
6351

post-neurosurgical bacterial meningitis (PNBM), 
refers to a category of severe complications after 
the craniotomy, causing inevitable obstacles in 
the procedures of neurosurgery. 

The PNBM types mainly include the meningitis, 
brain abscess, subdural empyema, and epidural ab-
scess, with a common hallmark event of the blood 
brain barrier (BBB) breakdown which is attributed 
to the pathogen derived toxin and the host-relat-
ed excessive neuro-inflammatory reactions2-4. In 
comparison with the community-acquired bacte-
rial meningitis, the excessive neuro-inflammatory 
reactions by the triplicity of primary CNS disease, 
neurosurgical process and bacterial infection in 
the PNBM conspire to make accurate diagnosis 
difficult. However, as the occurrence of PNBM 
increases the overall cost of hospital care, post-
pones the neurological recoveries after effective 
treatment for the primary CNS disease and, the 
most importantly, results in disabilities5,6, it is still 
urgently necessary to seek for the optimal manage-
ment of these often critically ill patients. 

The incidence of PNBM varies a lot among 
studies, ranging from 0.3% to 10%7,8, and is usu-
ally influenced by numerous factors, such as indi-
cation for surgery, underlying medical condition, 
longer operation time, indwelling drainage tube, 
implantation of artificial materials, cerebrospi-
nal fluid leakage and underlying diseases of the 
patients9. The epidemiological study showed that 
<45 aged patients had higher risks for infection10. 
In addition, among all the brain tumors, infra-
tentorial and intraventricular tumors have higher 
risks for infection10. Importantly, the application 
of artificial material significantly increases the in-
cidence rate of PNBM. It has been reported11 that 
the patients who used external drainage have a 
9.4-fold higher risks than the patient who did not 
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character restrict the clinical practical values 
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surgical bacterial meningitis. Here, we reviewed 
the established literature about the diagnostic 
biomarkers for the PNBM and analyzed the po-
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pose some potential investigation prospects. 
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Introduction

Central nervous system (CNS) infection is a se-
vere infectious disease, leading to about 20.4 mil-
lion disability-adjusted life year globally1. Among 
that, nosocomial bacterial meningitis, also named 
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use it. Meanwhile, we also noticed that the mortali-
ty of PNBM was 20%-50%, if no proper treatments 
were timely applied12. In some specific type of men-
ingitis, such as carbapenem-resistant gram-negative 
postoperative meningitis (CR-GNPOM), the mor-
tality can reach as high as 60%-70%13.

Clinically, the etiology of PNBM has a wide 
spectrum of microorganisms, which are from 
gram-positive cocci to gram-negative bacilli. Mean-
while, during the last decade, the infectious bac-
terial spectrum for the PNBM has altered from 
staphylococcus aureus, coagulase negative staphy-
lococcus, and enterococcus gram-positive bacteria 
to gram-negative bacilli, especially enterobacteria-
ceae, probably due to the extensive usage of antibiot-
ics nosocomially or in community14,15. Another im-
portant epidemiological issue is the ever-increasing 
situation for drug-resistance bacteria. World Health 
Organization (WHO) reported in 2017 that the car-
bapenem-resistant enterobacteriaceae and extended 
spectrum beta-lactamase (ESBL) producing entero-
bacteriaceae were the most urgent antibiotic-resis-
tant bacteria worldwide16. In China, the Chinese 
Anti-microbial Surveillance Network reported that 
the proportion of methicillin-resistant S. aureus is 
almost 100% and the resistance rates for both eryth-
romycin and clindamycin are also 100%17. In clini-
cal practice, the clinicians usually use vancomycin 
as an empiric choice for management of multi-drug 
resistance (MDR) S. aureus, but the low rates for 
BBB penetration and bioavailability in CNS restrict 
its application in treating PNBM17. As the empirical 
usage of antibiotics increases the risk for the bacteria 
spectrum alteration and causes more chances for the 
MDR bacteria, the timely diagnosis of infection and 
the accurate recognition of bacteria species are two 
issues which are urgently to be coped with.

In this review, we mainly focus on the current 
diagnostic methods and biomarkers of PNBM. 
Given the limited numbers of the research on 
PNBM, we meanwhile discuss the existing ob-
stacles in both clinical diagnosis and laboratory 
investigations, and at the end we are seeking for 
several potential breakthroughs in the PNBM 
study. Ultimately, we want the review to provide 
some clinical or laboratory clues in helping the 
precision medicine for PNBM.

Diagnostic Methods and Biomarkers

Diagnostic Criteria
The clinical diagnosis of PNBM usually de-

pends on both symptoms and laboratory out-
comes, but it is still dubious sometimes regardless 

of the applied methods. The clinical symptoms 
include neck stiffness, fever, headache and vom-
iting. However, since the patients receive a neuro-
surgery before symptoms’ occurrence, the signs 
of both chemical meningitis and aseptic inflam-
mation, which are attributed to the primary neu-
rosurgical disease and the craniotomy itself, are 
performed similarly18. Thus, clinical symptoms 
could only provide preliminary clues, rather than 
a specific indication in the diagnosis. 

On the other hand, the clinicians would like to 
use the laboratory tests to make a definite diagno-
sis, especially for the outcomes in the cerebrospi-
nal fluid (CSF). Although the PNBM infects the 
tissues in CNS in a localized manner, systemic 
immunological reactions also have significant 
effects against the pathogenic bacteria19. In nor-
mal conditions, the micro-environment of the 
CSF keeps steady since the segregation function 
of BBB. However, BBB dysfunction usually can 
be found due to the primary neurosurgical dis-
ease or the secondary infection before the PNBM 
onset20,21. Subsequently, the CSF biochemical 
alterations, including the proteins, glucose and 
chloride ions, are observed in laboratory tests. In 
another aspect, immunocytes are another indi-
cation for the infection. It has been reported that 
massive peripheral immunocytes infiltrate across 
the highly permeable BBB into the subarachnoid 
space at the early stage of PNBM, especially for 
leukocytes and neutrophils. However, numerous 
factors could mimic the infection-related CSF 
alterations, such as blood, surgical operation, 
artificial materials and bone dust, triggering the 
inflammation processes, so the index are not 
specific enough in the differential diagnosis be-
tween infection and aseptic inflammations22. We 
summarized potential biomarkers in diagnosis of 
PNBM in currently established studies (Table I).

Even so, the diagnosis of PNBM still predomi-
nantly depends on the biochemical results of CSF. 
Currently, four criteria are widely used for diagnos-
ing PNBM which are proposed by the Centers for 
Disease Control and Prevention (CDC)23, the Mas-
sachusetts General Hospital (MGH)24, the Infectious 
Diseases Society of America (IDSA)25 and the Com-
mittee of Neurocritical Specialists of China26. 

Neuroimage
In most hospitals, neuroimaging has the char-

acteristic of easy operating to be performed rou-
tinely to have a preliminary screening for the 
suspected PNBM and other neurosurgery-related 
infections. The neuroimage has outstanding per-
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Clinical indication Sensitivity Specificity Potentially influencing factor Reported cutoff value 
for diagnosis Ref.

Bacterial culture Low High Antibiotic application prior to the sampling - 25
Gram staining Low High Antibiotic application prior to the sampling -
CSF lactate Moderate to high (76.36% - 97.0%) Moderate to high (78.0% - 91.6%) Hemolysis >3.45 mmol/L to >4 mmol/L 8, 22, 69
CSF procalcitonin Moderate to high (68.0% - 100.0%) Moderate to high (66.0% - 100.0%) - >0.075 ng/L to >2 ng/L 5, 26, 52, 55
CSF cytokines IL-6 High (100.0%) High (100.0%) - 34

IL-8 Moderate (67.6%) Low (46.8%) - ≥85.5 ng/L 35

IL-12 High (94.6%)
High (83.3%)

Moderate (64.6%)
High (85.7%) - ≥3.2 ng/L 34, 35

IL-13 Moderate (67.6%) Low (40.0%) - ≤42.3 ng/L 35
IL-17 High (100.0%) High (100.0%) - - 34
IL-23 High (83.3%) High (100.0%) - - 34
IFN-γ High (100.0%) High (99.9%) - ≤200 ng/L 35

Table I. Clinical indications for the biomarkers for the potential diagnostic of post-neurosurgical bacterial meningitis.
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formance in some infection types, such as an ab-
scess, subdural and epidural empyemas, or other 
surgical site infection27. Meanwhile, a high-reso-
lution thin section CT with bone window clearly 
identifies a port-of-entry of the infection. How-
ever, the neuroimage has its inherent defect that 
cannot distinguish the bacterial species, and 
therefore, it provides poor information about the 
precision antibiotics treatments. 

Gram Staining and Bacterial Culture
Both gram staining and bacterial culture are 

commonly used in clinical practice towards the 
suspected PNBM patients. Gram staining is 
rapid and highly specific. However, it has poor 
sensitivity in clinical practice, applying only 
about 20% positivity. Bacterial culture is con-
sidered as a gold standard with a high specific-
ity for distinguish exact bacterial species and 
drug sensitivity types for the PNBM patients. 
However, probably due to the influences of an-
tibiotics pre- and post-surgery, the positive rate 
of CSF culture is extremely low, accounting 
for ~10% in the clinical test and 10-20% in the 
majority of investigations28,29. Furthermore, the 
time-consuming character of the bacterial cul-
ture, which usually takes more than 24 hours 
for the results, is always inconducive to the pre-
cision antibiotics treatment. The false-positive 
results which are caused by the contamination 
also restrict its clinical efficacy in usage. There-
fore, according to the standard proposed by the 
Centers for Disease Control (CDC), patients 
exhibiting certain symptoms and signs would 
be categorized as having meningitis even if no 
organism is detected in the CSF30. 

Peripheral Indications
As PNBM also stimulates systemic immuno-

logical reactions, some studies31,32 attempted to 
investigate whether biochemical index in the pe-
ripheral blood could indicate the occurrence of 
meningitis. Zhang et al8 compared the index in 
the blood routine test between 554 patients with 
PNBM and 868 patients with aseptic inflamma-
tion. Unlike the sensitive index in the patients of 
sepsis, the diagnostic values of the white blood 
cell (WBC) proportion and neutrophil proportions 
were inferior to the platelets counts and the Na 
concentration. However, the area under the curve 
(AUC) values of the index, which reflect diagnos-
tic accuracies, in blood routine tests were all low-
er than 0.7, indicating poor diagnostic accuracies 
for these peripheral biomarkers in PNBM.

CSF Cytokines
Increasing evidence has found that the cyto-

kines in the CSF have potential diagnostic roles 
in PNBM. Ye et al33 has found an association of 
interleukins (ILs) with the bacterial gram stain-
ing types in both sepsis and PNBM. The results 
indicated the IL-6 and IL-10 levels increased in 
patients with Gram-negative bacteria infection, 
while the IL-2 level significantly decreased when 
patients suffered from Gram-negative bacteria in-
fection. However, the results were controversial. 
Cuff et al34 measured proteomics that included 
182 immunological and neurological biomarkers 
in 14 PNBM patients using the Olink platform. 
The results indicated that although increased IL-6 
level could be observed in the inflammatory re-
sponse, it could not distinguish between bacterial 
infection and aseptic inflammation. Within the 
patient cohort with neurological inflammation, 
a pattern of raised IL-17, IL-12p40/p70 and IL-
23 levels delineated nosocomial bacteriological 
infection from background neuro-inflammation. 
Furthermore, Kul et al35 found that the CSF con-
centrations of IL-8 and IL-12 were upregulated, 
while IL-13 and IFN-γ were downregulated in the 
PNBM patients.

Lactate
As a metabolite production, the CSF accumu-

lation of lactate is predominantly derived from 
the increased productions of anaerobic glucose 
metabolism, bacterial metabolism and neutrophil 
glycolysis36. Meanwhile, as the penetration speed 
of lactate from the peripheral circulation is rather 
slow, it could be considered that CSF lactate is 
rarely affected by serum lactate at the early stage 
of PNBM26,37. Therefore, CSF lactic acid or lac-
tate could directly reflect the brain metabolism in 
the presence of bacterial infections. Meanwhile, 
it has also reported that CSF lactate was used to 
distinguish bacterial from viral meningitis in chil-
dren22,38,39. Some meta-analyses40,41 demonstrat-
ed that the CSF lactate level is served as a better 
marker for bacterial meningitis than conventional 
markers, such as CSF glucose, CSF protein, and 
CSF cell count. Zhang et al8 found that the receiver 
operator characteristic (ROC) curve value of CSF 
lactate on postoperative days >7 was lower than 
that on postoperative days <7. However, some re-
ports42,43 have indicated that the CSF lactate lev-
el was influenced by the intrinsic metabolism of 
CSF red blood cell (RBC). Therefore, the tissue 
damages in the processes of neurosurgery or lum-
bar puncture might inevitably release RBC, and 
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subsequently influence the lactate level, leading 
to unwittingly mock CSF solutions and false-pos-
itive results. So, its diagnostic efficacies should 
be carefully taken into account in some neuro-
surgical diseases, especially in the hemorrhagic 
diseases.

Procalcitonin (PCT)
PCT, the propeptide of calcitonin, is commonly 

considered as an endogenous nonsteroidal sub-
stance without a hormone activity44,45. It is re-
ported that PCT is an indicator for the bacterial 
infection because the bacterial endotoxins and 
cytokines in the circumstance of infections could 
blunt the final step of synthesis of calcitonin46,47, 
thus causing an abundance of the precursor PCT. 
However, the originality of PCT has been in a 
matter of debate among scientists. Some research-
ers48,49 believed that the CSF PCT could not be 
synthesized and released from the brain tissue 
and was derived from the serum as a result of dys-
function of BBB. Recently, Karzai et al50 reported 
that PCT was released by parenchymal cells when 
stimulator was present, such as bacterial endotox-
ins, IL-6 and TNF-α. Muller et al51 also demon-
strated that the mRNA of calcitonin was isolated 
in hamster brain tissues, providing the possibility 
and rationality of PCT in the bacterial meningitis. 
Numerous studies52,53 have found the excellently 
diagnostic values of PCT in PNMB. Viallon et 
al52 and Tomio et al53 drew the same conclusions, 
demonstrating that the specificity and sensitivity 
of CSF PCT in diagnosing PNBM could be as 
high as 100% and 95%, respectively. 

However, there are some disagreements for its 
diagnostic efficacies. It has been reported that 
PCT concentration usually remained within the 
normal range even in the presence of a positive 
bacterial culture in patients with ventriculitis and 
ventricular catheters. Wang et al5 and Laifer et 
al54 found that no significant differences in serum 
PCT levels were found between PNBM patients 
with the non-infection patients, but Alkholi et al55 
reported that serum PCT with cutoff values high-
er than 2 ng/mL showed sensitivity, specificity, 
positive predictive value, and negative predictive 
value of 100%, 66%, 68%, and 100%, respec-
tively, for the diagnosis of bacterial meningitis. 
Moreover, there has no uniform cutoff value of 
CSF PCT concentration for the diagnosis. Current 
studies52,55 usually define the positivity of PNBM 
according to the PCT value are mostly ranging 
from 0.28 ng/mL to 2 ng/mL. In addition, as To-
mio et al53 suggested that PCT had higher levels 

in the specific typical meningitis agents (pneu-
mococci and meningococci), we assumed that the 
PCT value, both in CSF and serum, might proba-
bly depend on the bacterial species and virulence. 

Polymerase Chain Reaction (PCR) and 
Next-Generation Sequencing (NGS)

In recent decades, PCR and NGS tests for bac-
terial infections have been widely applied among 
investigations. Under the principle of reference of 
16S rRNA sequence of bacteria, both PCR and 
NGS could generally detect the bacterial spe-
cies and drug resistant types with high positive 
rate56,57. Meanwhile, in comparison with tradi-
tional bacterial culture method, PCR and NGS 
are timesaving which only take several hours to 
read the consequences. Nonetheless, the technol-
ogies have their defects that are still not widely 
applied in clinical laboratory tests to support a 
final diagnosis. PCR test has a high false positive 
rate due to the sample contamination during the 
lumbar puncture and the interaction between the 
gene probes and other unrelated germ, resulting 
in a low specificity of the technique58,59. Accord-
ing to another study60, NGS has a high-throughput 
characters, allowing thousands of samples tested 
simultaneously. However, the expensive device 
and the related reagents, complex and time-con-
suming operation restrict its application for clini-
cal routine tests. Furthermore, what the clinicians 
or laboratorians mostly care about is that it could 
not distinguish the bacterial types which have 
predominantly infectious property when multiple 
bacterial infections occur by NGS test.

Key Barriers in Clinical and Scientific 
Research

We roughly screened the established clin-
ical and mechanical investigations through 
the PUBMED database using the keyword of 
“post-neurosurgical bacterial meningitis”, but 
there are just hundreds of related studies. In com-
parison with other investigations on a certain 
disease, the numbers of the study on PNBM are 
extremely limited. Owing to the low diagnostic 
rate and the indefinite information about the in-
fectious bacterial species, it is difficult to collect 
enough size of positive samples and also to make 
a definite research target and strategy. Addition-
ally, due to the prophylactic antibiotic treatments 
which could uncover the phenotypes of infec-
tions, it could hardly eliminate the influences for 
the bacteria from the antibiotics. Given that these 
potential obstacles restrain the scientists on per-
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discovered that the incidence rate of PNBM on 
brain tumors was generally ranging from 6.8% to 
7.9%, in spite of tumor types, indicating a slightly 
higher rate8,10. Based on the situation, we hypoth-
esize a potential relationship between the releases 
from the tumor-colonized bacteria and the PNBM 
occurrence. Therefore, studying on the originali-
ty of infected bacteria is essential for guidance of 
surgical methods in clinical practice. 

Genetic Susceptibility in PNBM
The bacterial genetic variations for the drug 

resistance have been widely investigated, indi-
cating that the bacteria have the genetic evolution 
with drugs, but there is no report investigating 
the potentially genetic risks for the patients to 
be affected with bacteria. Previously established 
evidence65,66 supported the attitude that the risk 
of PNBM predominantly influenced by both the 
bacterial virulence and the immunological status 
of individuals. It seems that the infectious disease 
has little relationship with the genetics factors. In-
terestingly, we found that a study group by Zhang 
et al67 has intensively screened the genetic risks 
for the leprosy infection, a disease caused by my-
cobacterium leprae. Multiple genes and related 
gene pathways were discovered to be associated 
with susceptibility in the infection of M. leprae68. 
It provides a clue that all the patients who under-
went neurosurgical processes have potential ex-
posure risks to be infected by bacteria. Whether 
the genetic factors influence the susceptibility of 
PNBM may be targeted for further investigation.

Prospect
Although the current incidence rate of PNBM 

is lower than that in the last century because of 
the advanced technologies applied in the neuro-
surgical processes, it seems unchanged during the 
recent decades. The bottleneck on meningitis is 
still attributed to the low recognition rate of mi-
crobe species and related drug-resistance types. 
Except for the definite results in bacterial culture, 
most diagnostic methods and biomarkers could 
only provide suggestive information about the 
inflammatory or infectious status of patients. We 
infer that this problem might be of greatest prior-
ity in both clinical therapies and laboratory stud-
ies. Meanwhile, two prospects in the PNBM can 
be taken into account, which might open a new 
insight for the disease. First, we should explore a 
novel method with high sensitivity and specificity 
to make a definite recognition of bacterial species 
and drug-resistance types. Second, given that we 

forming relative studies on this field, the most im-
portant issue on PNBM is to develop an effective 
method on recognizing the infection occurrence 
and the bacterial species. 

Hypotheses in Scientific Studies 
Of PNBM

Bacterial Translocation from Gut Causes 
the Infection

Due to the lack of sufficient studies, the orig-
inality of infectious bacteria is unclear. Previous 
studies14,61 indicated that the infection might be 
derived from colonized cutaneous organisms, 
even though the surgery was free of pathogens. 
The environment of CNS was considered to be 
privileged for pathogens and the immunocytes in 
the peripheral circulations, but current attitudes 
have changed a lot. BBB prohibits the various 
materials from the brain62. Whereas, in most of 
CNS diseases, the physiological structures of 
cerebral vessels are changed, leading to the de-
struction of BBB. As a consequence, various ma-
terials could penetrate from the permeable BBB. 
Kigerl et al63 reported that in the animal model of 
spinal cord injury (SCI), the gut bacteria translo-
cated to multiple abdominal organs through the 
destructed gastrointestinal mucosa, such as lung, 
liver, spleen and mesenteric lymph nodes. There-
fore, we might hypothesize a probability that gut 
bacteria can also translocate to the CNS environ-
ment through the dysfunctional BBB, leading to 
the bacterial meningitis. However, the correlation 
study between the bacterial meningitis and gut 
bacterial translocation after brain injury or crani-
otomy are still blank. 

In Situ Infection by the Intra-Tumoral 
Bacteria

In 2020, Nejman et al64 tested the existence of 
bacteria in seven cancers, including breast, lung, 
ovary, pancreas, melanoma, bone, and brain tu-
mors. Interestingly, the results found that the in-
tra-tumoral bacteria existed mostly in intracellular 
region, and the intra-tumoral bacteria might exert 
certain effects on influencing the phenotypes of 
tumors and the response to therapies. Meanwhile, 
in spite of the pathogen free characters and aseptic 
technique applied in the neurosurgery, especially 
for the neurosurgery on the brain tumors, the rate 
of PNBM on the brain tumor-related neurosurgery 
is supposed to be lower than the other type of the 
neurosurgical diseases8. However, the epidemio-
logical studies on the PNBM of brain tumors have 
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stated in the above context, the originality of mi-
crobe should be carefully noticed. 

Conclusions

In this review, we summarize the established 
diagnostic methods and biomarkers for PNBM. 
Meanwhile we also propose some potential inves-
tigation prospects. This review may help to better 
understand the character of PNBM in both clini-
cal diagnosis and scientific investigations.
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