diagnostics were evaluated, and changes in antimicrobial
therapy and infectious source control procedures within seven days were reviewed. In this
study, therapy impact was defined as alterations in antimicrobial treatment, which included
modifications such as escalation, de-escalation, extended administration, initiation of new
medication, or the termination of current drug regimens, all resulting directly from the
insights obtained through NGS results. A panel of at least two intensive care specialists
analysed medical records, inclusive of clinical parameters, pathogen diagnostic data, and
notes from ward rounds, to evaluate the significance of NGS findings and their association
with subsequent adjustments in therapy. Results were categorized based on their impact
on diagnostic measures or antimicrobial therapy.

2.5. Statistics

Statistical analysis was performed using SPSS statistics version 29.0 (IBM Corp., Ar-
monk, NY, USA). Continuous data are presented as the median and interquartile range,
while categorical data are presented as counts and percentages. The Mann–Whitney test
was used to compare quantitative variables. The Chi-square test or the Fisher’s exact
test was used to compare categorical variables. Statistical significance was considered at
p-value < 0.05.

3. Results
3.1. Study Population

A total of 41 cases with simultaneous BC and NGS sampling were identified and
included for analysis. Demographic data and clinical parameters are presented in Table 1.
None of the included patients had any haematologic diseases or immunocompromising
infections like HIV. There were no significant differences concerning demographical vari-
ables in cases with positive versus negative NGS results. Six patients had been discharged
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from ICU five days after the day of sampling. Patients with positive NGS results had a
significantly higher pO2/FiO2 ratio and were more likely to receive vasopressor therapy
on the day of sampling. Five days after sampling patients with positive NGS results had
a significantly higher pO2/FiO2 ratio and lower haemoglobin levels than patients with
negative NGS results.

Table 1. Demographic data and clinical parameters. Data are given as median and interquartile
range or absolute numbers (percent). COPD: chronic obstructive pulmonary disease; CRP: C-reactive
protein; GCS: Glasgow coma scale; ICU: intensive care unit; NGS: next-generation sequencing;
paO2/FiO2: arterial oxygen partial pressure/fractional inspired oxygen; PCT: procalcitonin; SOFA:
sequential organ failure assessment.

Variable Total NGS Positive NGS Negative p

n = 41 n = 24 n = 17
Age (years) 63.0 (47.5–76.0) 64.0 (48.5–76.8) 60.0 (40.0–74.5) 0.52
Sex (male) 26 (63.4%) 13 (54.1%) 13 (71.4%) 0.14
ICU stay (days) 18.0 (11.0–38.0) 17.5 (10.3–33.0) 22.0 (12.5–55.0) 0.31
Mechanical ventilation (days) 12.0 (3.0–25.5) 9.5 (2.0–23.8) 13.0 (7.0–37.0) 0.31
In-hospital death 18 (43.9%) 11 (45.8%) 7 (41.2%) 0.77

Days of survival since admission 26.0 (12.0–25.0) 21.0 (11.0–33.0) 39.0 (12.0–95.0) 0.22
Comorbidities

Cardiovascular disease 12 (29.3%) 9 (37.5%) 3 (17.6%) 0.30
COPD 5 (12.2%) 3 (12.5%) 2 (11.8%) 1.0
Renal disease 16 (39.0%) 11 (45.8%) 5 (29.4%) 0.29
Diabetes mellitus 7 (17.1%) 3 (12.5%) 4 (23.5%) 0.42

Status at sampling
SOFA-Score 8.0 (5.0–11.0) 9.5 (6.0–11.0) 6.0 (3.5–10.5) 0.16
GCS 12.5 (3.0–15.0) 9.0 (3.0–15.0) 14.0 (6.5–15.0) 0.21
Ventilation

Oxygen support 14 (56.1%) 8 (33.3%) 6 (35.3%) 0.9
Non-invasive ventilation 4 (9.8%) 1 (4.7%) 3 (17.6%) 0,29
Invasive mechanical ventilation 23 (56.1%) 15 (62.5%) 8 (47.1%) 0.33

Oxygenation (paO2/FiO2, mmHg) 271.0 (180.0–343.0) 306.0 (213.8–394.0) 202.0 (152.5–286.5) 0.01
Vasopressor therapy 32 (78.0%) 22 (91.7%) 10 (64.3%) 0.01
Renal replacement therapy 10 (24.4%) 7 (29.2%) 3 (17.6%) 0.48
Antimicrobial therapy 41 (100%) 24 (100%) 17 (100%) --
Laboratory values

Leucocytes (109/L) 14.0 (7.6–19.6) 12.6 (7.3–15.3) 15.7 (8.3–26.9) 0.18
CRP (mg/L) 182.2 (128.0–295.5) 184.5 (134.6–308.0) 152.3 (96.6–277.1) 0.41
PCT (µg/L) 0.8 (0.4–2.9) 0.9 (0.5–3.4) 0.8 (0.3–1.1) 0.33
Haemoglobin(mg/dL) 8.0 (7.5–8.9) 8.0 (7.2–8.9) 8.1 (7.7–9.0) 0.33
Creatinine (mg/dL) 0.9 (0.6–1.5) 0.8 (0.6–1.3) 1.1 (0.6–1.8) 0.35

Status 5 days post sampling n = 35 n = 20 n = 15
SOFA-Score 7.0 (4.0–10.0) 6.5 (4.0–10.8) 8.0 (5.0–10.0) 0.42
GCS 12.0 (8.5–15.0) 13.0 (10.0–15.0) 9.0 (5.5–14.0) 0.18
Ventilation

Oxygen support 9 (25.7%) 6 (30.0%) 3 (20.0%) 0.7
Non-invasive ventilation 4 (11.4%) 1 (5.0%) 3 (20.0%) 0.29
Invasive mechanical ventilation 22 (62.9%) 13 (65.0%) 9 (60.0%) 0.76

Oxygenation (paO2/FiO2, mmHg) 298.5 (250.8–360.0) 345.0 (291.0–360.0) 250.0 (190.5–319.0) 0.02
Vasopressor therapy 20 (57.1%) 12 (54.5%) 8 (61.5%) 0.49
Renal replacement therapy 9 (25.7%) 6 (30.0%) 3 (20.0%) 0.7
Antimicrobial therapy 24 (68.6%) 14 (70.0%) 10 (66.7%) 0.7
Laboratory values

Leucocytes (109/L) 12.1 (8.8–17.1) 9.7 (7.7–15.3) 15.1 (11.8–22.0) 0.04
CRP (mg/L) 136.4 (83.0–193.3) 157.8 (88.8–215.8) 134.6 (62.5–167.1) 0.28
PCT (µg/L) 0.6 (0.2–1.6) 0.7 (0.4–1.6) 0.4 (0.2–1.6) 0.21
Haemoglobin (mg/dL) 7.7 (7.3–8.2) 7.7 (6.9–7.8) 8.0 (7.3–8.8) 0.04
Creatinine (mg/dL) 0.8 (0.5–1.2) 0.6 (0.5–1.2) 0.9 (0.7–1.9) 0.05
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3.2. NGS and BC Results

The results from the NGS tests and BC diagnostics (two two-bottled sets per case)
from 41 patients with suspected BSIs were assessed. In three initially positive NGS results,
all pathogens detected were considered as contamination (based on clinical relevance)
and, therefore, finally considered negative. NGS showed a statistically non-significant
higher positivity rate than BC (NGS: 24/41 (58.5%), vs. BC: 9/41 (21.9%); p = 0.056). NGS
detected seven different potentially relevant species of bacteria, one fungus and six different
viruses, whereas BC detected four different species of bacteria and one fungus (Table 2).
The turnaround times for NGS results ranged from one up to four days with an average
time of 2.5 days. Precise turnaround times for BC were not assessed.

Table 2. Microorganisms detected by NGS and BC or PCR, respectively. * = bacteria considered as
contamination or non-relevant translocation based on clinical evaluation and number of reads; BC:
blood culture; NGS: next-generation sequencing.

Microorganism NGS (n = 41) BC (n = 41)

Bacteria
Enterococcus faecium 10 5

Escherichia coli 3 3
Klebsiella pneumoniae 2 2
Enterobacter cloacae 1 -

Bacteroides uniformis 1 -
Bacteroides ovatus 1 -

Enterococcus faecalis - 1
Staphylococcus hominis * 1 -

Prevotella oris * 2 -
Bacteroides thetaiotaomicron * 2 -

Lactobacillus paragasseri * 1 -
Lactobacillus acidophilus * 1 -

Prevotella buccae * 1 -
Mycoplasma salivarium * 1 -

Shewanella algae * 1 -
Ureaplasma urealyticum * 1 -

Prevotella intermedia * 1 -
Phocaeicola vulgatus * 1 -

Enterobacter cancerogenus * 1 -
Phocaeicola dorei * 1 -

Fusobacterium nucleatum * 1 -
Aggregatibacter aphrophilus * 1 -
Pharabacteroides distasonis * 1 -

Enterocloster bolteae * 1 -
Veillonella parvula * 1 -

Cloacibacterium normanense * 1 -
Anoxybacillus flavithermus * 1 -

Geobacillus thermodenitrificans * 1 -
Staphylococcus epidermidis * - 3

Propionibacterium spp. * - 1

Fungi
Candida glabrata 1 -
Candida albicans 0 1

Viruses NGS (n = 41) PCR (n = 6)
Cytomegalovirus 6 1

Epstein–Barr virus 4 -
Herpes simplex virus type 1 4 2

Human herpes virus 6B 2 1
Torque teno virus 16 1 -
Torque teno virus 22 1 -
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3.3. Additional Viral Diagnostic

In four out of 13 cases with positive viral NGS, additional polymerase chain reaction
(PCR) diagnostic from blood confirmed the viruses. Herpes simplex virus 1 was con-
firmed in two cases, which in one case led to the presumptive diagnosis of herpes simplex
virus 1 encephalitis, which was excluded by PCR from cerebrospinal fluid after lumbar
puncture. Cytomegalovirus was confirmed in one case but not considered clinically rele-
vant. Human Herpes virus 6B (HHV-6B) was also confirmed in one case but not considered
clinically relevant. In seven cases, the positive NGS result did not require additional PCR
diagnostic. In two cases, further PCR diagnostics was negative.

3.4. Antimicrobial Therapy

The results from NGS had an impact on antimicrobial therapy in 7.3 % of cases (3/41).
In one case, NGS resulted in extended administration of Caspofungin, while in two cases,
it prompted the initiation of new medications. Furthermore, current empiric antibiotic
therapy was confirmed in four cases where BC either failed to detect the pathogen (n = 3)
or NGS results were faster than BC (n = 1) (Table 3). An overview of the influence of NGS
on therapy and further diagnostics can be seen in Figure 1.

Table 3. Contribution of NGS to the optimization of antimicrobial therapy. Green: NGS results
with impact on therapy; AH: arterial hypertension; BAL: bronchoalveolar lavage; BC: blood cul-
ture; CAD: coronary artery disease; CKD: chronic kidney disease; DM: Diabetes mellitus; HSV:
Herpes simplex virus; NGS: Next-generation sequencing; PAE: pulmonary artery embolism; Pip/Taz:
Piperacillin/Tazobactam.

ID
Comorbidities Diagnostic Method Antimicrobial Therapy

NGS BC Other+ Empiric Contribution of NGS

N27 AH, CAD, CKD
HSV 1 and

Cloacibacterium
normanense

Negative

Swab
Oesophagus
HSV 1, PCR

HSV1 positive

Aciclovir Change to Foscarnet

N47 AH, CKD, DM
Candida glabrata

and Human
cytomegalovirus

Negative
Swab Abdomen

Candida
species

Caspofungin,
Pip/Taz Caspofungin for 14 days

N51 CAD, CKD,
PAE

HSV-1 and
Bacteroides

thetaiotaomicron
Negative PCR HSV1

positive

Flucloxacillin,
Vancomycin,
Meropenem

Start Aciclovir

N53 AH, DM,
malignoma

Enterobacter
cloacae and

Enterococcus
faecium

Negative

Abdominal
Swab

Enterococcus
faecium

Pip/Taz,
Linezolid Confirmation Linezolid

N54
AH, CAD,

CKD,
malignoma

Enterococcus
faecium Negative -

Meropenem,
Caspofungin,

Linezolid
Confirmation Linezolid

N63 Stroke Klebsiella
pneumonia

Klebsiella
pneumoniae

BAL Klebsiella
pneumoniae Pip/Taz Confirmation Pip/Taz

N75 AH, CAD,
CKD, PAE

Enterococcus
faecium Negative

Swab Abdomen
Enterococcus

faecium

Linezolid,
Caspofungin Confirmation Linezolid
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4. Discussion

In this retrospective study evaluating the potential benefit of NGS in diagnosis and
therapy of ICU patients with suspected BSI, NGS had a higher positivity rate and was
able to detect a greater number of pathogens than BC. Moreover, NGS had an impact on
antimicrobial therapy in 7.3% of cases, which could potentially have a positive effect on
patients’ outcome.

We included 41 patients in our retrospective analysis, representing 1.1% of all patients
admitted to our ICUs during the observed period. Due to the high cost of NGS as a
diagnostic tool and the current lack of clear criteria or protocols for its use, coupled with a
lack of evidence for clinical benefit, NGS was not consistently employed. Consequently,
the number of cases included in our study remained small. Patient selection for the use of
NGS was based on individual decisions made by intensive care staff. Indications included
suspected BSI in situations where cultures yielded negative results or when traditional
diagnostics failed to fully explain the patient’s clinical presentation. The lack of a clear
protocol may introduce bias in patient selection and consequently influence the estimation
of the value of NGS.

4.1. Diagnostic Value of NGS

Prior studies have shown a significantly higher sensitivity of NGS (50.7–67.4%) com-
pared to traditional culture methods (23.6–35.2%) [10,20]. In our study, NGS demonstrated
a higher positivity rate compared to BC (58.5% vs. 21.9%). Although this difference is
not statistically significant, mostly due to the small sample size, it is noteworthy and is
consistent with previous findings. The high sensitivity of NGS may be attributed to the
fact, that cfDNA is detectable in blood even during antibiotic treatment. This presumably
explains that NGS results are less impacted by prior antimicrobial therapy, compared to
traditional blood cultures [10,21].

Another reason for the increased diagnostic yield observed in NGS could be the con-
stant presence of bacterial DNA in the bloodstream even without any signs of infection.
Gosiewski et al. have demonstrated a continuous translocation of bacteria into the blood-
stream, which does not always lead to sepsis [22]. However, this phenomenon should be
minimized by the SIQ algorithm.
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In our study, NGS detected a lot of anaerobic bacteria that were not detected by BC
and finally considered as non-relevant due to clinical evaluation and the low number of
reads. Blauwkamp et al. showed that high concentrations of microbial cfDNA (indicated
as the surrogate number of reads) were typically associated with true infections, while
lower concentrations could be associated with the presence of commensal or contaminant
microorganisms [23], but essentially do not rule out possibly relevant microbes [23]. There-
fore, it is essential to thoroughly evaluate the relevance of NGS results in the context of the
individual patient’s clinical situation.

Although NGS has a higher sensitivity than BC for pathogen detection, there is still
a potential for false-negative results. Possible reasons for false negative results include
cfDNA levels falling below the threshold for NGS detection, the pathogen’s nucleic acid
sequences not yet entering the bloodstream, or nucleic acid degradation [24]. Qian et al.
demonstrated a lower detection rate of Mycobacterium and Aspergillus using NGS, which
may be explained by the thick and elaborate cell walls of these pathogens [25]. This
highlights the importance of complementing NGS with blood culture to increase the overall
pathogen detection rate. In our study, BC identified two potentially relevant pathogens
(Candida albicans and Enterococcus faecalis) that were not detected by NGS. In these cases,
NGS may have produced false negatives. However, given the acknowledged increased
sensitivity of NGS over conventional methods such as BC, it is plausible that BC identified
contamination rather than a true infection.

Theoretically, NGS can provide results in less than 24 h [26]. Previous studies have
emphasized the issue of prolonged turnaround times which ranged from 36 h up to 3.1 days
on average [10,16,27]. In our study, the average turnaround time for NGS results were
2.5 days mainly due to logistic reasons. In comparison, a previous study conducted in
our hospital showed a median time from Gram stain to identification by conventional
blood culture diagnostics of 23 h, which leads to a complete turnaround time of about
2.3 days [28]. A multicentre study from the United States showed an even faster median
turnaround time of 1.81 days [29]. To offer faster results than BC, turnaround times of
NGS need to be reduced with better organisation or completely avoided by an on-site
sequencing laboratory in the future. Until then, NGS might only offer faster results for
the detection of organisms that take significantly more time to identify in blood cultures,
for example difficult-to-grow fungi like Candida species [30,31]. Alternative technologies
based on DNA sequencing, such as third-generation sequencing methods, have advanced
in recent years and may provide faster results than NGS. Third-generation sequencing has
the capability to sequence single molecules, therefore avoiding the PCR-amplification step,
and offer an increased read length of their output [32].

4.2. Diagnostic Value of NGS for Viruses

The obvious advantage of NGS is the ability to detect bacteria, fungi, parasites and
viruses with a single diagnostic method. In addition, NGS offers an open approach,
unlike real-time PCR, where the number of detectable pathogens is limited. However, the
detection of viruses in clinical specimens, such as respiratory specimens, using NGS can be
challenging, due to the extremely low numbers of viruses and their nucleic acids compared
to the high levels of host genomic material and bacterial components [33]. In addition,
many viral infections are limited to tissue infections and do not occur in the bloodstream,
which may lead to PCR-based diagnostics having a higher sensitivity in the diagnosis of
viral infections [34].

Our study revealed the challenge of identifying clinically relevant viruses in positive
NGS samples. NGS was able to detect six different viruses in 13 patients. Cytomegalovirus
(n = 6), herpes simplex virus 1 (n = 4) and Epstein–Barr virus (n = 4) were detected
by NGS, but in most cases, a follow-up real-time PCR did not confirm NGS results, or
quantitative analysis made clinical relevance unlikely. Reactivation of herpes simplex
virus or cytomegalovirus is common in patients with prolonged sepsis and is consistent
with development of immunosuppression [35]. Whether this reactivation represents an
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actual viral infection that warrants potential treatment or is simply an indicator of an
immunocompromised condition remains unclear. Torque teno virus 16 and 22 was detected
in one patient on immunosuppression following liver transplantation. Since torque teno
virus has not been associated with any disease in humans yet it can be used to assess
functional immune competence in immunosuppressed patients [36]. Currently, trials are
investigating the value of torque teno virus-guided immunosuppression, for example, in
lung transplant recipients [37]. For this purpose, NGS may be useful as an alternative to
real-time PCR.

RNA viruses such as enteroviruses and most respiratory viruses cannot be detected by
NGS. If these viruses are suspected, alternative diagnostic approaches must be considered.

4.3. Impact of NGS on Therapy

Ultimately, the expected benefit of NGS lies in guidance of early antimicrobial therapy,
the avoidance of overtreatment, and better antibiotic stewardship [38].

In our study, patients underwent adjustment of antimicrobial therapy due to NGS
results in three cases. In four cases, the current anti-infective therapy was confirmed, but
NGS had only additional diagnostic value, as there was no true impact on therapy. In
two other cases, both NGS and blood culture were negative, leading to the suspicion of
autoimmune disease and sweet syndrome, consequently initiating specific therapy. The
discontinuation of antimicrobial therapy in these patients was not a direct consequence of
NGS results, but more a decision based on clinical parameters. Nevertheless, NGS might
be useful in these cases in the future. Overall, NGS had an impact on antimicrobial therapy
in 7.3 % of patients observed in this study. This is lower than in previous studies, in which
NGS results were considered clinically relevant in 11–45% of cases [16,27,39–41]. This
difference may result from differences in patient selection and the definition of clinical
impact, which was limited to actual changes to antimicrobial therapy directly linked to
NGS results in our study. Moreover, when clinical relevance of NGS results was unclear
because of low number of reads or unlikely pathogen, therapy was not changed, which
may have led to the low overall impact.

The Next GeneSiS Trial, a prospective, observational, non-interventional trial, is the
first multi-centre study to evaluate the performance and the clinical value of an NGS-based
approach for the detection of bacteraemia in patients with sepsis [42]. However, it remains
unclear whether the changes in antimicrobial therapy due to NGS affect mortality in sepsis
patients. To evaluate the impact of additional NGS-based diagnostics on patient outcome,
prospective randomized multi-centre clinical trials, like the DigiSep trial, with a larger num-
ber of cases are required [19]. Concerning the currently very high cost of DNA sequencing,
a true impact on patient survival, length of stay, antimicrobial use or cost saving needs
to be demonstrated in order to implement NGS as a standard routine test in infectious
diseases diagnostics. When scenarios are identified in which the benefits of NGS outweigh
the costs in terms of patient outcomes and antibiotic stewardship, it is imperative to imple-
ment clear protocols. These protocols will guide healthcare professionals in determining
the appropriate situations in which to employ NGS alongside blood cultures for patients
suspected of having BSI.

4.4. Limitations

Our study is limited by its retrospective single-centre design and the low number
of patients included. In particular, the interpretation of potential impact of NGS on an-
timicrobial therapy is difficult to access retrospectively. The selection of patients for the
initiation of NGS in our department is currently based on individual decisions without
a clear protocol, potentially introducing bias to the selection process. Additionally, our
surgical ICUs may exhibit variations in patient demographics. For instance, there may be
fewer patients at risk of opportunistic infections due to haematologic diseases or HIV. Such
patients could potentially benefit more from NGS diagnostics. Average turnaround times
of blood cultures in our hospital were used for comparison, although it is recognised that
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these may differ from the actual turnaround times of the assessed blood cultures during this
study. One further major limitation is the fact that NGS was not analysed in-house but had
to be shipped to the laboratory with a courier service, which significantly delayed obtaining
NGS results. The longer timespan relativizes the advantages of NGS over blood cultures.

5. Conclusions

NGS-based diagnostics have the potential to offer a higher diagnostic yield than
conventional culture-based methods for patients with suspected BSI. However, their impact
on anti-infective therapy is currently limited, particularly in relation to the current high
cost. Therefore, larger randomized multi-centre trials are required to demonstrate their
potential beneficial impact on patient outcomes before NGS can be introduced as a routine
test in infectious disease diagnostics.

Author Contributions: Conceptualization, R.O., C.J.L. and F.D.; Investigation, R.O., C.J.L., S.E.S., T.K.,
H.S. and F.D.; Supervision, S.E.S. and F.D.; Writing—original draft, R.O. and C.J.L.; Writing—review
and editing, C.J.L., S.E.S., W.A.W., A.M., B.W.B., H.S., D.H. and F.D. All authors have read and agreed
to the published version of the manuscript.

Funding: We acknowledge support for the Article Processing Charge from the DFG (German Research
Foundation, 491454339).

Institutional Review Board Statement: The study was conducted according to the guidelines of
the Declaration of Helsinki and approved by the Ethics Committee of the Medical Faculty of the
University of Cologne (Reference No. 21-1444).

Informed Consent Statement: Patient consent was waived due to its retrospective design.

Data Availability Statement: The datasets used and analysed during the current study are available
from the corresponding author upon reasonable request.

Acknowledgments: The authors thank Noscendo GmbH for performing the NGS analysis and for
providing expertise on general technical inquiries. We also thank Johannes Bromberg for his help
with data collection.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Adrie, C.; Garrouste-Orgeas, M.; Ibn Essaied, W.; Schwebel, C.; Darmon, M.; Mourvillier, B.; Ruckly, S.; Dumenil, A.-S.; Kallel, H.;

Argaud, L.; et al. Attributable mortality of ICU-acquired bloodstream infections: Impact of the source, causative micro-organism,
resistance profile and antimicrobial therapy. J. Infect. 2017, 74, 131–141. [CrossRef] [PubMed]

2. Evans, L.; Rhodes, A.; Alhazzani, W.; Antonelli, M.; Coopersmith, C.M.; French, C.; Machado, F.R.; Mcintyre, L.; Ostermann,
M.; Prescott, H.C.; et al. Surviving sepsis campaign: International guidelines for management of sepsis and septic shock 2021.
Intensiv. Care Med. 2021, 47, 1181–1247. [CrossRef]

3. Liu, V.X.; Fielding-Singh, V.; Greene, J.D.; Baker, J.M.; Iwashyna, T.J.; Bhattacharya, J.; Escobar, G.J. The Timing of Early Antibiotics
and Hospital Mortality in Sepsis. Am. J. Respir. Crit. Care Med. 2017, 196, 856–863. [CrossRef] [PubMed]

4. Kumar, A.; Ellis, P.; Arabi, Y.; Roberts, D.; Light, B.; Parrillo, J.E.; Dodek, P.; Wood, G.; Kumar, A.; Simon, D.; et al. Initiation of
inappropriate antimicrobial therapy results in a fivefold reduction of survival in human septic shock. Chest 2009, 136, 1237–1248.
[CrossRef] [PubMed]

5. Burillo, A.; Bouza, E. Use of rapid diagnostic techniques in ICU patients with infections. BMC Infect. Dis. 2014, 14, 593. [CrossRef]
6. Marco, F. Molecular methods for septicemia diagnosis. Enferm. Infecc. Microbiol. Clin. 2017, 35, 586–592. [CrossRef]
7. Ecker, D.J.; Sampath, R.; Li, H.; Massire, C.; Matthews, H.E.; Toleno, D.; Hall, T.A.; Blyn, L.B.; Eshoo, M.W.; Ranken, R.; et al. New

technology for rapid molecular diagnosis of bloodstream infections. Expert. Rev. Mol. Diagn. 2010, 10, 399–415. [CrossRef]
8. Grumaz, S.; Stevens, P.; Grumaz, C.; Decker, S.O.; Weigand, M.A.; Hofer, S.; Brenner, T.; von Haeseler, A.; Sohn, K. Next-generation

sequencing diagnostics of bacteremia in septic patients. Genome Med. 2016, 8, 73. [CrossRef]
9. Zhang, Y.; Cui, P.; Zhang, H.-C.; Wu, H.-L.; Ye, M.-Z.; Zhu, Y.-M.; Ai, J.-W.; Zhang, W.-H. Clinical application and evaluation

of metagenomic next-generation sequencing in suspected adult central nervous system infection. J. Transl. Med. 2020, 18, 199.
[CrossRef]

10. Miao, Q.; Ma, Y.; Wang, Q.; Pan, J.; Zhang, Y.; Jin, W.; Yao, Y.; Su, Y.; Huang, Y.; Wang, M.; et al. Microbiological Diagnostic
Performance of Metagenomic Next-generation Sequencing When Applied to Clinical Practice. Clin. Infect. Dis. 2018, 67 (Suppl.
S2), S231–S240. [CrossRef]

https://doi.org/10.1016/j.jinf.2016.11.001
https://www.ncbi.nlm.nih.gov/pubmed/27838521
https://doi.org/10.1007/s00134-021-06506-y
https://doi.org/10.1164/rccm.201609-1848OC
https://www.ncbi.nlm.nih.gov/pubmed/28345952
https://doi.org/10.1378/chest.09-0087
https://www.ncbi.nlm.nih.gov/pubmed/19696123
https://doi.org/10.1186/s12879-014-0593-1
https://doi.org/10.1016/j.eimc.2017.03.002
https://doi.org/10.1586/erm.10.24
https://doi.org/10.1186/s13073-016-0326-8
https://doi.org/10.1186/s12967-020-02360-6
https://doi.org/10.1093/cid/ciy693


J. Clin. Med. 2024, 13, 306 11 of 12

11. Cao, X.G.; Zhou, S.S.; Wang, C.Y.; Jin, K.; Meng, H.D. The diagnostic value of next-generation sequencing technology in sepsis.
Front. Cell. Infect. Microbiol. 2022, 12, 899508. [CrossRef] [PubMed]

12. Long, Y.; Zhang, Y.; Gong, Y.; Sun, R.; Su, L.; Lin, X.; Shen, A.; Zhou, J.; Caiji, Z.; Wang, X.; et al. Diagnosis of Sepsis with Cell-free
DNA by Next-Generation Sequencing Technology in ICU Patients. Arch. Med. Res. 2016, 47, 365–371. [CrossRef] [PubMed]

13. Wilson, M.R.; Naccache, S.N.; Samayoa, E.; Biagtan, M.; Bashir, H.; Yu, G.; Salamat, S.M.; Somasekar, S.; Federman, S.; Miller, S.;
et al. Actionable diagnosis of neuroleptospirosis by next-generation sequencing. N. Engl. J. Med. 2014, 370, 2408–2417. [CrossRef]
[PubMed]

14. Kattner, S.; Herbstreit, F.; Schmidt, K.; Stevens, P.; Grumaz, S.; Dubler, S.; Hallin, M. Next-Generation Sequencing–Based Decision
Support for Intensivists in Difficult-to-Diagnose Disease States: A Case Report of Invasive Cerebral Aspergillosis. A&A Pract.
2021, 15, e01447.

15. Bharucha, T.; Oeser, C.; Balloux, F.; Brown, J.R.; Carbo, E.C.; Charlett, A.; Chiu, C.Y.; Claas, E.C.J.; de Goffau, M.C.; de Vries, J.J.C.;
et al. STROBE-metagenomics: A STROBE extension statement to guide the reporting of metagenomics studies. Lancet Infect. Dis.
2020, 20, e251–e260. [CrossRef] [PubMed]

16. Weiss, Z.F.; Pyden, A.D.; Jhaveri, T.A.; Kanjilal, S. The diagnostic and clinical utility of microbial cell-free DNA sequencing in a
real-world setting. Diagn. Microbiol. Infect. Dis. 2023, 107, 116004. [CrossRef] [PubMed]

17. Agudelo-Pérez, S.; Fernández-Sarmiento, J.; Rivera León, D.; Peláez, R.G. Metagenomics by next-generation sequencing (mNGS)
in the etiological characterization of neonatal and pediatric sepsis: A systematic review. Front. Pediatr. 2023, 11, 1011723.
[CrossRef]

18. Walker, S.V.; Steffens, B.; Sander, D.; Wetsch, W.A. Implementation of Antibiotic Stewardship Improves the Quality of Blood
Culture Diagnostics at an Intensive Care Unit of a University Hospital. J. Clin. Med. 2022, 11, 3675. [CrossRef]

19. Brenner, T.; Skarabis, A.; Stevens, P.; Axnick, J.; Haug, P.; Grumaz, S.; Bruckner, T.; Luntz, S.; Witzke, O.; Pletz, M.W.; et al.
Optimization of sepsis therapy based on patient-specific digital precision diagnostics using next generation sequencing (DigiSep-
Trial)-study protocol for a randomized, controlled, interventional, open-label, multicenter trial. Trials 2021, 22, 714. [CrossRef]

20. Duan, H.; Li, X.; Mei, A.; Li, P.; Liu, Y.; Li, X.; Li, W.; Wang, C.; Xie, S. The diagnostic value of metagenomic next-generation
sequencing in infectious diseases. BMC Infect. Dis. 2021, 21, 62. [CrossRef]

21. Scheer, C.; Fuchs, C.; Gründling, M.; Vollmer, M.; Bast, J.; Bohnert, J.; Zimmermann, K.; Hahnenkamp, K.; Rehberg, S.; Kuhn, S.-O.
Impact of antibiotic administration on blood culture positivity at the beginning of sepsis: A prospective clinical cohort study. Clin.
Microbiol. Infect. 2019, 25, 326–331. [CrossRef] [PubMed]

22. Gosiewski, T.; Ludwig-Galezowska, A.H.; Huminska, K.; Sroka-Oleksiak, A.; Radkowski, P.; Salamon, D.; Wojciechowicz, J.;
Kus-Slowinska, M.; Bulanda, M.; Wolkow, P.P. Comprehensive detection and identification of bacterial DNA in the blood of
patients with sepsis and healthy volunteers using next-generation sequencing method—The observation of DNAemia. Eur. J.
Clin. Microbiol. Infect. Dis. 2017, 36, 329–336. [CrossRef] [PubMed]

23. Blauwkamp, T.A.; Thair, S.; Rosen, M.J.; Blair, L.; Lindner, M.S.; Vilfan, I.D.; Kawli, T.; Christians, F.C.; Venkatasubrahmanyam,
S.; Wall, G.D.; et al. Analytical and clinical validation of a microbial cell-free DNA sequencing test for infectious disease. Nat.
Microbiol. 2019, 4, 663–674. [CrossRef] [PubMed]

24. Zhou, Y.; Shi, W.; Wen, Y.; Mao, E.; Ni, T. Comparison of pathogen detection consistency between metagenomic next-generation
sequencing and blood culture in patients with suspected bloodstream infection. Sci. Rep. 2023, 13, 9460. [CrossRef]

25. Qian, M.; Zhu, B.; Zhan, Y.; Wang, L.; Shen, Q.; Zhang, M.; Yue, L.; Wu, D.; Chen, H.; Wang, X.; et al. Analysis of Negative Results
of Metagenomics Next-Generation Sequencing in Clinical Practice. Front. Cell Infect. Microbiol. 2022, 12, 892076. [CrossRef]

26. Li, G.; Sun, J.; Pan, S.; Li, W.; Zhang, S.; Wang, Y.; Sun, X.; Xu, H.; Ming, L. Comparison of the Performance of Three Blood Culture
Systems in a Chinese Tertiary-Care Hospital. Front. Cell Infect. Microbiol. 2019, 9, 285. [CrossRef]

27. Hogan, C.; Yang, S.; Garner, O.B.; Green, D.; Gomez, C.; Bard, J.D.; Pinsky, B.; Banaei, N. Clinical Impact of Metagenomic
Next-Generation Sequencing of Plasma Cell-Free DNA for the Diagnosis of Infectious Diseases: A Multicenter Retrospective
Cohort Study. Clin. Infect. Dis. 2021, 72, 239–245. [CrossRef]

28. Ehren, K.; Meißner, A.; Jazmati, N.; Wille, J.; Jung, N.; Vehreschild, J.J.; Hellmich, M.; Seifert, H. Clinical Impact of Rapid Species
Identification from Positive Blood Cultures with Same-day Phenotypic Antimicrobial Susceptibility Testing on the Management
and Outcome of Bloodstream Infections. Clin. Infect. Dis. 2020, 70, 1285–1293. [CrossRef]

29. Tabak, Y.P.; Vankeepuram, L.; Ye, G.; Jeffers, K.; Gupta, V.; Murray, P.R. Blood Culture Turnaround Time in U.S. Acute Care
Hospitals and Implications for Laboratory Process Optimization. J. Clin. Microbiol. 2018, 56, e00500-18. [CrossRef]

30. Fernandez, J.; Erstad, B.L.; Petty, W.; Nix, D.E. Time to positive culture and identification for Candida blood stream infections.
Diagn. Microbiol. Infect. Dis. 2009, 64, 402–407. [CrossRef]

31. Tsang, C.C.; Teng, J.L.L.; Lau, S.K.P.; Woo, P.C.Y. Rapid Genomic Diagnosis of Fungal Infections in the Age of Next-Generation
Sequencing. J. Fungi 2021, 7, 636. [CrossRef]

32. Lavezzo, E.; Barzon, L.; Toppo, S.; Palù, G. Third generation sequencing technologies applied to diagnostic microbiology: Benefits
and challenges in applications and data analysis. Expert. Rev. Mol. Diagn. 2016, 16, 1011–1023. [CrossRef]

33. Sandybayev, N.; Beloussov, V.; Strochkov, V.; Solomadin, M.; Granica, J.; Yegorov, S. Next Generation Sequencing Approaches to
Characterize the Respiratory Tract Virome. Microorganisms 2022, 10, 2327. [CrossRef] [PubMed]

34. Thorburn, F.; Bennett, S.; Modha, S.; Murdoch, D.; Gunson, R.; Murcia, P.R. The use of next generation sequencing in the diagnosis
and typing of respiratory infections. J. Clin. Virol. 2015, 69, 96–100. [CrossRef] [PubMed]

https://doi.org/10.3389/fcimb.2022.899508
https://www.ncbi.nlm.nih.gov/pubmed/36189371
https://doi.org/10.1016/j.arcmed.2016.08.004
https://www.ncbi.nlm.nih.gov/pubmed/27751370
https://doi.org/10.1056/NEJMoa1401268
https://www.ncbi.nlm.nih.gov/pubmed/24896819
https://doi.org/10.1016/S1473-3099(20)30199-7
https://www.ncbi.nlm.nih.gov/pubmed/32768390
https://doi.org/10.1016/j.diagmicrobio.2023.116004
https://www.ncbi.nlm.nih.gov/pubmed/37467522
https://doi.org/10.3389/fped.2023.1011723
https://doi.org/10.3390/jcm11133675
https://doi.org/10.1186/s13063-021-05667-x
https://doi.org/10.1186/s12879-020-05746-5
https://doi.org/10.1016/j.cmi.2018.05.016
https://www.ncbi.nlm.nih.gov/pubmed/29879482
https://doi.org/10.1007/s10096-016-2805-7
https://www.ncbi.nlm.nih.gov/pubmed/27771780
https://doi.org/10.1038/s41564-018-0349-6
https://www.ncbi.nlm.nih.gov/pubmed/30742071
https://doi.org/10.1038/s41598-023-36681-5
https://doi.org/10.3389/fcimb.2022.892076
https://doi.org/10.3389/fcimb.2019.00285
https://doi.org/10.1093/cid/ciaa035
https://doi.org/10.1093/cid/ciz406
https://doi.org/10.1128/JCM.00500-18
https://doi.org/10.1016/j.diagmicrobio.2009.04.002
https://doi.org/10.3390/jof7080636
https://doi.org/10.1080/14737159.2016.1217158
https://doi.org/10.3390/microorganisms10122327
https://www.ncbi.nlm.nih.gov/pubmed/36557580
https://doi.org/10.1016/j.jcv.2015.06.082
https://www.ncbi.nlm.nih.gov/pubmed/26209388


J. Clin. Med. 2024, 13, 306 12 of 12

35. Walton, A.H.; Muenzer, J.T.; Rasche, D.; Boomer, J.S.; Sato, B.; Brownstein, B.H.; Pachot, A.; Brooks, T.L.; Deych, E.; Shannon,
W.D.; et al. Reactivation of multiple viruses in patients with sepsis. PLoS ONE 2014, 9, e98819. [CrossRef] [PubMed]

36. Focosi, D.; Antonelli, G.; Pistello, M.; Maggi, F. Torquetenovirus: The human virome from bench to bedside. Clin. Microbiol. Infect.
2016, 22, 589–593. [CrossRef] [PubMed]

37. Haupenthal, F.; Rahn, J.; Maggi, F.; Gelas, F.; Bourgeois, P.; Hugo, C.; Jilma, B.; Böhmig, G.A.; Herkner, H.; Wolzt, M.; et al. A
multicentre, patient- and assessor-blinded, non-inferiority, randomised and controlled phase II trial to compare standard and
torque teno virus-guided immunosuppression in kidney transplant recipients in the first year after transplantation: TTVguideIT.
Trials 2023, 24, 213. [CrossRef]

38. Campion, M.; Scully, G. Antibiotic Use in the Intensive Care Unit: Optimization and De-Escalation. J. Intensive Care Med. 2018, 33,
647–655. [CrossRef]

39. Linder, K.A.; Miceli, M.H. Impact of metagenomic next-generation sequencing of plasma cell-free DNA testing in the management
of patients with suspected infectious diseases. Open Forum Infect. Dis. 2023, 10, ofad385. [CrossRef]

40. Shishido, A.A.; Noe, M.; Saharia, K.; Luethy, P. Clinical impact of a metagenomic microbial plasma cell-free DNA next-generation
sequencing assay on treatment decisions: A single-center retrospective study. BMC Infect. Dis. 2022, 22, 372. [CrossRef]

41. Leitl, C.J.; Stoll, S.E.; Wetsch, W.A.; Kammerer, T.; Mathes, A.; Böttiger, B.W.; Seifert, H.; Dusse, F. Next-Generation Sequencing in
Critically Ill COVID-19 Patients with Suspected Bloodstream Infections: A Retrospective Cohort Study. J. Clin. Med. 2023, 12,
1466. [CrossRef] [PubMed]

42. Brenner, T.; Decker, S.O.; Grumaz, S.; Stevens, P.; Bruckner, T.; Schmoch, T.; Pletz, M.W.; Bracht, H.; Hofer, S.; Marx, G.; et al. Next-
generation sequencing diagnostics of bacteremia in sepsis (Next GeneSiS-Trial): Study protocol of a prospective, observational,
noninterventional, multicenter, clinical trial. Medicine 2018, 97, e9868. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1371/journal.pone.0098819
https://www.ncbi.nlm.nih.gov/pubmed/24919177
https://doi.org/10.1016/j.cmi.2016.04.007
https://www.ncbi.nlm.nih.gov/pubmed/27093875
https://doi.org/10.1186/s13063-023-07216-0
https://doi.org/10.1177/0885066618762747
https://doi.org/10.1093/ofid/ofad385
https://doi.org/10.1186/s12879-022-07357-8
https://doi.org/10.3390/jcm12041466
https://www.ncbi.nlm.nih.gov/pubmed/36836001
https://doi.org/10.1097/MD.0000000000009868
https://www.ncbi.nlm.nih.gov/pubmed/29419698

	Introduction 
	Materials and Methods 
	Setting 
	Blood Culture and Real-Time PCR 
	Next-Generation Sequencing 
	Data Collection and Review 
	Statistics 

	Results 
	Study Population 
	NGS and BC Results 
	Additional Viral Diagnostic 
	Antimicrobial Therapy 

	Discussion 
	Diagnostic Value of NGS 
	Diagnostic Value of NGS for Viruses 
	Impact of NGS on Therapy 
	Limitations 

	Conclusions 
	References

